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CameronW. Morris
SPINOPHILIN CELL TYPESPECIFICALLY MEDIATES METABOTROPIC

GLUTAMATE RECEPTOR SDEPENDENT EXCESSIVESROOMING

Compulsive and repetitive behavionsobsessiveeompulsive spectrum disorders
(OCSDs)are associated with perturbations in the sensorimotor stridtepetitive
behaviors are associated wadll typespecific adaptations in striatdirect and indirect
pathway medium spiny neurons (dAMSNs and iMSNs, respectialybhermore,
preclinical models for understanding OCSDs, sucbaastitutive knockouof disks large
associated protein 3 (SAPAP3)ggestepetitive motor dysfunction, such as excessive
grooming, isassociated witincreased metabotropic glutamate receptor 5 (MGIuR5)
activity that increases dMSN function relative to IMSNs inskasorimotor striatum.
However, MSN subtypspecific signaling mechanisms that mediate mGhdBpendent
adaptations underlying excessive grooming are not fully understood.

Reversi bl e phosph otergpnihahdomainis oreeimecha@isnutd&R5 6 s C
regulae mGIluR5 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 mGHdBBendent striatal
adaptions underlying repetitive behavipssich as excessive grooming in SAPAP3
deficient mice Spinophilin, a major striatal postsynaptic phosphatase targeting protein,

regulates striatal function, mGIuR5 signaling, and forms a prpt@tein interaction
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with SAPAP3 that is increased by mGluR5e@ression. Therefore, we hypothesized
thatspinophilin expression in striatal medium spiny neurons mediates mGIluRS5
dependent excessive grooming
To test this, we used a novel conditional spinophilin mousecbn&ined with
functional, behavioral, and molecular approaches to elucidate spinophilin's MSN
subtypespecific contributions to rodent excessive grooming behavior associated with
increased mGIuRS5 function. We found that loss of spinophilin in either Mty e
abrogated plasticitin the sensorimotor striatuassociated with increased mGIuR5
function and decreased two models of excessive grooming associated with increased
MGIuURS5 functio® SAPAP3deficientmice and global administration of a mGIuR5
specificpositive allosteric modulator (VU0360172). Additionally, we found that
spinophilinds protein interaction with
loss of spinophilin shifts mMGIuRS5 interactions from lipaft associated proteins toward
postsynapt density proteins implicated in psychiatric disorders. Collectively, these
results identify spinophilin as a novel striatal signaling hub molecule in MSNK it
subtypespecifically mediates striatal adaptations associated with repetitive motor
dysfurction in psychiatric disorders.
William Truitt, PhD., Chair
Brady Atwood PhD.
Anthony J. Baucunil, PhD.
Yao-Ying Ma, M.D., PhD.

David McKinzie, PHD.
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Chapter One: Introduction

11 Neurobiology of ObsessiveCompulsive Spectrum Disorders

Everyoneencountes situatiors thatcausehemthe twirl their hairpace back and
forth, bite their rails, or evendoublecheckto ensureheiralarmclock was set for
tomorrowods i mAasauncondontable asehese sitnagons mayfdremost
peoplethese intrusive thoughtmdcorrespoding actionsubside However,for a subset
of people thesantrusive thoughtandhighly repetitive, stereotyped rituadseso severe
thattheyimpedem t he i ndi v.iTdHeemtrusive thaughis angkpetitived e
behaviorsoftenreferred to asbsessions antbmpulsionsareeveryday realities in
approximately 3,994,980 adwihd1,260,000adolescenuS citizendiving with
obsessiveompulsive disorder (OCD) in 20ZWazeer et al 2020, NIMH 2017, Walitza
et d 2011) Currently, the prototypical treatment f@CD areselective serotonin
reuptake inhibitors§SRI3, such agluoxetine, however, these drugs are only efficacious
in approximatelyhalf of OCD patientsToincrease the efficagysSRIscanalsobe
prescribedn combination with atypical antipsychoticscludingrisperidone,
aripiprazole and sometimes haloperidthat targethe D2-type dopaminereceptor
system (described in more detail beldWwhamby & Jaisoorya 2019%iowever, despite
this, efficacious treatments for OGide still lacking, largely due to our limited
understading of molecular mechanisms that mediate repetitive and compulsive behavior

TheDiagnostic and Statistical Manual of Mental Disorde(®SM V) classified
OCD as amanxiety disordedue to the anxiogenitature of the obsessigraperating
undertheasumpti on that a patientds compul sive b

mitigateor reduceanxious thoughts. Howevedirect relationship between anxiety and



compulsve behaviohasnot only been difficult tgorove buts also inconsistent with
OCD patient subgroupthatassert their compulsive behavior is not due to anxigtyen
asked adults ancgdolescentsiith OCD claimthey are unsure why they perform the
peculiar rituas, and 40% of adolescents deny tleeimpulsive rituals are performeal t
decrease anxietiGillan et al 2014b, Karno et al 1988, Swedo et al 198§ to the hit
or-missrole of anxiety in OCD, thpsychiatricdisorder was recentheclassifiedn the
DSM V underObsessiveCompulsiveand Related Bordes (Robbins et al 2019)n
addition to OCD, this new disorder class also inclusbely dysmorphic diorder,
hoarding disordettrichotillomania(hair-pulling disorder) andexcoriation(skin-picking
disorder) which are now collectively referred to as obsessigenpulsive spectrum
disorders (OCSDs).
1.11 The Habit Hypothesis of OCSDs

Given the consistent presentation of compulsive behavior in OG&®kabit
hypothesismergedas a neuropsychologictideory of OCD Rather thaffiocusing
intently on anxiety as the underlying cause of compulsive behavior, the habit hypothesis
postulates that two distinct neural circuitsderly goaidirectedbehaviorand habit
formation, and that these two circuitspose one another in their control of action
outcome. Furthermore, it is hypothesized thaDCSDsneural circuits promoting goal
directed behavior are cabmpeted by those promoting habitual beha{iaileine &
O'Doherty 2010)thus leading to an increased propensity to form héBiizybiel &
Rauch 200Q)which may be further exacetld by stress and anxigfigveritt & Robbins

2016)



In support of the habit hypothesi®althy control and OCD patients were trained
to respond to different picture stimuisingunique discrimination methods (two
requiring goaldirected action strategies and @teategythatpromotes stimulusresponse
(habitua) responahg) to receive aeward.Although bothgroups were able to learn the
contingencies in the training phase, once the reward was deydla€CD paticipants
had impaired knowledge of outcom@aire M. Gillan et al 2011)suggesting OCD
patients may have impaired gafitected action strategie®ne limitation of this study
was thait did not include a core feature of OCD, namely tt@mhpulsivebehaviors are
performed to avoid an outcome (i.e. excessive handwashing to avoid germs). To address
this, a groundbreaking experiment wassigned thatrainedhealtly control and OCD
patientsto foot-press a pedal to avoadshockon theirarm Although, both patient groups
successfully learned the contingenaiter overtraining (& experimental variable that
promotes habitual action strategi€}D patientpersistedn their responsto avod the
shock even after the aversive shock was removed from ong=dian et al 2014h)
Collectively, thesdey studies, among othe(&illan et al 2014a, Vaghi et al 2019)
suggest OCD patientst only have impaired godirected action strategies, but also
havean increased propensity to habityakspond to stimuli to avoid aversive outcomes.
One of the major limitations of the habit hypothesis iddlok of experimental data
supporting the idethat decreased gedirectedaction strategiesoncomitantlyincrease
habitual action strategiesuch thathe neural substrates underlyinggbainiqueaction

strategies are dependentameanotherDespite ongoindgnuman behaviostudies to



refine the habit hypothesiseuroimaging studies OCSD patientsover tre last three
decades strongly implicateeural circuits associated with gahitected and habitual
behavior.
1.1.2 Neural Correlates of OCSDs

Subregions of the mammalian prefrontal cortex (P&@)ntimately involved in
higherorder brain functiomnd wak in concert with the basal ganglia collection of
midbrain nuclei involved in refining motor functiérto transform goatirectedaction
strategies intantentional, voluntaryactions Specifically,subregions of thenedial PFC
(mPFC)communicate withthe caudate, anajorbasal ganglia inputucleusto promote
goaldirected actiongValentin et al 2007)Alternatively,neuronal communication
betweermotor cortical regionssuch ashe presupplementary and primary motor
cortices and the putameranother major basal ganglia input nuclgusmotestimulus
response action strateg@ssociated wittabit formation (Balleine & O'Dohery 2010,
Yin et al 2004) Converging evidence fromliverse neuroimaging studisaggest
disrupted structureneural communicatigrand activitybetweerprefrontal cortical
regions andhe basal ganglism OCSDs Indeed structural and functiomagnetic
resonance imagin@RI) and positron emission tomogray studiesfrom bothOCD and
trichotillomaniapatientsfound volumetric changesf themPFGC the caudateand
putamen(collectively referred to as the striaturajdthethalanus butthe directionality
of these changes abeeninconsistenticrossstudies/Atmaca et al 2007, Chamberlain
et al 2008, Isobe et al 2018, O'Sullivan et al 1997, Pujol et al 208dbever, despite
these inconsistenciethie most reproduciblending in OCSDs igncreased activitpf the

cortico-striatatthalamacortico (CSTC)motorloop (Anticevic et al 2014, Baxter et al



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 hypothesasiecent functional MRI studgimed to
evokecompulsive behaviolsom OCD patients duringnagingto identify neural
correlates of compulsive behavior. Interestinglyring compulsion®©CD patients had
reducel neural activity in brain regions associated vgtatdirectedbehavior (mPFC
and caudate nucleus) and incesactivation of regions involved in habit learning (pre
supplementary motor area and putamen). More@ast, hoc analyses determintbe
putamen and mPFC masibustly correlated with urges and compulsj@wgygesting
both cognitiveandmotor dysfunctiorunderlycompulsiongBanca et al 2015)

In sumnary, hecollection of studies detaileabove suggésompulsive behavior
in OCSDsis associated with decreased gdimécted action strategiesd increased
stimulusresponse action strategies that prontnatieit formationFurthermore,
neuroimaging studies strongly implicatereasedctivity of theCSTCmotor loop and
thatcompulsive behaviarin realtime correlate wittneural activity in thgputamed the
striatal nucleus associated watimulusresponse relationshipsdhabit formation.
Collectively,these data suggest there may be at least two unique strategies to decrease
compulsive behaviort) increase goatlirected behavior in OCD patients,2)rdecrease
habitual behavior. Given that there is no guarantee inaggsialdirected behavior will
naturally decrease habitlated behavior, the reminder of this dissertation will focus on
modulating habitelated nuclei in the basal ganglia as a means to decrease habitual and

repetitive motor outputassociated witlOoCSDs.



1.2 Roles of heBasalGangliain Adaptive Behavior
1.2.1 Functional Networks of theBasal Ganglia

The basal gangliare a group of midbrain nuclei th&fine action selectiorio
promoteintentional, cohesive, and neadytomationovementsThe striatum composed
of the caudate and putamen in husyamthecanonicabasal ganglia input nucleushe
striatumreceives excitatorgnd modulatorafferents frondiversecortical thalamic,and
subcortical structugincluding brainregionsthat regulag cognitive and affective
functions,thus positioning the striatuas akey nuclei forintegraing a plethora of
neuronainformationto optimize action selectio(Alexander et al 1986 his vast,
multifacetedfunctionof the striaturris achieveddy a uniquetopographicabrganization
of how the cortexnnervateghe striatum, such thatinctionally diversecorticaland
subcorticalregions projecin parallelto discrete striatadubregiongHunnicutt et al 2016,
McGeorge & Faull 1989, Nakano 2008} a resultactivity withinthese diverse cortieo
striatal networksncreasdhe activity of unique striatal subregignghich in turn promote
unique functional consequencé@se striatum icomposed ofhree mairfunctional
subdivisions known aghe associativestriatum sensorimotostriatum andlimbic
striatum(Jahanshahi et al 2015a, Mailly et al 20Mhile all these corticestriatal
circuitsmodulateaspects ofmotor function the contexby which they do so vastly
differs.

The associative striatummpmposegrimarily of PFC projections tthecaudate,
is critical forassociating mowaents with outcome@/alentin et al 2007)Given this, the
associate striatumcouples cognition with movemettd promotegoaltdirected behavigr

a striatal circuithat isdecreased in OCD patier{Gillan et al 201). The sensorimotor



striatum consists of motor cortigatojectonsto the putamenwhich areindispensable
for grouping complex movementisgether(riding a bike or driving a catp decrease
cognitive demangdthus enablinghe performance afomplex behavioralmost
automaticallywith very little thought requirefGraybiel 1998, Tricomi et al 2009)
Collectively, the assnative and sensorimotor striatum comprise the dorsal striatum
whereas thémbic striatum often referred to as the ventral striatuefines motor
function in the context of incoming emotional and motivational informétiam the
PFC, amygdala, and lppcampuis (Jahanshahi et al 2015a, Kang et al 20Zhgse three
versatilesubdivisions of the striatumeceive glutamatergic inputs from corticddalamic,
and subcorticadtructurego shapamotor outpuin the face of diversexternal
(environmentglandinternal @ffective) stimuli.
1.2.2 Glutamatergic Inputs into the Basal Ganglia

The most dense population@fcitatory inputs into the striatumise from the
cortex, howeverthesediverse cortical regions project diistinct subdivisions of the
striatum(Hunnicutt et al 2016)Specifically,the dorsomedial striatunDMS) receives
excitatory inputs fronthedorsal and ventrainterior cingulate cortexiorsal ventral and
medal orbital cortex visual cortexprelimbic cortexjnfralimbic cortex, and amygdala
Interestingly,many of these cortical regions innervating the D8§8apse in the anterior
segment of the striatuunnicutt et al 2016)Alternatively, thedorsolateral striatum
(DLS) receivesan exuberance of glutamatergic infnatm the frontal association cortex,
primary and supplementary motor cortex, primary and supplemesdargtosensory
cortex, andnsularcortices Opposed fronthe DMS, most ofthee DLS afferentare

uniform across anterior and posterior regions of the striatum. Lastly, the ventral striatum



receives overlapping glutamatergic afferents ffoontal association cortexpotor
cortices, somatosensory corticesular cortices, prelimbiand medial orbital cortex,
and amygdala. Howevehe ventral striatum also receives unique afferaetatfve to
DMS and DLS) fronthe ecte/peri/entarhinal cortex, temporal association cortices, and
the hippocampal subiculurin addition to corticahfferents innervating the striatum, the
thalamus alssend excitatory efferents into the striatusmat can converge with cortical
afferents(Hunnicutt et al 2016 However,opposed taorticatstriatal synapses, which
predominantlyform at the head of dendritic spinéise majority ofthalamicsynapses
form on dendritic shaft regiortd postsynaptic neuror{$mith et al 2004)
1.23 BasalGanglia Circuitry

Despite vasanatomical andunctional differences throughothe striatum, the
cellular makeup of the striatums by-andlargesimilar across striatal subregions.
Approximately 9895% ofneurons in the striatum apeaminobutyric acid GABA)ergic
projection neurong)ftenreferred to asnediumsized spiny neur@(MSNSs) thatinhibit
downstream basal ganglia nugl&reitzer 2009) However, striatal MSNare subdivided
into direct and indirect pathway MSNsdMSNs and iIMSNsrespectivelypasedon
differential projections that formniquepolysynapticconnections oxdownstreanbasal
ganglia nucle{Gerfen & Surmeier 2011 lassically the majority ofdMSN efferents
release GABAO inhibit GABAergic neurons in the substantia nigra patsulata(SNr),
the major basal ganglia output thews. However, dMSkfferentsalsoproject toinhibit
GABAergic neurons in thimternal segment of the globus pallidus (GRBijother basal
ganglia output nucleufue to this organization, excitation of striatal dAMSNEreases

theinhibitory efferents arisingrom SNr/GPj thus disinhibitingdownstream targets of



the basal ganglia (discusseddetailbelow) Alternatively, GABAergic iIMSN efferents
inhibit GABAergic neurons irthe external segment of the globus pallidus (GPe), which
disinhibitsactivity of thesubthalamic nucleus (STNgnotherbasal ganglia nucleus
composed of excitatory neurons. In tungreasedSTN activity excitesGABAergic
neurons in th&Nr andGPi, thusincreasinghe level of inhibitor controbasal ganglia
outputnucleiexert on downstream targelsastly, a uniquebasal ganglia pathway,
termed the hyperdirect pathwayhich consist®f motor cortical regiondirectly exciting
the STN(Monakow et al 1978)Similar to the indirect pathwayncreasedTN activity
via glutamatergic innervatian turn increase&ABA release fronSNr and GPi, thus
decreasing basghnglia outputsuggesting the hyperdirect pathway providesigue
top-downmechanism to cancet stop motor program@ambu et al 2000, Nambu et al
2002) Overall, he complex anatomy and circuitry of thasal gangli@reatea unique
neural system, such thaxcitationof dMSNs increasbas&ganglia outputwhereas
activation ofiMSNs andor the hyperdirect pathwagyrovide twouniquecircuitsto
decreasbasal ganglia output
1.24 BasalGanglia Output Pathways

The basal ganglia refine action selectmimarily via two groups of output
pathways. Firstthe mostabundanbasal gangli@utput pathwayrom the SNr and GPi
consist ofGABAergic efferentsto the deep supéor colliculus (SC)and downstream
midbrain andorainstenmpremotor aregsuch ashetectum,red nucleus, and pontine
reticular areagDudman & Krakauer 2016, Yttri &udman 2018)which then integrate
with descendingorticofugaloutputd aneural pathwayntimatelyinvolved in filtering

sensory stimuli toincrease attention to environmentally relevant stirfiilifiez &



Malmierca 2007)Therefore these basal ganglia output pathways provide feedforward
controlover the SC anbirainstem premotor aredSor exampleglisinhibition ofthe
SNr/GPioutput(viaincreasedlirect pathwayranfacilitate wherasinhibition of the
SNr/GPioutput(viaincreasedndirector hyperdirect pathway suppresshe SC and
descending motor pathwaySiven this circuitry, it was originally hypothesized that
SNr/GPi output gatethotor functions of th&C andorainstem motonuclei(Chevalier et
al 1985, Hikosaka et al 20Q@)pwever,more recent studiesiggest these outputs rather
provide asystemof continuous finguning of actions, suctinatacute changes ihese
basal ganglia outpytathwaysmodulatethe velocity ankinematics of actions (for
detailed reviewsee(Dudman & Krakauer 2016, Park et al 20R0)

In addition toSNr/GPi providing feedforward control over SC dwdinstem
motor nucleia significant proportion dbasal gangli@fferentsalso projecinto higher
order motor nucleof the thalamussuch aghe ventranteror, ventranedial and
interlaminar nucle which integratesortical, basal ganglia, and cerebellar afferents
(Alexander el 1986, BosciBouju et al 2013)In turn,the ventroanterior thalamic
nucleussendsdenseefferentsexclusivelyto cortical regions associated with the
sensorimotor striatum, includirfgpntal association cortex, motor cortices, and
somatosensory corticédunnicutt et al 2014)Alternatively,efferents from the
ventromedial thalamic nuclediffusely synapsen the insular corte lateral orbital
cortex,frontal association cortex, primary motor cortex, and somatoseosadiges
(Hunnicutt et al 2014)unctionally,basal gangli@utput tothe motorthalanmus also
refines descending corticothalamactivity in a mannelike how the SNr/GPrefine SC

and brainstem motor nuclei. Specifically, rather thasal ganglidhalamic output gating
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descending corticothalamic pathwdizeniau & Chevalier 1985¢urrent models suggest
basalganglia afferentserveas a gain modulator ohotorsignals such that the direct
pathwayincreases the gain, whereas the indirect and hyperdirect pathways decrease the
gain of dascending motor pathwayBudman & Krakauer 2016, Gandhi & Katnani

2011)

Despite the basal gangleaving diverse output pathways, neuroimaging studies
from OCSD ptientssuggest that repetitive and compulsive behavéwe associated with
basal ganglideedbackinto the thalamusparticularly the CSTC motor loqRobbins et
al 2019) Thereforethe renainder of tre introduction will focus on the C&Tmotor
loop, with an emphasis on the striatal direct and indirect pathways given their
dichotomous roles in modulatifgasal ganglia output to the thalan{@erfen &

Surmeier 2011)in addition basal ganglidunctions ancircuitry detailed abovareby-
andlarge conserved acrossammalsparticularlybetween humans and rodge(Balleine
& O'Doherty 2010, Calipari et al 2012)hile the human striatum is composed of both
the caudate and putamen, these striatal nuclei are metgezhastructure inodens.
Despite this anatomical differendsgsal ganglia functioria promoting goadirected
and stimulugresponsdehaviorvia topographiclly organizdcortical inputs intaliscrete
striatal subregionghedirect, indirect, and hyperdirect pathways, &adal ganglia
output pathwaysare all conserved betwedrmuman and roderiBalleine & O'Doherty
2010) Thereforerodents such asnice and ratsarean ideal loworderspecies to
understand basal ganglia function and its contributioepetitive and compulsive
behavior associated with OCSMxue to this,the renainder of ths dissertatiomwill

primarily focus orstriatalmanipulationsn rodentghat can béeveragedo understand
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adaptivebasal ganglidunctions, as well as maladaptive functions associated with
psychiatricdisorders, such as repetitive and compulsive behavior for understanding
OCSDs.
125 Striatal Contributions to Motor Function

Given the basal gangl i agandhbefadtthatthen modul at
striatumis the major basal ganglia input nucleitiss reasonable to hypothesittet
manipulating striatal functiowill impact motor behavioindeed this hypothesis has
been testeth a variety ofspeciesusing lesiorexperimats electricalstimulation, and
electrophysiologyecordingsoverthe last two centuriesee(Kravitz & Kreitzer 2012)
for detailed historical review Overall,thesestudiessuggesthe striatum isndispensable
for both thegeneration and inhibition of movement, particularbntralateral movements
(head turning or body circlingtontraversive limb movementand everarrest or
freezing behavior

In addition to regulating locomotigiBarbera et al 2016}jhestriatum has
emerged as eritical basal gangliatructurerequired foraction selectioriCorbit & Janak
2010, Kimchi & Laubach 2009, Seo et al 2012, Yin et al 2d6&)yningand grouping
motor sequencesgetherin motor units, calledhunks(Barnes et al 2005, Jin & Costa
2010, Jin et al 2014, Kupferschmidt et al 2017, Martirad 2018, Sheng et al 2019,
Thorn et al 2010, Yin et al 2009 ndthe transition from goadirected toward habitual
actions(Graybiel 1998, Graybiel 2008, Jog et al 1999e of the most consistent
findingsin these studies the emergence of distinct firiqmatterns in th®MS
(associative striatum) arldlLS (sensonnotor striatum) as eecently learned motor

sequence transitions into a skill or haBipecifically, while increased DMS functias
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associated witfearning a novel task, striatal activity shiftem the DMS tdfavor DLS
functionasthetask is masteredr transformed into a habit (which can be achiewved
rodentsby decreasing thassocationbetween the task and outcomr&d/orincreasing the
number of training sessiongjventually, after the task is masteredtw habit is formed,
striatal activity in the DLS spikes at the action bounds (beginning and ¢nelaxftion
but not during the action), suggesting thelti-stepmotor progranrequired toperform
the taskwasdynamically encoded intosangle action(Jin & Costa 2010, Thorn et al
2010) While these studies highlight the critidahctionthe DLS plays in grouping
motor programs together to promote skill mastery and habit formagioent lesion
studies suggest decreased DMS function maytgaseDLS functions(Turner et al
2022) suggestingpabitual behawr may not be as simple B$S and DLS compéng to
controlhabitual behaviorDespite thisthese studieslo not detailf thesedorsal striatal
functions aredueto changes exclusively in dMSN or iMSN activity.
1.2.6 Striatal MSN Subtype-Specific Contrib utions to M otor Function

The twostriatalMSN subtypesdMSNs and iIMSNgjiffer in theanatomical
projections to downstream basal ganglia nuclei, suchnbatased dMSN activity
disinhibits whereas iIMSN activity inhibitdasal ganglia output to the thalanfsse
1.2.2. Given that these MSN subtypes bidirectionally regulate basal ganglia oiitput,
was long hypothesized that dMSMsreased motor function and iIMSNs decreased
motor functionJike a gasandbrakepedal of ar. While numerous studies support this
hypothesiqAlbin et al 1989, Alexander & Crutcher 1990, DeLong 19980 ofthe
most convincingstudiesto datedetailed thabptogenetiactivation of dMSNsncreases

movement, whereas optogenetic activation of iMpMsnotes freezing and bradykinesia
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(Kravitz et al 201Q)However,in recent years, this hypothesis has been challethgedo
studies reporting both dMSNs and iIMSNs are simultaneously active dgtiiog
initiation (Cui et al 2013pnd that a balance in dMSN/IMSN activity is required for
contraversivenovementgTecuapetla et al 2014%iven these dichotomous findings,
models of dMSN and iIMSNontributions tanotor output have been refinddfhile
optogenetic activation of iMS$\can decrease overall motor output, under physiological
conditions it is more probabthatspecific ensemblesf IMSNs are activatetb inhibit
competing motor programSpecifically, current models postulate thatreasedIMSN
activity promote action selectiorwhereasncreasd iMSN activity refines motor
programs bynhibiting competing motor program3 ogetherpoth MSN subtypes
functionin concertby integraing a plethora of chemicaleurotransmittesignakto
groupcomplex motor programato simplifiedactions
1.2.7 Striatal MSN Neurotransmitter Systems

Striatal MSNsreceiveexcitatoryglutamatergignputs from the corteand
thalamusand modulatoryglopaminergigénputs from theventral tegmental area (VTA)
and substantia nigra par compacta (S@glipari et al 2012)in addition to striatal
MSNs integratingliverse afferentghe striatum containat leasthreemajorclasses of
interneurons@and a dense population of astrocyttest alsomodulateMSN function
(Khakh 2019, Tepper & Bolam 2004)astly, to further refin@nd optimizestriatal
output,MSNs communicateith each other through local axon collated@lepper et al
2008, Tunstall et al 2002¢nablingensemblesf MSNs to inhibitnearbyMSNswhile

simultaneously communicating with downstream basal ganglia nuclel.@&&e This
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complexorganizatiorwithin the striatum termed striatal microcircuitrys critical to
filter and finetune the activity of striatal projection neurpmshich caninfluence basal
gangliacontrol overthalamc motor nuclei

Both MSN subtypes exprepsstsynapti¢onotropicU-amine-3-hydroxy-5-
methyt4-isoxazolepropionic acid recepsfAMPARS) andN-methytD-aspartate
receptos (NMDARYS), as well agnetabotropic glutamate recept¢nsGIluRs)to receive
excitatory neurotransmissi@oming from the cortexhalamusand local release from
cholinergic interneurons (CIN$Chen et al 1996, Shigemoto et al 1993, Tallaksen
Greene et al 1998, Testa etl@P5) Although both MSN sulypes receivelopaminergic
inputs fromthe VTA and SNcdMSNs express Diype dopamine receptors (DR
whereas iIMSNs express Bype dopamine receptofP2Rs)(Gerfen et al 1990,
Surmeier et al 1996Additionally, dAMSNsexpressM1- and M4type muscarinic
acetylcholinereceptor{ymAChRs)andiMSNs expresdM1-type mAChR to receive
neurotransmission frol@INs (Bernard et al 1992, Lim et al 2014, Yan et al 200hile
glutamate, dopamine, and acetylcholare released from presynaptiesiclesto
modulate MSN functioradenosinavithin the striaturms produced in theynaptic cleft
by convertingademsinetriphosphate (ATPjeleased fronpregy/naptic and astrocytic
vesicleso adenosine bynembranebound ectonucleasé€unha & Ribeiro 2000, Zhang
et al 2003, Zimmermann 200@xtracellularadenosine differentially impactiMSNs
and iIMSNsdue todMSNs expresag A1 adenosine receptoesdiMSNs expressig Aza
receptor{Cunha 2001, Ferré et al 1997, Schiffmann et al 2Q@&xly, both MSN
subtypes expresshibitory ionotropic and metabotrop{8ABA receptordo receive

neurotransmission from faspiking striatainterneuronslow-threshold spiking striatal
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interneuronsandcrosstalkbetweenMISNs (Lacey et al 2005)Collectively, these diverse
striatal cell types andeurotransmitter receptoegpressed in MSNsvhich are not an
exhaustive listpr ovi de an expansibyahich M8Nscancadaptdor | an g u
changes ircortical, subcortical,rad thalamicafferents.
1.2.8 Modes ofStriatal Adaptations

The integration ofabustand frequenbeurotrasmitter signals canauseshort-
and longterm changes inorticostriatalsynapticfunction a process frequently referred
to assynapticplasticity. In turn,synaptic plasticitpromotesusedependenthangesin
striatal output for adaptive behavjancluding motor learning and habit formati(®errin
& Venance 2019)While the phrasesynaptic plasticityis usedn many differencontexts
ranging from changes in sgptictransmissionstructure or evenintracellularsignaling
molecules here, synaptic plasticity will be discussed in the contexitefed synaptic
transmissiorwithin striatalMSNsthat canrmodulag striatal outputLong-term
potentiation (LTP) and lonterm depresion (LTD) are classical forms synaptic
plasticity, however, a longtanding 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 diverserotransmitter systems impact
striatal LTD, which can be induced in exvo brain slicedy applying a high frequency
stimulationatthe corpus callosum to stimulatertical fibers innervating the striatum
(corticostriatal synapsedn more recent year the use obtherex-vivo plasticity
induction protocol&nd inrvivo electrophysiologwpproachebkave led ta curatedview

of striatal plasticitythat nowrecognizs boththe physiologicalmportanceof LTD and
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LTP (Mahon et al 2004)Therefore, both striatal LTD and L'MAIl be introducedo
detailhow unique striatal neurotransmitter systems prorad@ptationsn striatal circuits
for modulatingmotor function.

A longstanding method taduce LTD inDLS MSNsis todepolarize the
postsynaptic cell while simi#neouslyapplying a high frequency stimulatioon the
lateral segmeraf the corpus callosurfCalabresi et al 1992, Choi & Lovinger 199The
stimulation promotes neurotransmitter retakereas the depolarizatiopers L-type
voltage gated calcium chann€§{8GCCs) This plasticityinductionprotoco| termed
HFSLTD, causes robust release glutamateanddopaminewithin the synaptic cleft
which then act on postsynaptic ionotropic ametabotropic receptor$he concurrent
activation ofL-type VGCCs and group 1 mGluRsaGIuR1 and mGluRgresults in the
production of endocannabinoi¢sCB)in the postsynapgdat diffuseretrogradelyto
activatethe presynaptially expressedannabinoid Teceptor (CB1R)In turn CB1R
decreasspresynaptic neurotransmitter releasesulting in a depression of synaptic
transmissior{Choi & Lovinger 1997, Kreitzer & Malenka 2005, Kreitzer & Malenka
2007, Wu et al 2015While some groups consistently detect HED in both MSN
subtypes, other groupsve only been able to indue-S-LTD in striatal IMSNs. These
inconsistencies have largely been attributedifferent stimulator electrode sizes, such
that macrostimulatiomay cause robust eCB productionMSNs that can spill over to
decrease synaptic efficaof neighboring dMSHN.

In addition to L-.type VGCCs and group 1 mGluR8jmerous studies indicai®-
dopamine receptoDgR) signalingis intimately involved in promoting HFSETD

(Calabresi et al 1992, Calabresi et al 199&itzer & Malenka 2005, Kreitzer &
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Malenka 2007, Wang et al 20Q&pwever thelocation in whichD2R functions to
mediate LTDhas been a topic of much deb@#athur & Lovinger 2012)AlthoughD2R
Is notexpressed in striatal AMSNsharmacological blockade &f:R signaling prevents
HFSLTD in both MSN subtypesThis peculiafinding led tothe hypothesis thd:R
signalingin CINs canindirectly modulateplasticity in MSNs. Indeed, Wang et al.
determined thaD2R signalingin CINs promotes a pause @IN spikingthatdecreass
acetylcholinerelease. In turn, thidecreasasignaling througiM1-mAChRin MSNsthat
inhibits eCB productionthusincreasingHFSLTD in both MSN subtypeéWVang et al
2006) Recent studiessing conditionaD2R mice determined thdd>R expression in
IMSNs only regulateHFSLTD cell-autonomouslybutdepletion oD2R from CINs
decreased HFRETD in both dMSNs and iIMSNEAugustin et al 2018)

Although it has been documenteathtriatal LTD predominateis both MSN
subtypesisingmaaostimulationto induce plasticitysomecolleaguesuggest
macrostimulatiordoesnat represent physiological neurotransmissaol rather suggest
thatmicrostimulation protocols may hold more physiologiévanceNot only have
investigatordound differentHFS-LTD resultsusing micre versus macratimulation
(see above)t has also been determinttht both MSN subtypasndergo LTP using a
different microstimulation protocol, termed spikiening dependent plasticity (STDP)
(Caporale & Dan 2008Althoughd MSNs don ot -LiDhdimgr go HF S
microstimulationprotocols it has been found thabthMSN subtypes underdorP and
LTD usingauniqueSTDPinductionprotocol(Caporale & Dan 20085 TDPuses focal
stimulation near synaptic sités pair presynaptic neuron activity and postsynaptic

depolarization in a close temporal window (withid millisecondgms)). By stimulating

18



a presynaptic neuron prior to depolarizing a postsynaptic népositive timing), LTP
can be induced istriatalMSNs 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 glutammia,
dopamineggic, and adenosimgic neurotransmissiompacts STPDn each MSN subtype
(Shen et al 2008)

In dMSNSs,LTP induced bya positive timingSTDP protocofequired
postsynaptic NMDAreceptors and D1Rnterestingly, the negative timing proto@bne
was not suftient to induce LTD in dMSNs, however, antagonism of [pERmitted
LTD in dMSNsthatrequirel presynaptic CB1R functio. TD induced in dMSNs by
inhibiting the D:-dopamine receptor (IR) was blocked by pharmacological inhibitioh
MGIURS suggestingnGIluR5 signaling can cause LTD, B{R can attenuate mGIuR5
actions(Shen et al 20080pposed to dMSNdoth positiveandnegativetiming STDP
protocols induced TP or end@annabinoiemediated LTDin iMSNSs, respectivelyLTP
in IMSNs required NMDA and Aea receptorswhereas LTDrequiredD2R and mGIuR5
signaling. HoweverAza and D2R signalinganoppose each oth&r promoting LTP and
LTD, respectivelyA2a signaling (combined with D2R arganism) can induce LTP
despitea negative timing STDmRductionprotocol, and2R signaling can induce LTD
even when a positive timing STO#Potocol is use@Shen et al 2008)

The use of STDPRrotocolsexpand our understanding of striatal plasticity
outside of HFSLTD, and furthetimplies functional role for bothLTD andLTP in
striatal MSNs Consistent with these asvo studiesdiverse studies have determined

these forms of striatal plasity are associated with motor learnifi{pralek et al 2012,
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Rothwell et al 2015, Yin et al 200%)ccluded insome rodeninodels of basal ganglia
dysfunction(Nazzaro et al 2012, Shen et al 2Q@8)dimprovesmotor function
associated with neurological disorderssivo, includingpreclinical models for
understanding® a r kK i n s o yaddstion and keabitfoematiqiiKreitzer & Malenka
2007, Ma et al 2018, Trusel et al 2015)

While the above introduction &iriatal plasticity is not an exhaustive synopsis
(i.e. there are mamgther forms oktriatalsynaptic plasticitynot discussed}hese studies
provide afoundationdetailinghow postsynapticeurotransmitter receptopsomote
functional changem striatal circuitfor modulaing basal ganglia functiorNot only do
these foundational experimemsnsistentlyimplicatesignaling througlgroup 1 mGluRs
anddopamine receptsias mediators dbng-term changet MSN function,theyalso
demonstrate thaheintegration ofdiverseneurotransmitter systenean promotéViISN
subtypespecific adaptions the DLS Therefore synaptic plasticityn striatal MSNs
providesa molecular frameworkinderlyingMSN subtypespecific adaptations, whicls
discussed belovgre consistently implicated in repetitive mob@haviors.
1.3  MSN Subtype-Specific Functions in Repetitive Behavior

Theability to learn and group motor sequentigether is advantageous to
simplify complex behaviorddowever, perturbations in striatal circuitan increase the
propensity tdorm habits andepetitively execute previously learned motor sequences,
such as excessive washing and groonsyrgptomsn OCSDs.Rodent models have been
utilized to understand the function of dAMSNs or iIMSNSs in promoting repetitive and/or
habitual behaviors, such as ftahl 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 exvivotwo-p hot on cal ci um i magi ng, O6Har e ¢
transition from goatlirected 6 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 DLSO'Hare et al 2016)nterestingly, this study also determined that

breaking this levepressing habit is associated with both restoring the timing in

dMSN/IMSN activityand a overall decrease in dMSN amplitu¢l@'Hare et al 2016)

These experimnts are consistent with other groajgsnonstratinghat synaptic

depression in iIMSNseorrelates with habitual lever pressing in a similar outcome

devaluation taskShan et al 2015Moreover, Rothwell et al. also identified dMSN

specific roles in the initiation and completion of a complex sequential lever pressing task
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. dMSN IMSN
Behavior : : Reference
Function | Function
IncreasingRepetitive Motor Tasks
Rotarod Learning Y z Rothwell et al. 2014
Rotarod Maximal Performance y z Rothwell et al. 2014
Motor Sequence Initiation y z Rothwell et al. 2015
Motor Sequence Completion y z Rothwell et al. 2015
HabitualLeverpressing Y z O6Hare et
N _ . Ade et al. 2016
Repetitive Grooming y Z

Wang et al. 2017

Decreasing Repetitive Motor Task

Breaking Habitual Levepressing z o} ObHare et
Disrupting Moto'r Sequence 5 g Rothwell et al. 2015
Completion
Rescuing Repetitive Grooming o) y Wang et al. 2017

Tablel: MSN SubtypeSpecific AdaptationdJnderlie RepetitiveMotor Tasks.

Increasedepetitive mototasksin rodents is associated with increasgddMSN

functionand/ordecreased?) iMSN function Alternatively, decreaisig previously

acquiredrepetitive motor tasks in rodents is associated détreasmg dMSN functionor

increasing iIMSNunctiond two unige mechanisms to decrease the dMSN/IMSN

balancan activity.
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(Rothwell et al 2015)Specifically, using an elegant adesssociated viral (AAV)
approach to inhibit dMSNs or iIMSNs in the Di&ydetermined that dMSN activity is
required for the completion of complex sequentialongirograms, including seriat
order lever pressintaskand accelerating rotarqubrformancgbut optogenetic activation
of IMSNs impaired the sequence completion in the lever pressingRagthwell et al
2014, Rothwell et al 2015Furthermorelearning this sequential motor sequence was
associaté with a potentiation ofortical projections from premotor cortex (M2) to
dMSNs in the DLYRothwell et al 2015)

In addition toaboveexperiments using wilktype C57BL/6 micepnumerous
animal models have been createdinderstand the neurological basis of repetitive
behavior associated with psychiatric disorders, including OCSDs and autism spectrum
disorders (ASDs)indeed, genetimutation,deletion or pharmacological manipulatiari
numerous striataénriched posigapticscaffolding protein®r receptorsare associated
with psychiatric disorderéling et al 2012)In rodents, most of these manipulations
result inpathological rodergel-grooming behavidr an evolutionarilyconserved basal
motor program that can become pathologically initiated and sust@aheff et al
2016) Interestingly, MSN subtypspecific adaptationare associated with excessive
groomingfollowing constitutive knockout cBH3andmultiple ankyrinrepeatdomains3
(SHANKR3) or synapse associated prot&t (SAR90)/postsynaptic densi95 (PSD
95)associated protein(BAPAP3),two different postsynaptic densif? SD)scaffolding
proteins thatanchor mGIuRS5 in thextrasynapic membrangPeca et al 2011, Welch et al
2007) Excessive groonmg in SHANK3b knockout(KO) mice is associated with

decreased iIMSN function relative to dMSNs in the DLS, whereas SAR&Pice
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haveincreased dMSMNctivity in theDLS relaive to neighboring IMSNAde et al 2016,
Wang et al 2017)Although there are differences between these two mdatels.are
characterized biISN subtypespecific adaptations that cauisereasedlMSN function
compared to iIMSN function. MoreoveheseMSN subtypespecificadaptations
associated with excessive groomarg consisterit directionalitywith otherbehaviors
in wild-type micethatrequirerepetitive execution of sequential motor programs
suggestingncreased dMSN activityrelative to iIMSNsn the DLS may be a generalized
adaptation associated with repetitive behaviors

Repetitive motor behavioee a core symptom cluster of both OCSDs and ASDs
however repetitivegroominghaslimited face validity with ASDsDespite this
grooming dysfunction is a core phenotype associatedthatl®©CSD, trichotillomania
Furthermoremutations inSAPAP3 have len detected in trichotillomania patients
(Zuchner et al 2009pue to thiswe elected tdocus on excessive groomingtime
SAPAP3 KOmodelto furtherunderstandMSN subtypespecific adaptions underlying
repetitive behaviors.
14  Neurological Contributions to Rodent Self-Grooming

Excessive grooming is a common phenotyppreclinical models for
understanding OCSDs and ASD®wever, the translational value of this phenotype has
been a topic of debatExcessive grooming has faealidity with human grooming and
skin-picking disorders, such as trichotillomania axtoriation However,the construct
validity, particularly regarding the extent to whicbrticostriatal circuitsegulate
grooming dysfunctionis critical for determinng if this phenotype can provide insight

into the mechanisms underlying repetitive behavior.
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Grooming behavior is an evolutionarily conserved motor progrerass
numerousspeciesincluding primateghatis composed o highly stereotypedction
sequencéBerridge & Whishaw 1992, Kolb & Milner 1981n rodentsgrooming
strokes targeting the face beginemerge irthe early postnatal daydyut after only
several weeks of agedentsdevelop a complex grooming motor program that
sequentially targets four main regions of the body alongepéalocaudadxis(Golani
& Fentress 1985Specifically, the grooming action sequence, frequently referred to as
grooming syntax, is composedatfleas0 unique predictablenovements that are
linkedtogetheron amillisecondtime scale. Collectively, theseovements target four
unique regions of the bodyeginning at the nose, thenogressingo the eyesearsthen
body (cephalocaudalule) (Berridge et al 1987, Kalueff et al 200GGrooming syntax
accounts for pproximately 1615% ofall grooming behavigmwhereas the reminder of
the time spent grooming corresponds$léaible grooming which stilladhersto the
cephalocaudal rul&iven that grooming is composed aof mnatecomplexmotor
sequence, it is hypothesized that understantti@geural circuits, cell types, and
molecules that regulatgoomingbehaviomwill increase ouunderstandingf how
complex motor programs aimtiated andcompleted, which may provide generalizable
insight into mechanisms underlyingcreasedabit formation and execution CSDs
(Kalueff et al 2016)

Rodent grooming behavior @mmposed of aomplexmotor sequengesuggesting
corticostriatal circuitsnay beintimately invdvedin its initiation and execution
However,it is critical to note thagrooming behaviocan be modulated via numerous

biological processes, including changes in affective states, hormone signaling, motor
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coordinaton, and pattern generati@ikalueff et al 2016)Given this, diversérain
regionscan influence grooming behavior, including #raygdala, hypothalamus,
cerebellum, and brainstemowever, evidence suggest thesgionsinfluencegrooming
behaviorin unique waysFor example, the amygdatanregulatecontextspecific
groomingassociated with stressid social behavigqHong et al 2014)andthe
hypothalamugan increasgrooming by facilitatindhormone signaling, such as
cotticotropinreleasing hormone (CRH) and adreodicotropic lermone (ACTH)(Dunn
1988, Dunn et al 1987, Dunn et al 1979, Kruk et al 1998, Roeling et al.1238)n of
the cerebellunresulted in subylincreasd grooming behavioandimpaired coordination
of grooming strokewvithout significantly impacting overall grooming synt@erridge &
Whishaw 1992)Howeverdecerebration experiments determined that brainstem
structures are sufficietd generate grooming patterns, however, the completion of
grooming sequences decerebrated rats was significantly decrdaseggesting higher
order brain structures are essentialtf@completion of grooming syntgBerntson et al
1988, Berridge 1989)nterestingly, lesion of the neocorteasulted in decreased
grooming behavior, however, aftnumerous experimental observations the deficit in
grooming duration recoverethd was not different than cont{@erridge & Whishaw
1992)

Despite these diverse regions regulating grooming behavior, lefsbhasal
ganglia output nuclei significantly decreaseerallgrooming behavigrand sitespecific
excitotoxic lesion of the DL®r nigrostriataldopamine projectionabrogated grooming
sequence completigiCcromwell & Berridge 1996)Collectively, these results suggest

basal ganglia outpus required for increased grooming duration, and that the
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dopaminergic signaling in tHBLS is indispesable for the completion gfrooming
sequences. Recegeneticandpharmacology studies further support this hypothesis
(Berridge & Aldridge 2000a, Berridge & Aldridge 2000b, Berridge et al 2005)
Pharmacological activation &R via intragentoneal (1.P.) injection or intraventricular
administratiorsignificantly increasedrooming duration and sequence completion
(Berridge & Aldridge 2000a, Berridge & Aldridge 2000b, Taylor et al 20Ho)wvever,
co-administration othe D2R antagonist, haloperidol (whicalso has promiscuousff-
target profile) occludal theD:R-dependent increase in grooming duration and sequence
completion, andystemicactivation of DR with quinpirolesignificantly decreased
grooming duration and grooming sequence compléianridge & Aldridge 2008,
Taylor et al 201Q)While these studies suggestomplex interplay betwediR and

D2R signalingin the regulation of rodent grooming behayibwas unclear ithese
effects were due tthese receptors functionimg concert oindependently of each other
Recently, Fredrick et al. determined tBaR knockout prevenisvhereas BR knockout
does not affecthe DIR agonistdependeneffect in promotingncreased grooming
duration and sequence completisnggesting ER and BR signaling regulate grooming
by functioning independenthof each othe(Frederick et al 2015)

One limitation of theabove QR and DR pharmacologgxperiments is the
inability to confirmthe behavioral effects are solely duestmataldMSN or iIMSN
function,respectivelyHowever, despite this limitation, it is worth noting titiae
directionalityof these pharmacology experimeigsonsistent wittknown dMSN and
IMSN roles inmediating complex sequential motor programs (see 1.3). Specifically,

giventhatD1R is expressed in striatal dMSKsut not iIMSNS) studies by Berridge et al.
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further suggest that increased rodent grooming duratiosemeene completiormay be
associated witla balance in dMSN and iIMSN function, such tineteased grooming
behavior is associated wighifting the balance to favaiMSN function Interestingly,
these results amonsistent witlreportedstriatal abnormalities the SAPAP3 KO model
for understanding OCSO#$de et al 2016)However,grooming dysfunction in SAPAP3
KO mice is associated with increased mGuRfhaling that promotes MSN subtype
specific adaptations

15 The SAPAP3Knockout Model for Understanding OCSDs

SAP-90/PSD95 associated proteins (SAPARsga family of four (SAPAP14)
postsynaptiscaffolding proteisenriched in glutamatergic synapses, particularly within
thepostsynaptic densit§PSD). Generally speakinggAPARsinteract with other PSD
scaffolding proteins, includinBSD-95, synaptic Ras GTéseactivatingprotein
(SynGAB, andSH3 and multiple ankyrin repeat domains pra¢BHANKS) to
facilitate crosstalk betweeilonotropic and metabotropglutamatergic neurotransmission
(Rasmussen et al 201 Despite overlappingiolecularfunctions, the expression profile
of eachmember othe SAPAP familyis unique, such th&APAP3 is thenost abundant
SAPAPexpressed in the striatum (SAPAR2also expressed the striatunbutto a
lesser extent(Welch et al 2004)

Single nucleotide polymorphisms (SNRs}he genes encoding SAPARlisks
large associated protait-4 (DLGAP1-4) have been consistently reported in OCSD
patients. Genomeide associabn studies have identified SNPs within tBAPAP1 gene
in OCD patients, andneSAPAP3SNP is associated with contamination and excessive

washing symptoms OCSD patient¢Mattheisen et al 2015, Naaz et al 2020, Stewart et
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al 2013, Wu eal 2013) Furthermore, SNPand mutationsn SAPAP3are associated
with human groonmg disordersincludingtrichotillomania patient¢Bienvenu et al 2009,
Zuchner et al 2009 onsistent with human genetics studies, constitutive knockout of
SAPAP3 in mice results iexcessivegroomingbehavior, a phenotype that Hase
validity with grooming disorders like trichotdmania(Welch et al 2007)Therefore, the
SAPAP3 KO mouse has become one of the most popular preclinical models for
understanding mechanisms underlying OCSDs, patrticularly grooming disorders.
The initial characterization of SAPAP3 KO mice by Welch etlatermined that
loss of SAPAP3recapitulated core phenotypes associated with OC&Iok, asncreased
anxiety, compulsive behavigrandperturbations irtorticostriatal synaptic transmission in
the DLS, suggestinthe preclinical model haboth face and@onstruct validityfor
undestanding OCSD§Welch et al 2007)Additionally, Welch et al. found that treatment
with the prototypical OCRherapeutic, fluoxetine, sigicantly decreasedrooming and
reduced measures afxiety, suggesting the SAPARSO model alschaspredictive
validity. Lastly, viral repletion of SAPAP3 protein expressthroughout the striatum
(dorsal and ventraipn SAPAP3 deficient micenproved grooming dysfunction, anxiety
like behavior, and corticostriatal synaptic transmission, demonstsitiatal dysfunction
underlies OCBEike phenotypes in SAPAP3 KO mi¢&/elch et al 2007 )Further
highlighting theconstruct validityof the SAPAP3 KO modebther groups have
determinedhatoptogenetic stimulation aforticostriatal circuits associatedth goat
directed behavior decreased grooming dysfundBurguiere et B2013), suggesting an
imbalance between gedirected and habitual behavior may undecbenpulsive

behavior is SAPAP3 KO mic€onsistent with thisLinda Simmler and colleagues found
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that SAPAP3 KO miceare insensitive to reward devaluation, suggesthe model has an
increased propensitp form habitual motor routinegHadjas et al 2019ollectively,
these studies demonstrate that the SAPAP3 knockout rhaséhce, construct, and
predictive validityfor understandingtriatal mechanisms underlyi@@CSDs, such as
trichotillomania.

SAPAP3 ishighly expressed in the striatal PSD and facilgatesstalk between
ionotropic and metabotropic glutamatergic recepfbnerefore Nicole Calakos and
colleagues conducted foundational electrophysiological experiments to measure AMPAR
and NMDAR function in striatal MSN$ncreasedNMDAR functionin SAPAP3 KO
MSNshas been reportad several studiehowever there have been inconssat restuis
when assessing projectigpecific deficits iNMDAR function inthe DLS(Corbit et al
2019, Hadjas et al 2020, Wan et al 20Hgwever, decreasexbrticogriatal AMPAR
currentshavebeen reproduced both MSN subtypeby multiple labs with few
inconsistenciegHadjas et al 2020, Wan et al 2014, Wan et al 20Qdpsistent with the
role of SAPAP3 in facilitating ionotropic and metabotrogictamatereceptor cross talk,
mechanistic experimentiggesthatdecreased AMPAR funain SAPAP3 KO MSNs
is caused by increased mGIUR5 signalfidéan et al 2011)Specifically,pharmacological
antagonism of mGluRBicreasedhe frequency ofjuantalAMPAR-mediated currents in
SAPAP3 KO MSNsand augmenting mGIuR5 signaling with a positive allosteric
modulator (PAM) decreasedte frequency ofjluantalAMPAR currentin wild-type mice
(Wan et al 2011)Classically,decreasem quantal AMPAR current frequency are
attributed to decreased neurotransmitter reléase the presynapséoweverthis report

found ro change in other measures of presynaptic release prob#imlityould explain
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this effect. Alternativelytheydemonstrated that blockimgpstsynaptiAMPAR
endocytosis restordate frequency of AMPAR currents in SAPAP3 KO MSNaken
together, it is hgothesized thahcreased mGIuR5 signaling 8APAP3 KOMSNs
promotes AMPAR endocytosisthus decreasing corticostriatal synaptic transmission
(Wan et al 2011, Welch et al 2007)

Althoughthe mGluR5dependentiecreasen AMPAR functionis suggested to be
a postsynaptic effect, it is important to note timatéased mGluRSignaling in SAPAP3
KO MSNsincrease@CB-mediated shosterm depressio(STD)d a presynaptic form of
plasticity (Chen et al 2011 5pecifically,STD (lasting15 minute} was inducedn the
DLS by decreasing thater-stimulation interval of pair of stimuli (50msapart)from
90s to 10¢Chen et al 2011)mportantly, this STD waassociated with decreased
presynaptic releagarobability, which wasblockedby a CB1R antagonisigonfirming
thisis an eCBmediated form of plasticityl he resultingSTD wasenhancedn field DLS
recordings and wholeell recordinggrom MSNs inSAPAP3KO mice. Interestingly,
this form of STDwaspharmacologicablocked byantagonismmGluR5andwas
increased iwild-typebrain slices treated with an mGIlulRbsitive allosteric modulator
(PAM) (CDPPB) such that wiletype and SAPAP3 KO mice were no longer different.
Despite increased STD in SAPAP3 KO mine,genotype effects wefeund on HFS
LTD, suggesting mGluRBependent eCB signaling may be more sensitive in SAPAP3
KO mice butdoes noincrease the ceilingf eCB-mediated plasticityMechanistically,
increasednGluR5-dependeneCB-mediatedSTDin SAPAP3 KO mice waattributedto
increasednGluR5surfaceexpression in primary striatal culturésusproviding a

possible mechanism that could explaioreased mGIuR5 activit§Chenet al 2011)
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Collectively, theabove studies suggest constitutive loss of SAPAP3 results in
decreasedorticostriatalsynaptic transmissiotiat is associatedith increased mGIuR5
surface expression and signalingUlSNs However, until recently, it was unclear if
increased mGIuURS5 signaling in SAPAP3 KO mice caused excessive grooming behavior.
Recently, Ade et al. determined tlghdbal administration of an mGIuR5 negative
allosterc modulator (NAM)decreased excessive grooming in SAPAP3 KO rfiAck et
al 2016) Importantly,this mGIuR5 NAMalsoincreasedaction potentials in thBLS
(measured by hvivo electrophysiology)further suggestinghanges in grooming
behaviorcould be due to increased DLS synaptic transmission. In additabecteasing
excessive grooming, the mGIuR5 NAdIko restored striatal circuit abnormalities in the
DLS. Specifically,usingex-vivo 2-photon calcium imaging to measure dMSN and iMSN
function simultaneously followinglectricalstimulation of the corpus callosuimhwas
determined thtloss of SAPAP3 promoted dMSN activity relative to iMSNs in the DLS.
Incredibly, bath application of the mGIuR5 NAM, MTHERstoredhe balancéen MSN
activity, similar to the dMSN/IMSN balance wild-type mice (Ade et al 2016)Finally,

Ade et al. reportethatpharmacologically increasing mGIuR5 signalingitd -type

mi ce with the mGI uRS5 Piadufficieh 10 0aBse fedeflitize ( VUG 17 2)
groomi ng. -grboming elfed(@siweéllzasncreased grooming from vehicle

injection)was absent in mGIWRKO mice, onfirming the specificity of th¢¥ U6 1 7 2

grooming response tmGIuR5 function(Ade et al 2016)

Overall,the above studies suggésé coreelectrophysiologicaand behavior
phenotypes inthe SAPAP3 KOmodelfor understanding OCSDCme allcaused by

increased mGIuR5 function in striatal MSNs. Therefore, gitiahthe SAPAP3 KO
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model has face, construct, and predictive validity, understanding molecular mechanisms
that mediate increased mGIuR5 function in SAPAP3 KO mmagelucidate future
diseasemodifying therapeutic targetsapable of improving corticostriatal deficits and
compulsive behavior in OCSDs.
16 mGIuR5 Signaling and Its Regulation

Glutamate, the primary excitatory neurotransmitter in the brain, activates
postsynaptic ionotropiand metabotropic receptofSlassically,ionotropicglutamate
receptors aréocalized at the head of dendritic spirresldepolariz the postsynaptic cell
(fast synaptic transmissiprwhereasnGluRs particularly group 1 mGluRs (mGIluR1
and mGluR5)arelocalized in the extrasynapticembrane of dendritic spines and signa
through second messengékow synaptic communication) to modulddst synaptic
transmissior{(Greengard 2001, Nusser et al 19%hen presynaptic glutamate release is
low, most of theglutamatergic synaptic transmission is through proxioradtropic
receptorshowever,a hyperglutamatergic state results in glutamate epér from the
synaptic tevard extrasynaptic regig, in turn activatinggroup 1 mGluRsBoth mGIluR1
and mGIuR5 are expressednearly all neuron types withstriatum however, insitu
hybridization studiesuggestnGIuR5 mRNA levels a greater than mGIuR1 mRNA in
the striatum(Shigemoto et al 1993, Tallaks@reene et al 1998, Testa et al 1995)
Despite mGluRZExpressiorhypothesizedo belower than mGIuRS5 in the striatum,
MGIuR1is knownto haveimportant roles irstriatalphysiology (Conquet et al 1994,
Gubellini et al 2001)However this introductiorwill focus on mGIuR5 given itsole in

causing striatal dysfunction in SAPAP3 KO m{see 1.5).
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1.6.1 mGIuRS5 Structure, Synaptic Localization, andProtein Interactions

Like many otheiG-protein coupled recepto(6PCR3, mGIuRS5 is compogseof
anextracellulamN-terminal domaif{NTD), cystine rich domairsevenintracellular loops,
and a Gterminal domair{CTD) (Niswender & Conn 2010)JJpon agonist binding to the
NTD, extensiveconfirmatioral changes take place beginning in KD that
subsequently impact the conformation of the remaining protein donissallyGPCRs,
including mGIluR5jnteract witha heterotrineric complex of Gproteins, consisting of
Ga, b, andg subunitsUpon agonism, the confirmation change in mGIuR5 catlges
activation ofGaq11 by exchaning GDP for GTR thuscausingit to dissociatérom theb
andg subunitsClassically, thd andgsubunits stayjearthemembrane, whereas the
liberated G subunit carbriefly diffusefrom the membrant regulate second
messenger system&pecific signaling pathways associated with mGIuR5 will be
introduced below).

Canonicdly, mGluRb5is localized in the extrasynaptic (or perisynaptimbrane
region of dendritic spingdNusser et al 1994)rom this region, mGluR8irectly and
indirectly interacts wittdiverse classes @roteins including scaffolding proteins, lipid
raft proteins, cell adhesion moleculaad signaling molecules, such as kinases and
phosphatasesGIUR5 interacts with a network of PSD scaffolding proteins through its
direct interaction wittspecific isoforms ohomerproteins Specifically,homer 1b ic, 2,
and 3directly interact with mGIuR&® s  @Ad&ontain aC-terminalcoiled-coiled
domainthat facilitates tetramerization of homer molecildayashi et al 2006)
Tetramerization of homearoteinsnot onlylink mGIuRS5 to intracellulacalcium stores

(Fagni et al 200Q)utthe meshlike structurealsoenables mGIuRS5 to directly interact
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with SHANK and SAPARoroteins(Sheng & Kim 2000, Tu et al 1999%iven that
SAPAPs directly interact witBynGAP andPSD-95, the meslike network ofhomer
proteins indirectly bridge mGIuR5 from the extrasynaptembrane into the PS{Sheng
& Hoogenraad 2007)nlike the homerlb/cisoformsthatare constitutively expressed
andcontaina Gtermiral coiled-coiled domaingxpression of theomer lasoformis
induced by neuronal activity and lask coiledcoiled domain, preventinggtramerization
(Bockaert et al 2021 Although homer 1a can still directly interact with mGIuR5, this
homer isoformdoesnétaci | i t at e mGlI uR56s indirect
proteins which candramatically altemGIuR5 signalingpathwaysassociated with
psychiatric disorder@iscussed in more detail belopAde et al 2016, Ronesi et al 2012,
Wang et al 2016)

mGIluR5alsoassociatewvith lipid rafts (Francesconi et al 200®)protein
complexedocalized to discretextrasynaptic micrdomairs thatfunctionasrigid islands
in the membranbringingreceptors and signaling molecules into close proxifoity
temporallycontrolledregulation of signalingAllen et al 2007)Some of the most well
knownmolecular markers of lipid rafts are calia and flotillin proteins Caveola-
containinglipid raftsare usually foundh nonneuronal cell onon-mature neuron§.e.
primary neuronal cultur¢gndform small invaginations in the membraioeorganize
sigraling complexes and promatapid activity-dependent receptendocytosigAllen et
al 2007) However,in contrast to caveaotacontaining lipid raftsflotillin 1 and 2are
expressed in mature neuraarsd form planar lipidaftswhich are also hypothesized to
organize signaling complexes and promdéghrinindependenteceptor endocytosis

(Allen et al 2007, Lang et al 1998)ipid rafts are composed of
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glycosylphosphatidylinositol (GRBnchored proteirds a class ofipid-associated

membrane proteirtha regulatediverse processes, includiogll adhesionsynaptic

plasticity, anddendritic spine shap@m & Ko 2017) Interestingly, mGIuR5 was

recently found to interact witthe GPtanchored protein, prion protein (PjPand this

interaction issuggestedo be criticalfor mGIuR5 topromote dadritic spineloss and

| earning/ memory deficits in a prduret ni cal mo
al 2013)

Classically, cell adhesion molecules are expressed in both synaptic and
extrasynaptic regionsf dendritic spinesand function in nervous system development to
link pre- and postsynapse# close proximity(Elste & Benson 2006, Yamagata et al
2003) Interestingly, numerous classes of adhesion molecules are alsmGRired
proteins, suggesting they may alselacalize to lipid raft domais While there currently
is notmuch known about mGIuRS5 interactions with cell adbresnolecules, it has been
reported thaGIuR5 interactsvith theneurexin familycell adhesion molecule,
contactinassociategrotein 1 (CASPR1)which issuggestedo berequired for increased
MGIUR5 signaling to promot@emory formatior{(Morato et al 2018)

mMGIuR5forms transieninteractions witha range oignaling molecules,
includingkinasesphosphatasesind regulators of {rotein signaling (RGS) proteins
MGIuURS interactions with #%e proteins directlyegulatemGIuR5 signalingwhich will
be discussed in detail beloim addition tointeracting with Gprotein receptor kinases
(GRKSs), mGIuR5 also interacts wisierine/threonin&inasessuch as protein kinase C
(PKC), calciunicalmoduin-dependent kinase Il (CaMHK, andprotein kinase A (PKA)

which directly phosphorylate mGluR5€-terminal tail(Francesconi & Duvoisin 2000,

36



Gereau & Heinemann 1998, Kim et al 2005, Ko et al 2012, Rak&®61.8] Uematsu et
al 2015) mGluR5alsointeractswith calmodulin (CaM)n its calciumfree statgLee et

al 2008) In addition,tyrosine kinasessuch a Src familykinasesalso interact with
MGIURS5 to phosphorylate tyrosine resid@i@so & Wang 2016, Orlando et al 2002)
structural biology stug determined thanGluR5directly interacts with theerine
threonine phosphatagarotein phosphatase 1 (PRCyoci et al 2003)and one functional
study suggestnGIluRS5 also interacts witprotein phosphatase 2A (PP2@Jao et al
2005a) Little is known abouimGIuRS5 interactions witkyrosinephosphatase$owever,
striatatenrichedprotein tyrosine phosphataselg®) is known tonteract withionotropic
glutamate receptots regulate receptor endocytqgigising the possibility STERay
alsointeract withmetabotropic glutamate recept¢Pelkey et al 2002, Zhang et al 2008)
Lastly, althoughliterature suggest®GIuRS5 interacts witlhothRGS4and RGS9most
evidence suggest RG$ilitates acritical negative feedback mechanisequired for
locomotor sensitization to psychostimula@saugstad et al 1998, Schwendt & McGinty
2007, Schwendt et al 2012)

The totality of mGIuR5 interacting proteins, which ad fully described here,
position mMGIURS5 in specific microdomains to modula¢eironal function through
diverse signaling pathways. Furthermore, mGIuR5 interactions with ousggnaling
molecules provide a mechanismbidirectionally regulate mGIuR5 signaling for

appropriatanitiation, maintenance, and termination of signaling.
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1.6.2 mGIuR5 Signaling Pathways

Agonism of mGURS5 results in the activation {11 promoting its dissociation
from heterotrimeric Gorotein complex. Classically, liberation of4a1from theb andg
G-protein subunits enables the activatiortt@dsecond messenggrhogpholipase C
(PLC). In turn, PLC cleavemositol phospholipids to crease the producticof
diacylglycerol (DAG) andinositol 14,5-triphosphat€IP3). In turn IP3increass
intracellular calciun{Ca") levelsby activating IP3-gated calcium channels in the
endoplasmic reticulum (ERWenbrane In turn,DAG and/or intracellular G4 released
from the ER camctivatediverse isoforms oPKC (Berridge & Irvine 1984, Callender &
Newton 2017, Fagni et al 2000, Sugiyama et al 198¢{jvation of these second
messengersot onlyincrease protein phosphorylatiohdiversesynaptic molecules, but
also incease the activation of calciugated potassium and calcium channels, further
excitingthe neuror{(Fagni et al 2000)Although these are the canonical signaling
pathwaysassociateadvith mGIuR5 activationinGluR5can also influence th&gnaling
throughmitogenactivated protein kinasdfAPK) andmammalian target of ramycin
(mTOR) pathwaygo modulate protein translatigRage et al 2006)nterestingly the
pathway through which mGIuR5 signadsleterminedy its proteininteractions

Tetramerizatiorof thelong homer isoforms (1b/c, 2, and®)thlink mGIuR5 in
close proximity to IPgyated calcium channels in ER membrane @sdbridge mGIuR5
into the PSD. Given this, mGIuRS5 interaction wiitle long homer isoformis required
for increasedntracellularCa* mobilization Furthermore, mGluRBiteractions with
long homer isoforms are also required for mGlud®pendent increases in MAPK

signaling(Mao et al 2005b)in contrastthe short homeisoform,homer lais an
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immediate early gene due to its expression being increased by neuronal activity.
Interestingly,homer 1a canot multimerizetherefore, itompets with thelong homer
isoformsto interact with mGluR%Xiao et al 2000)As a resultthe canonicamGIuR5
signaling pathways (PKC, calcium signgjrand MAPK) areeduced when mGIuR5
interacts with homer 1dJnder conditions of activity, treGIluR5-homer 1a complex
increase the activation otinique signaling pathwaysuch asnTOR signaling andcan
alsoincreasedepolarizing conductance throulyhtype calcium and Mtype potassium
channes (Holz et al 2019, Kammermeier et al 2000, Page et al 2008eover
mGIuRS5interaction withhomer 1as associated witagonistindependensignaling
resulting in constitutive mGluR&ctivity (Ango et al 2001)Numerousnodelsfor
understanding ASDs and OCSBr® associated wittonstitutive mGIuR5 signaling
presumablythrough homer 1a, includinge SAPAP3 KOmodel(Ade et al 2016, Ronesi
et al 2012, Wang et al 201&uggesting mGIuR5 dysfunctiomay be a point of
convergencacross thespsychiatric disorder@Matosin & Siegel 2016)Collectively,
these studies suggabhtmGluR5interactions with long homer isofosnsuch as homer
1b/c,link mGIluR5to the ER andPSDto increaseanonicakignalingpathwayqPKC,
calcium signaling, and MAPKHowever homer lacan outcompete homer 1bar the
homerbinding site oomGIuR5 resuling in constitutivemGIluR5activity associated with
excessive grooming in SAPAP3 KO mi@de et al 2016)

MGIuR5signalingis also modulated by the activity of other striatal GPCRs
including DIR, A2a receptorand DR. Co-activation ofmGIuR5 andD:1R activity results
in an augmented PK@ependent increase MAPK signalingin primary striatal cultures

(Voulalas et al 2005pndmGIuR5 and the & receptorare suggested to work
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synergistically in promoting MAPK signaling@rerré et al 2002)Additionally, basal BR
activity is suggested tdecreasenGIuR5 phaphorylation,preventing mGIuR5
trafficking to the PSO0Mao & Wang 2016)It is unclear how BR impacts mGIuR5
signaling however,as described aboveodulating mGIuR5 phosphorylation and
trafficking to the PSD cahave robust consequencesvamich pathwaysare activated by
MGIUR5.Thereforejt is possible thamGIuR5 signaling coultiave unique impacts on
dMSN and iIMSNfunctionby integrating with other MSN subtyyspecific GPCRg¢see
1.2.6) however, to datdyISN subtypespecific mGIuR5 signaling pathways have not
been reported.
1.6.3 Termination of mGIuR5 Signaling

MGIuURS5 signalingcan be terminated via indirect and direct mation, both of
which are achieved througiignaling moleculesJpon GPCRagonismthe Ga subunit
exchanges GDP for GTPRausing it tadissociatérom the heterotrimeric grotein
complex.To counterbalance this procesRGS proteins increase the rate of GTP
hydrolysison the G subunit, causing it to reassemble ittte heteptrimeric complex,
thusdecreasingsPCR signalingXie & Martemyanov 2011)Additionally, as mGIuR5
signaling increases, kinasascludingGRKs, PKC, and CaMKI| which phosphorylate
MGl uR56 s i nt rtapranbté mGIuRkS deserssifjzaticandtr endocytosis
providecritical negative feedback mechani{snProtein phosphatasesuch as protein
phosphatase 1 (PRHAre hypothesized twounterbalance these phosphorylation
dependenhegative feedback mechanisriajsstabilizingmGIluR5 expessionin the

membrane for reactivatigikliewer et al 2017)Given that ncreased mGIuR5 signaling
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underliesexcessive groomin@Ade et al 2016)promoting the terminatioar preventing
the resensitizationof mGIuRS signaling may bene strategy to decreasegsluR5S
depandentexcessive grooming

Classically, GRKs phosphorylatiee intracellular regions of mGIuRS5 that
promote receptor clustering @hathrin-coated pits for endocytogiKliewer et al 2017)
While these phosphorylation everate reversiblgarrestin proteins, such bsarrestin,
preserve these phosphorylated residuesibging to mGluRSn its phosphorylated state.
In addition to GRKs promoting activigiependent endocytosiinases downstream of
MGIuURS5 activation can also feedbackmodulate mGIuRS5 signaling and desensitization.

PKC phosphorylabn of serine (Ser) 838n mGIluRS5is required for increased
calcium oscillationgKim et al 2005) However, this PK&lependat increase in mGIuR5
signaling is alsossociated with mGIuR5 desensitizati@ereau & Heinemann 1998)
While some reports suggest PKC amsensitize mGIuR5 without causing endocytosis,
PKC phosphorylatiomat Ser 90XSer 908 in rodents$ known to cause mGIuR5
desensitization througéndocytosis. SpecificallfzaM directly interacts with mGIuR5 to
stabilize mGIuRS5 in the neuronal membranewever, phosphorylation of mGIuR5 at
Ser 9@ destabilizeshe interaction omGIluR5with CaM and fawersthe interaction of
MGIURS5 withthe E3 ligase seven in absentia homolog (Sibf) thus promoting
MGIUR5 endocytosiéo et al 2012) In addition,CaMKlla decreasemGIuRS
depdendent MAPK signaling and promote&IuR5 endocytosjshowever, the

phosphorylation events underlying these effects are not fully understood
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(Raka et al 2015} astly, mGIuR5 phosphorylation by PKA at Sef08romotes agonist
induced calcium oscillationsuggesting GPCRs that signal througho@nd Gsoir can
also modulate mGIuRS5 functigiematsu et al 2015)

The above studies demonstrate #iatises activated by mGIuRS5 signaling can
providephosphorylabn-dependenteedforward increases in signalingut at the same
time, this increased signaling can alsoreasenegative feedbacdky promoting receptor
endocytosisKinaseactivity can becounterbalanced by phosphatase actiygych that
protein phosphatasese critical forsuppressing phosphorylatiaiependent increases in
signaling, as well agestoringGP(R expression in the neurormalembranelnterestingly,
the gammal isoform of PPIPPIgl) candirectly interact with mGIuR5, suggesgy PP1
function may be important for stabilizing mGIuR5 signaling and membrane expressio
However,unlike kinases that partly target their catalytic function through consensus
sequences, promiscuous phosphathise$’Plrequire targeting proteins to ¢t them
into contact with their targe{€ohen 2002)Thereforephosphatase targeting proteins
may reverse the phosphorylation events that promotéetdforward and feedizk
mechanismslescribed above thatgulae mGIuR5 signaling
1.7  Spinophilin: The Most Abundant PP1Targeting Protein in th e Striatal PSD

Thehumangenome encodesare thar350serine/threonine protein kinases
facilitate site-specific phosphorylatioof diverse proteingCohen 2002)While
scaffolding proteins, such @&skinase anchoring proteinsan group signaling molecules
in close proximity to their targetthe amino acid resid(g a kinase can phosphorylate
are built into their structur@rautigan & Shenolikar 2018Alternatively, thehuman

genome only encodeglO serine/threonine phosphatatfed are highly promiscuous in
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nature these protein phosphatasesmdephosphorylataearlyany serine or threonine
site (Virshup & Shenolikar 2009)Giventhis, phosphatases almost never exist on their
own; they rahercomplex with regulatory subunits, termed phosphatase targeting
proteins, thatlsuttle phosphatases to specific substrates within discrete subcellular
compatments(Brautigan & Shenolikar 2018, Cohen 200R29r examplepne of the most
abundantly expressed serine/threonine phosphatases in mammalian RiBdyemsins its
substrate specificity bgomplexing with over 200 targeting proteirgBrautigan &
Shenolikar 2018)In turn,these phosphatase targeting proteins erftlehin specific
regions of a cell, including nuclear, cytoplasmic, podtsynaptic regions of a neuron
(Cohen 2002)

Spinophilin is the most abundaRP1 tageting protein in the striatal PSind
therefore is hypothesized be a critical regulator of reversible protein phosphorylation
striataldendritic spinegAllen et al 1997, Colbran et al 1997, HsMhlson et al 1999,
Ouimet et al 2004)in addition to complexing with PP1, spinophilin alssother
protein domains thdacilitateits interaction with cytoskeletal proteir8SD scaffolding
proteins,andGPCRg(Baucum et al 2010, Di Sebastiano et@1&, Grossman et al 2004,
Salek et al 2019, Schuler & Peti 2008, Smith et al 1989%ddition, spinophilirtontains
a Gterminal coiledcoiled protein domain th&nables homeland heteralimerization
with itself andits protein homologneurabin.Therefore, spinophilin can target Pf#@lor
even sequester PRbm (Ragusa et al 2010jnyriadprotein classes in the PSD to
regulate dendlic spine morphologyEvans et al 2015, Feng et al 2000, Tdroyenzo et
al 2005) PSD protein network@aucum et al 2010, Watkins et al 201f@)stsynaptic

transmissiorthrough ion channel@llen et al 2006, Yan et al 1999nd slow synaptic
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transmission from modulatory GPCR&ang et al 2004, Wang et al 2007, Wang et al
2005) including DR (Allen et al 2006 and MGIURYDi Sebatiano et al 2016)
Although spinophilin interactwith diverse protein classéisat can have widspread
consequences, which are reviewedSarrouilhe et al 2006)he remainder of the
i ntroduction will focus on s fsiregWagomonl i nds i nt
GPCRsignalinggiven its potential relevance to mGIuR5 dysfunction in repetitive
grooming

The majority of what is knowregarding the mechanisms and consequences of
spinophilin regulating GPCRs has come from studiesisMd i gat i ng spi nophil i
regulation ofseveral classes @drenergiageceptos (ARs) andmAchRs(Fuijii et al 2008,
Kurogi et al 2009, Wang et al 2004, Wang et al 2007, Wang et al.200&j)expression
of spinophilin inXenopudaevisoocytes suppressedhR-mediatedmobilization of
intracellularCa?* levds. This spinophilindependent decreaseda’R signaling was
associated witan RGS2dependent increase in GTigdrolysis of the active £3 subunit
associated wite AR (Wang et al 2005)Similarly, spinophilin expression alstecreased
M1- andM3-mAChR signaling, which is also coupled taqGignaling, by promoting
RGS8dependent termination of signaliigujii et al 2008, Kurogi et al 2009)
Collectively, these studies suggest spinophilinctions todecreassignaling of several
Gag-coupled GPCRs, but througimosphorylatioAindependenmechanisms.

Spinophilin alsodecreaseactivity of the Gio-coupledaza-AR (a2aAR) receptor
but through a different mechanigiang et al 2004 )Specifically, spinophilin is
suggested to compete wibharrestinto dephosphorylate;aAR, presumably by targetin

PP1 Spinophilin knoclout (Spino™)-derivedmouse embryonic fibroblas(MEFs)
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displayed increased MAPK signaling upon agondgdrthe receptorhowever, this
increase in activity washortlived as a result oh2aAR quickly internalizing
Furthermore, \iing et alalsofound the same trerafter stimulatingSpino” MEFsfor 5-
minutesthen restimulang aftera 30-minutewash suggestindoss of spinophilin
increases2AR phosphorylation anthe amplitude oMAPK signaling which quickly
results in increaseckceptorendocytosigWang et al 2004)

In addition to spinophilin interacting with ARslecreasing theisignaling and
increasing theirmembrane expressiorspinophilin also interacts with and regulates
MGIURS signaling in a similar mann€Di Sebastiano et al 20165pecifically, Di
Sebastiano et al. found that spinophilin directly interacts with the third intracellulaofloop
mMGIuUR5. Furthermore, it was determined that loss of spinophilin from Spitesived
primary cotical neurons increasedGluR5dependent increases in MARiKgnaling while
concomitantly decreasingGIuR5 expression on the membrane surf@tesebastiano et
al 2016) Al t hough this study did not determine i
signaling and surface expression vehge to changes in mGluR&hosphorylationthe
directionality of these findings are consistent wigports of how spinophilin regaties
a2AR and M1/3mAChRs Collectively, these studies suggest spinophdipression
functions tostabilize GPCR signaling ananembrane expressiprncluding mGIuRb5,
which may be required for mGIuRS5 function to promote excessive grodmeimayior.

In addition to spinophilin regulating mGluRtgnaling and membrane expression,
we previously found that spinophilinteracts with SAPAP3 in rodent striatyiMorris et
al 2018) First, we identified thisprotein interactiorthrougha proteomics screemwhich

suggestd depletion of dopamergic projections from the SNtecreasethe spinophilin
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SAPAPS interactiorfHiday et al 207). In addition to dopamine signaling regulating this
protein interaction, weecently found that cexpression of mGIuURS in human embryonic
kidney 293 (HEK293) cells increased ths@nophilinSAPAP3 interactionlnterestingly,
these data implicate spinophiliSAPAP3, and mGIuR5 in a functional protein network
associated withrodent excessive groominélthough we previously found thaoss of
spinophilin decreaskthe learning and performance ohavel motor repertoirusing an
accelerating rotarod tasknd preventspsychostimulaninducedlocomotor sensitization
(Areal et al 2019, Edler et al 2018, Morris et al 2@18) behavioral task that requires
MGIURS signaling(Schwendt et al 201@)the extent to which spinophilin mediates
MGIuR5dependent excessive grooming is unknown.
18  Formulation of Central Hypothesis

The information detailed in thesubsectionsabovewas utilized toformulate a
centralhypothesis that will be tested throughout theaemmg chapters of this dissertation.
Specifically, given that 1)articostriatal dysfunction is a hallmark of OCS[2 MSN
subtypespecific adaptations in the DLS underlie repetitive behayiBjsincreasd
MGIURS5 function underliegxcessive groomingn SAPAP3 KO mice 4) spinophilin
regulatesmGluR5depenentsignaling andmotor function and 5) co-expression of
MGIUR5Ii ncreases spinophilinds wehypothesizahati nt er act
spinophilin expression in striatal medium spiny neurons mediates mG&GieRéndent

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 cent®iMRRC): Wholebody spinophilin KO mice (B6N(Cg)
Ppp1rogmt-1KOMP)Vie3- hred in house after obtaining from Jackson laboratories);
SAPAP3KO mice (B6.129DIgap3™c™M9J); CagCreER (Tg(CAGre/Esr1*)5Amc;
Drd1-Cre (036918JCD B6.FVB(Cg)Tg(Drdlacre)FK1®DGsat/Mmucd); Adora2&re
(MMRRC strain 036158JCD, B6.FVB(Cg)}Tg(Adora2acre)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 at&taeporter 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
recombirase, only the loxp sites surrounding exon 3 of the spinophilin gene, Ppp1r9b,
remained. Initial insert was confirmed by the EUMMCR using {arnge PCR.
Following Flp recombination the following DNA insert remained:
TGCCAGAGGTCCATAGGTCAGGAAGGCGCATAACGATACBCGATATCAACA
AGTTTGTACAAAAAAGCAGGCTGGCGCCGGAACCGAAGTTCCTATTCCGAAG
TTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGTCGAGATA
ACTTCGTATAGCATACATTATACGAAGTTATGTCGAGATATCTAGACCCAGCT
TTCTTGTACAAAGTGGTTGATATCTCTATAGTCGCAGTAGGCGGCAGGGCAG
GTGTAGCTAGGCAGTGGGTATCCACGTTTGGTCATGACGCTCTGGGCTCAG

AAGAGAATAATAGGAGATCAAAGGCTCAGGGCTAAGACCTGGCTCAGTCCCC
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ATCCCAGCCACACACCCTTATCTGTATGCACAATAGCCTACCACACCCCAGCC
ACCCCTCACACACCCTGCTGCCTGTCAGCTCGTTGGATAGGGCAAAGGGCAG
GAAGTAACCCGTATGAGTTAGCCTGGCAAAAGGGAGGTGGGAGGAACCATA
ATTCTTTCCCATCATGGGGTGACTCGTAAEGTTGGGTAGAAGATCCCTGCCAG
TCATGGCTTACCCCCCTTCTGCCTCACAGACTCTGAGGGCTTGGGCATC.
Genotyping primers complementary to the endogenous Ppplr9b sequence surrounding
the insert were made (forward and reverse primers, respectively:
TGCCAGAGGTCCATAGGTCAGG and GATGCCCAAGCCTCAGAGT) to amplify
the wildtype band lacking insert (392 base pairs) and mutant band containing insert (624
base pairs)Kigure 1B). All genotypes described above were backcrossed at least 6
generations and/or maintained on C57BL/6 background. SAPAR8/or
Spinophilirf/™: Fi* or+*mice were bred with Drdland Adora2&Cre lines to obtain all
genotypes utilized hereilnimals were maintained on a-hdur light dark cycle
(7TAM:7PM) and all animal procedures were performed -di6 weekold maleand
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, 2109l animal experiments includeath from male and female
mice. Sex was notncludedas a biological variable iaur statistical analyseBowever,
behavior anatlectrophysiologyexperiments were visualized by sex.
2.2 Animal Behavior

All locomotion and repetitive setfrooming experiments were performed in the
openfield (OF) of Noldus Phenotyper Cages using a validated Al approach. Male and

female mice were used for all behavior experiments
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2.2.1 Grooming Classification by Noldus Behavior Recognition M odule
Noldus Behavior Recognition Module is a machine learniggraghm that
utilizes nose, center, and tail identifiers to measure regpegific 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 identiiersqurbased detection
settings) using agmatched 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 cepkezdadal axis targetinthe nose, face, ears, or
body (Kalueff et al 2007, Kalueff et al 2018Brooming duration was manually scored
for163,30mi nut e videos and was compared to the
Behavior Recognition Algorithm (default probability settingsigre 5C). Pearson
Correlation analysis determined the Noldus Behavior Recognition Module has a high
accuracy when predicting grooming behavior
increase consistency in grooming classification and prevent bias in manual scoring, we
utilized this algorithm to measure changes in grooming behavior for the experiments
below.
2.2.2 SAPAP3Wild -type and Knockout Effects onOpen Field Grooming and
L ocomotion
Singly-housed male and femalem&ek old control (SAPAP3 WT/Spifity' o Fi*
or SAPAP3 KO/Spind™ ° F'* or SAPAP3 WT/Spint*/D1-Cre or SAPAP3

WT/Spind”*/A2A-Cre), Spin&™SN(SAPAP3 WT/Spind’™/D1-Cre or SAPAP3

KO/Spind"F/D1-Cre), and SpindSN (SAPAP3 WT/Spind’™/A2A-Cre or SAPAP3
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KO/Spind”F/A2A-Cre) mice werglaced 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 measureddor. 1
2.2.3 mGIuR5 PAM Effects onOpen Field Grooming and Locomotion

Male and female-B week old control (Spirdd™ °" ** or Spind’*/D1- or A2A-
Cre), Spin8™SN(Spind"™/D1-Cre), and Spind'SN (Spind"™/A2A-Cre) mice were
placed in Noldus Phenotyper Cages (30 cm x 30 cm x 30 cm) waeeraotion (distance
traveled) and grooming (grooming duration, grooming frequency, mean grooming bout
duration) behavior was measured forrBhutes (pranjection period). Following the
pre-injection period, animals were given an i.p. injection of VUZ8D(1, 3, 10, 20, 30,
or 56 mg/kg) or an equivalent volume of vehicle (10% twg&e@mn HO) 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-10 weekold control (Spin&’™), Spind“SN(SpindF/D1-
Cre), and Spind"SN (Spind"F/A2A-Cre) mice were isoflurananesthetized and the
brain was rapidly dissected out. 3% thick coronal brain slices containing the dorsal
striatum were made using a taiVT1200S vibratome. The cutting solution was a
sucrosebased icecold solution that contained 194 mM sucrose, 30 mM NacCl, 4.5 mM
KCl, 1 mM MgCI2, 26 mM NaHCO3, 1.2 mM NaH2PO4, 10 mM glucose and was
saturated with 95% O2/5% CO2. Slices were then traesféora 95% 02/5% CO2

saturated artificial cerebral spinal fluid (aCSF) solution that contained 124 mM NacCl,
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4.5 mM KCI, 1 mM MgCI2, 26 mM NaHCO3, 1.2 mM NaH2PO4, 10 mM glucose, and
2 mM CacCl2. Slices were stored at 30°C fdr then transferred to rootamperature
until recordings were performed.

Recordings were performed in 95% 02/5% Cakurated aCSF at 30° to 32°C
with continuous perfusion at a rate of 1 to 2 ml/min. Field excitatory postsynaptic
currents (fFEPSPs) were recorded with micropipettésdfilvith 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 parametersadiersted 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 wW¥ihk et al 2009) This
was done by applyingtwod t r ains of 100 pul ses HglO e©s pe
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 timeseata
expressed as a percentage of change with respect to the average baseline.

2.4  TissueHomogenization

Striatal tissue (whole striatum or 2mm striatal punches from 0.5mm coronal
sections) was homogenized in leanic lysis bufferas previously describdiiday et al
2017, Morris et al 2018, Salek et al 2019, Watkins et al 2@r&fly, low-ionic lysis
buffer( 0 . Odithiothteitol (DTT), 0 . etlylenedvminetetraacetic aqiDTA),

0. 00 2 -HaI pH 7.5, $% Triton XL00) containing protease ititors (Bimake) and
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phosphatase inhibitors (20 mM sodium fluorid
glycerophosphate, and 10 -AdvichsSy Houiss MO@yr ophosp
ThermoFisherjvas used to homogenize tisst®mogenates were sonicat®r 15s at
25% amplitude, rotated for 4°C for 5 minutes, and centrifuged at 15,000 X g for 10
minutes at 4°C. Resulting supernatants were transfer@dean microfuge tube where
prepared lysates were used for protein concentration assay (ThermA$R&A 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 month old SAPAP3 WT or KO mice. After behavior recording, whole
striata were dissected, flash frozen, and store804C. Lysates were prepared by
weighingtissueand homogenizing (as described above) in-lowic lysis buffer (45
uL/mg of tissue) and 500L of striatal lysate (1.5 2.0 mg total protein) was added to
microfuge tube and @g of sheepspinophilin primary antibody (Thermo; PAEB102)
was spiked into th lysate and tubes incubated overnight’@t with rotation. The
following morning, 15uL of Protein G magnetic beads was spiked into the sample and
incubated twehours at 4C with rotation. Beads were washed as described above and

resuspended in 40L of 2X Laemmli sample buffer.

52



2.6 mGIuR5 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 75QL of striatal lysate was addéadl a microfuge
tube and 1ug of rabbitmGIuR5 primary antibody (Millipore; AB5675) was spiked into
the lysate and tubes incubated for 2.5 hour§@tth rotation, then 1pL of Protein G
magnetic beads was added, and samples were incubatedafidifional 2.5 hours af@
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 additionald of rabbitmGIuR5 primary atibody was spiked
into the lysate and samples were incubated overnigiiCaivith 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 imnaanoipetion wash
buffer (150 mM NaCl, 50 mM TrislCl pH 7.5, 0.5% (v/v) Triton XL00) and washed
beads were resuspended in@0of 1X phosphate buffered salineBS. Beads from the
first and second IP were combined after confirming the sequential iRsesify
depleted mGIuRS5 from lysate via immunoblot (see below) analygjsie 15).
2.7  Immunoblotting

Immunoblotting was performed as previously descrifpéiday et al 2017, Morris
et al 2018, Salek et al 2019, Watkins et al 20B8gfly, inputs(12.5ny total protein for
2mm tissue punches, 3@ total protein for whole striatum) or immunoprecipitates were

separated by SDBAGE and blotted using the following antibodies: shg@pophilin

(Thermo; PA548102), rabbHSAPAP3 (Millipore; ABN325), musemGIuR5
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(Millipore; MABN540), goatPP1g1l (SantaCruz; €408), mousd’Pla (SantaCruz;-sc
7482) and mousB2R (SantaCruz; s6303). Appropriate infrared secondary antibodies
were used (Donkey anti goat, donkey anti rabbit, or donkey anti mouse codjt@ate
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-COR Biosciences, Lincoln, NE). We
previouslyconfirmed linearity of signal intensity for spinophilin, SAPAP3, and mGIuR5
(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. Saples were normalized to the average control value within each gel to
allow for comparisons across gels.
28  Proteomics
mGIuRS5 IPs from Spirfé" and Spind” 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
GelGMS run and both quantitative proteomiasis similar to previously published
protocols(Grecco et al 2021, Salek al 2019)
2.8.1 GelC-MS Sample Preparation and Data Analysis

Samples collected from SEFAGE werede-stained with 25 mM ammonium
bicarbonate in 50 % acetonitrilB.(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 wasatiéed 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 bicarbang@8 ACN. The
samples were then placed in a rotary vacuum and centrifuged until dry and subsequently
digested with 12.5 ng/el trypsin in 25 mM an
The supernatant was collected from all samples. The remaining gel peeewashed
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, wheredespivere
separated on an Ultimate 308@LC with loading on a 5 cm C18 trap column
Accl ai mE PepMapE 100 (3 Om particle size, 765
No: 164946) followed by a 15 cm PepMap RSLC C18 EASray column (Thermo
Scientific, Cat NOES900) and analyzed using aEQactive 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).1% formic acid; Solvent B: 100% acetonitrile, 0.1% formic
acid). A data dependent top 15 method was used with MS scan range28f(D/z,
resolution of 70,000, AGC target 3e6, maximum IT of 200 ms. MS2 resolution of 17,500,
fixed first mass 100 m/z,anmalized 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 Discav2r (Thermo Fisher Scientific).
Sequest HT search used a Unigvlats musculuslatabase 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 modifiogtaf carbamidomethyl on C,
dynamic modifications (max 3 per peptide) of oxidation on M, phosphorylation on S, T,
or Y, and acetylation, mdbss or metoss plus acetylation on proteintsrmini. Fixed
valuepeptide spectrum mat¢RSM) validator was useds 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 TandemMassTagLiquid Chromatography/MassSpectrometry

After immunoprecipitatior{IP) and wash steps, beads (3 \&fid 3 KO in the first
batch and 2 WT and 2 KO in the second) were submitted to the Center for Proteome
analysis. 30 pL of 8 M Urea in 100 mM Tris pH 8.5 was added and proteins were
reduced with 5 mM tris(Zarboxyethyl)phosphine hydrochloride (TCEP, Sigidrich
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 TrigHCI
8.5 to a final urea concentration of 2 M and treated with 1 uL PNGaseF (New England
Biolabs, Cat No PO705L) for 2 hrs at 35 °C. Samples were then digested overnight at 35
°C with 0.5 pg Trypsin/Lys<C (Mass Spectrometry grade, Promega CorporationNGat
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 uL 0.1% TFA followed by
elution in 70% acetonitrile 0.1% formic acid (FA). Peptides were dried by speadma
and resuspended in 24 pL 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 OL aceto
Isobart Label Reagent Set; Cat No 90111, lot no. WC306775-fe6and 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 in0MT% A and desalted using Waters
WATO054955) 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 ifrigure 15.

For the initial 6plex ofIP TMT samples, the entire sample was applied to a-High
SelectE Ti 02 Phosphopeptide enrichment tip (
manufacturerods instructions, Thermo Fisher S
detected phosphopeptides from ehead and no®nriched 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 validatpigxdof IP TMT
samples.

NancLC-MS/MS analyses we performed on an EASMLC HPLC system
(SCR: 014993, Thermo Fisher Scientific) coup
spectrometer (Thermo Fisher Scientific) with a FAIMS pro interface. Twenty and 25 %
of each TMT mix was loaded onto a 25 cm aurora columrQjicks, AUR2
25075C18A) at 400 nL/min. 1/3 of the phosphopeptide fraction was injected. Peptides
were eluted from 80% with mobile phase B (Mobile phases A: 0.1% FA, water; B:

0.1% FA, 809 ACN (Thermo Fisher Scientific Cat No: LS122500) over 160 minutes
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30-80% B over 10 mins; and dropping from-80% B over the final 10 min. The mass
spectrometer was operated in positive ion mode with 3 FAIMS eéNss-65,-70) and
1.3 sec cycle time per CV. Datiependent acquisition method with advanced peak
determiration and EasyC (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 fo 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 Térmo Fisher Scientific Xcalibur (4.3) software (Thermo Fisher
Scientific Inc.).

Resulting RAW files were analyzed in Prot
Scientific, RRID: SCR_014477) withMus musculu§/niProt FASTA (both reviewed
and unreviewed sequees) 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 toleaonf 10 ppm; and a fragment mass tolerance of 0.02
Da. Static modifications used for the search were carbamidomethylatazyseime (C)
residues. Dynamic modifications used for the search were oxidation of methionines,
TMT label on the Nlermini of pepides, TMT label on lysine (K) residues,
phosphorylation (S, T, Y) and deamidation of N (max 3 dynamic mods). Dynamic
Protein terminus modifications allowed were: acetylatiostigiinus), Metloss or Met

loss plus acetylation (ferminus). Percolator Falg#scovery Rate was set to a strict
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setting of 0.01 and a relaxed setting of 0.05. {MP-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. @&wlaion 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 ratabyes; and respectiveyalues (ttest) from
Proteome DiscoverE were exported to Microsof
uploaded to ProteomeXchange (PXD034053 and 10.6019/PXD03dD&Rsch et al
2020)
2.9  StereotaxicAdeno-AssociatedVirus Injections

The following procedures were performed to inject AAUBIV-EGFRCre
(Addgene#105545 or AAV5-CMV-EGFP(Addgene #0553() into the striatum of
conditionalspinophilin mice.
2.9.1 Surgery Preparation

Surgical tools were autoclaved and Kopf Steredtignment Systen{Model
1900 was wiped down with ethantd maintain a sterile surgery environmeatass
bead sterilizer, dissecting lamp, arehting pads werturned oranda cleanhousingin-
place cage was place on the heatingtpgareheatagefor postoperative careAAV
was placed on icandmicrosyringe pumgWorld Precision Instruments, UMPZ2I) was
turned on andhjection parameters were sey(inge type, withdraw anigjection
volume,volume per step, andjection rat@. 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 0XX®where ID is the
syringe internal diameteHere, &0.5uL Hamilton Syringe (86259)as used with
volume per step = 0269 nL.Lastly, stereotax levahg, andisoflurane vaporizer fling
was validated
2.9.2 AAV Injections

Time of surgery anche mous owgight were documented in animal surgery log.
Mice were anesthetizeslith 5% isoflurane for 5 minutes (flow rate = 2 L/mifjhehair
ontop oft h e mekullsvasdrsnmedindthe mousenose wasecurednto nose cone
Once securecaye lubricantvas addedo mouse eyefDechra, PualubeVet Ointmeny
andtheisoflurane was lowered th5%. Ear bars were inserteddrmouse ear canals to
stabilize skull, thenskull was sterilized with ethanol and iodine successively at least three
times eachOncethe skull was secured and leveledscalpel was used to maka
incision down the base of the skldhg enough to expose bregma and lambda markings
on skull. The skull was next leveled along the ahd Y- axesusingAlignment Irdicator
(Kopf, Model 1905) thena microscopéKopf, Model 1915)was used to locate the center
of bregma, themll stereotaic coordinates on ®licro Manipulator withDigital Display
(Kopf, Model 1940)were rezeroed A stereotaxdrill (Kopf, Model 1911was used to
create two bilaterdioles(4 total)in the skullto infuse anterior and posterior regions of
the striatum with AAV Specifically, dill holesfor anterior strigal infusionswere placed
at anterior/posterior (A/P}1.00 medial/lateral (M/L)+/-2.05, dorsal/ventral (D/V33.5,
and drill holedor posterior striatal infusions were placedat? +0.4, M/L +£2.65 D/V
-3.55.The syringewas attached tthe stereotaxandsufficient AAV for each injection

(one at a timeyvas wthdrawn into syringesuch that 15@L was injectd into anterior
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drill holes and 30@L was infused into posterior drill holes. &rthe syringe was loaded
with the AAV, the syringe was aligned with appropriate drill hole and guaskly
lowered to appnoriate Zcoordinate where AAV was infused at a ratel@mL/min.
After infusion the AAV diffused undisturbedor 5 minutes then the syringe needle was
slowly removed from skullBetween injectionghe syringe needlevas wipedwith
isopropanobad and rinsgby pipettingethanol and milli @onto kimwipes. After all
injections were completetheskin ontheskull was super glued back together with
VetBondand the mouse received a 5 mg/kg ketoprofen and 0.5 ml of warm saline via a
sulzutaneous injectiorkinally, antritch cream (Lanacafavas applied to skull and
mouse was removed from ear bars and place® prewarmed biohazard cage. Animals
were weighed and treated with Lanacane inside a biological safety cabinet once a day for
3 daysfollowing surgery, then animalserereturredto standard housing.
2.10 Statistics
SAPAP3 WT and KO behavior in OF was analyzed by-ivay analysis of
variance ANOVA) testswith posth o ¢ &2 b§k Tukeyods multiple com
Pearsonds correlation analyses. mGway R5 PAM b
ANOVAs withposthoc G2 dnul t i pl e comparisons test, Pe
unpaired ttests, and onway ANOVAs with posthoc Dunnefis multiple comparisons
test. Field &ctrophysiology recordings were analyzed by-tmeny ANOVA with
repeated measures, eway ANOVA, or oneway ANOVAs with repeated measures
with posthoc Dunnefis multiple comparisons tests. Immunoblots were quantified as
previously describe(Morris et al 2018pand analyzed by unpaireddst or oe-way

ANOVAs with posthoc Dunnefis multiple comparisons test. Quantitative proteomics
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results were firstjuantifiedby log fold-change (KO/WT), then oriled unpaired-t

tests were performed. Striatp was used to generate protpnotein interaction @works
and perform gene ontology (GO) analyses, which used false digagate(FDR) to filter
significant GO terms. In all ANOVA tests described above,-posttests were only
performed when column, row, or interactiowgue < 0.05. If p < 0.05, mutie
comparisons were only performed within columns and/or rows that had a significant
ANOVA effect. For ttests of proteomics phosphorylation and interaction data, p < 0.1
was usedAll statistical analysed-, F-, and rstatisticsare listed in tableg, 3, and 5t

the end ofChaptersThreeFive.
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Chapter Three: MSN Subtype Specific Spinophilin Knockout Disrupts Plasticity in
the Dorsolateral Sriat um

3.1  Introduction

Descending artical projections innervating th&riatun® the major basal ganglia
input nucleud arecritical for shaping assoative, sensorimotor, and limbic aspects of
motor function As described in the introductionetwork-wide changes iDLS function
areassociated witlgrouping complex action segnces together into cohesivabitual
actiors. While theseadaptationsinderlyinghabit formationareadvantageous to simplify
complex actiongperturbationsn this procesgsanincrease the propensity to foimabits,
acharacteristic oOCSDpathology Recent studies suggedSN subtypespecific
adaptions in the DL8nderlierepetitive and habitual motor outpseechapterl.3).
Thereforejdentifying MSN subtypespecificmanipulationsapable omodulating
networkwide changes iDLS functionmayin turn modulage repetitive anchabitual
behaviors

Habitual behavior in th8 APAP3 knockout model for understanding OC$Ds
associated witldecreased corticostriatal synaptic transmission in the @N&ch et al
2007) Subsequent mechanistimidiessuggesthis decrease isaused, at least in part, by
increased mGIuR5 signaling in MSNs tiratreased) AMPAR endocytosis, and 2)
eCB-mediatedsynaptic depressiofChen et al 2011, Wan et al 201Gjven this,
identifying moleculesapable of increasingprticostriatal synaptic transmission and/or
decreasingCB-mediated plasticity, such as HHS D, maybe one strategy tdecrease

habitual behavior in SAPAP3 KO mice.
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Spinophilinis the most abundant PRdrgeting protein in the striatal PSD and
directly interacts with mGluRZonstitutive wholebody loss of spinophiligSpinc™)
preventdHFSLTD in exvivo striatal slices from-& week oldmice, but this deficit
could be overcomeia pharmacologicadnhancementf D2R, suggesting decreased
striatalD2R functionmay limit HFSLTD in Spind”~ mice (Allen et al 2006)In addition,
whole-body loss of spinophilin also prevented L&Bsociated with increased activity of
group 1 mGIluRgDi Sebastiano et al 201@)lbeit ths was in the hippocampus ete
LTD occursthrough endocytosis of postsynaptic AMPAfdadding et al 2009, Liuscher
& Huber 2010) Togetherthese studies suggest spinophitiediateplasticity asociated
with increased mGIuRS5 function, includibti-FS-LTD in the DLS. However,it is unclear
if MSN subtypespecific loss of spinophilinesults in networkvide increasesn
glutamatergic transmissiandbr decreaseis HFS-.LTD in the DLS.

Here, we cread and validatd a conditional spinophilin mouse lirie knockout
spinophilin MSN subtypaspecifically.Next, weutilized field electrophysiologyo
determinghatloss of spinophilin in dMSNEeesults in networkvide increassin evoked
corticostriatal synaptic transmissiand decreases HFS-.LTD in the DLS.In contrast,
loss of spophilin in IMSNsdid not affect evoked corticostriatal synaptic transmission
butdecrease HFSLTD in theDLS. Collectively, theselatasuggest loss of spophilin
in dMSNs or iIMSNsprevents networkvide changes in corticostriatal plasticity, whioh
turn maymodulate motor functions associated with the DLS, suchptitive and

habitual motor programs
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3.2 Results
3.2.1 Creation and Validation of a Conditional Spinophilin KnockoutLine.

Spinophilin is expressed in diverse brain regions and cell (ke et al 1997,
Muhammad et al 2015, Muly et al 2004, Ouimet et al 2004)directly probe
s pi nophi-bpecihidfenctibhS, Me created a conditional spinophilin knockout line
(Figure 1A-B). We biochemically validated our conditional spinophilin line (Spirp
by crossing them with a gihal, tamoxiferAnducible Crerecombinase mouse line
(CagCreER) and injecting these mice with tamoxifen to confirm a significant protein
depletion in the striaturf:95%) hippocampu$~96%), cortex(~94%), and cerebellum
(~90%) (Figure 1C-R). Interestingly Cre expression also decreasdeil levels in
hippocampusbut not striatum, cortex, or cerebellum.

We next injected an aderassociated virus (AAV) expressing Gnéo the
striatum ofconditional spinophilin lines a secoraty method to validate that Cre
expression decreases spinophliéivels Specifically,we injecteda viral vector encoding
CreEGFP(AAV5-CMV-Cre-EGFP)or EGFP alone (AAVECMV-EGFP)into the
dorsal striatum o8pind”™ mice (Figure 2A). Semiquantitative inmunoblot analysis of
striatal tissue punches collectedehd 5weeks following surgergetermined thaCre
expression decreassginophilin protein levelsompared to the EGFP control AAV
(Figure 2B-C). Despitea trend toward decreased PP1 levateway ANOVA analysis
did notdetect a significant reduction in PP1 levals3 or 5-weeks following AAV
transductionhowever this is likely due to the experiment being underpow¢Fegure
2D-E). Collectively,Figures 1-2 demonstrat¢hat Cre expression decreases spinophilin

protein levels iranovel conditional spinophilin mouse line.
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Figurel: Biochemical Validation of Conditional Spinophilin Knout Mice.

A) Design of targeted DNA insert used to cregi@aphilin gene conditional lind3)
Representative example of genotyping +/+, Fl/+, and FI/FI spinophilin al@)es.

Conditional spinophilin KO mice were crossed with an inducible Cre recombinase (Cre)
line expressed under the Cag promotor (CagCreERE Mual female Spift™ mice +£
CagCreER were given 5 daily I.P. injections of tamoxifen (TAMnytkg) and whole

striatum was dissected 28 days later for sguantitative immunoblot analysis BFG)
striatal,H-K) hippocampusl.-O) cortex, and>-R)c er ebel | um i #estsit s. St ud
were performed to determine the effect CagCreER has on protein expression. CagCreER
significantly decreaseH) spinophilin (p<0.0001) but nét) PPyl (p=0.98) oiG) PPA
(p=0.34) protein expression gtriatum. In hippocampus, CagCreER significantly
decreased) spinophilin (p<0.0001)J) PPl (p=0.005), and) PPl (p=0.02)

expression, suggesting there may be compensatory changes in PP1 levels similar to
Spino” hippocampugSalek et al 2019)n cortex, CagCreER significant decreaséd
spinophilin (p<0.0001) but ndt) PPI1 (p=0.76) o1O) PPX (p=0.47) expression. In
cerebellum, CagCreER significantly decrea@ydpinophilin (p<0.0001) but ndr)

PPl (p=0.37). Consistent with4situ hybridiation data reported in the Allen Brain

Atlas, we detected minimal PR Expression in cerebellum (data not shown). N=4 TAM
treated Spind™ (2 male), 4 TAMtreated Spind™/CagCreER (2 male). Data + SEM.

*p0O0. 05, **p0O0.01, ****p<0.0001.
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Figure2: Depletion of Spinophilin Protein Expression Using AAZre-EGFP.
A) Representative images of AAMGMV-EGFP fluorescence in striatum demonstrating
placement and spread of AAV in striatum. AACMV-EGFP or CreEGFP was

injected into the striatum of Spif6' mice. Threeor five-weeks after surgery, 1.0 mm or

1.5 mm tissue punches were collected from coronal sections containing the striatum for

B) semiquantitative immunoblot analysis of spinophilin, BPland PPAa protein

levels.C) Significant oneway ANOVA (p=0.0005) withposhoc Tukeyds mul tipl

comparisons test determined that spinophilin protein levels were decreased at 3
(p=0.003) and 5(p=0.0005) weeks following C+AAV injections into the striatum.
Oneway ANOVAs did not find a significant Cr8AV effect on PP#l or PP4,

however, this is likely due to being underpowered. N=4 SfiltaAV5-CMV-EGFP 3
week, N=3 Spind™/AAV5-CMV-Cre-EGFP 3week, N=3 Spind™/AAV5-CMV-Cre-
EGFP 5week. Data £+ SEM. Signifamtposth oc t est s denoted by

** * np00. 001. Adedipusecallosan, L\Vatera ventrl€.
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3.2.2 Spinophilin MSN Subtype-Specific Knockout Disrupts Dorsolateral Striatal
Plasticity

After confirming Cre expression depletes spinoplpliatein levels, we bred
Spind”™ mice with DrdZ or Adora2aCre lines to deplete spinophilin from dMSNs
(Spind™SN) or iIMSNs (Spin8MSN), respectively. Spinophilin protein expression was
significantly reduced (~25%) in spify*Nand spin8™SN mice however, PP1 levels
were unaffectedHigure 3A-E).

To measur e s pi n o ppecific iolasGnsregiblg DIsSuinétworsk p e
excitability and longterm plasticity we recorded field population spike amplitude
responses to stimulation and LTD. $iieally, we recorded population spike amplitudes
evoked from increasing electrical stimulation intensities (input/output) orfhegluency
stimulations that induce LTD (HFISTD) in coronal sections frorBpind"™ control
SpindMSN and Spin8“SN mice. We detected a spipbilin genotype X intensity
interaction suggesting SpiffSN increases DLS network responseswever, we did not
detect any podtoc genotype differences within intensity groupg(re 3F). Both
Spind™SNand Spin8MSN had signifcantly decreased HFISTD compared to Spirig™
control. Unlike control, the population spike amplitude did not decrease in®SfiNor
Spind™SN following either single or multiple bouts of higtequency stimulation
(Figure 3G-K). Althoughthis study was nadesignedo ddect sex differences in

input/outputcurves or HFS.TD, we visualized these datasets by deigire 4).
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Figure3: MSN SubtypeSpecific Spinophilin Knockout Disrupts [H_function.

A) Conditional spinophilin mice (Spif8") were crossed with Cre constitutively
expressed under the Drd1 (Dby Adora2a (A2A) promotor to deplete spinophilin
expression in dMSNs (Spif'SY) or IMSNs (Spin8MSN), respectively. At 24 months

of age, 2nm striatal punches were taken from coronal slices isolated from male or
female mice foB) immunoblot analysis of spinophilin and PP1 protein expressiorn. One
way ANOVA with posthoc Dunnett's multiple comparisons test detected a significant
decrease i€) spinophilin expression in SpiAY'SN and Spin8MSN compared to control
(p=0.032 and p=0.041, respectively). There was no charigeR® 1l (p=0.99) oIE)

PP (p=0.75) expression. N=8 Spifftl (6 male), 6 Spin&™SN (2 male), 7 SpindsN

(4 male). Feld population spike amplitudes from the DLS were measured in response to
F) stimulation intensity increases @) high-frequency stimulations that result in leng
term depression (LTD). Twavay ANOVA with repeated measures detected a
spinophilin genotype Xtimulation intensity interaction (p=0.02)owever, pat-hoc
G2d&8k's multiple comparisons test did not
intensity(F). N=34 slics from 20 Spiné" mice (11 male mice), 27 slisérom 17
Spind™SN mice (10 malenice),and28 slices from 17 Spir¥SN mice (10 male mice).
Oneway ANOVA with posthoc Dunnett's multiple comparisons test determinedHhat
LTD is decreased in both Spi¥SN and Spin8™SN compared to control from 9100
minutes (p=0.018 and p=0.004spectively). Ongvay ANOVAs with repeated

measures confirmed LTD i control at 33140 and 91100-minutes relative to the-10
minute baseline period (p=0.007 and p=0.0013, respectively), however, dgither

SpindMSN nor K) SpindvSN underwent LTD from 3%0 minutes (p=0.97 and p=0.99,
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respectively) or 9100 minutes (p=0.81 and p=0.75, respectively). N=13slroen 11

Spind”™ mice (5 male mice), 9 slisérom 7 SpinG™SN mice (3 male miceand14

slicesfrom 10 Spin8MSN mice (5 male mice). Data + SEM. Significant twar oneway

ANOVA effects denoted by #pOO0.05, ##pOO0. 01,

* *

posthoc tests denoted by *p0O0.05, **p0O0.01,
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Figure4: Field Electrophysiagy Input/Output Curves and HRS D Visualized by Sex.
Male A) input/output curves) HFSLTD time-course, and) average population spike
amplitude FemaleD) input/output curvess) HFSLTD time-course, andF) average

population spike amplitude from 9D0 minutes.

75



3.3  Discussion
3.3.1 BiochemicalValidation of Conditional Spinophilin Mice

Here, wecreat@ a novel conditionagpinophilinmouseand biochemically
validatel this line by demonstrating Cre expresssignificantly depletes spinophilin
protein levelsFirst, we bred Spind”™ mice withCagCreER mice to express @lebally
following tamoxifentreatmentSemiquantitative immunoblot analyst®nfirmed
CagCreERJecreased spinophilin protdewvelsin the striatum{95%), hippocampus
(~96%), cortex (~94%), and cerebellur®0%), suggestingre expession can decrease
spinophilin protein to neaknockout levels through the CN®8/hile the residual
spinophilin protein expressidr5-10%) could bea result of not all cells containing
conditional spinophilin alleles, we reason it is more likelypedue to asmall proportion
of cells throughout the bodhat eitherdo not expres€agCreER or do not respond to
tamoxifen treatment

In contrast to CagreER, weobserved a 60% depletion of spinophilin protein by
injecting AAV5-CMV -Cre-EGFPinto the striatum of Spifé™ mice. Although small
tissue punches were takiEom these anima)sve hypothesizehis approachesulted in a
less robustiepleton of spinophilinprotein(compared to CagCreER)e tol) dissecting
tissue outside th&AV diffusion range, and 2ess tharl00%infection rate oftcdls
within the diffusion rangeDespite this, taken together with the CagCreER validation, we
hypothesize that spinophilin @mpletelyknocked out of cellthat express Cré-uture
studies will test this hypothedy performing spinophilimimmunohistockmistry

experimentd-weeks afer AAVS5-CMV-Cre-EGFPinjection into the striatum.
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PP1does not exist on its ownatherit is hypothesized to always be complexed
with a targeting protei(Virshup & Shenolikar 2009)Consistent with this hypothesis is
the factPP1 levels are decreased in the striatum and hippocdwoifmyging constitutive
loss ofspinophilid a major PPlargeting proteirin dendritic spinegAllen et al 1997,
Allen et al 2006, Salek et al 2019iventhese reportave hypothesized that PP1 levels
would also decreas#ter depleting spinophilin wit€agCreER or CFAAV expresn.
Interestingly, we detecteeR0%decrease iPP1 levels in the hippocampok
Spind"F/CagCreERmice 4-weeksfollowing tamoxifen treatmenbut no change in PP1
levels instriatum, cortex, or cerebellurAlthough we detedboth PP#jl and PPA in
strigdum, hippocampus, and cortexe detected minimal PRlexpression in cerebellum
(data not showid) a findingconsistent withn-situ hybridization data reported in the
Allen Brain Atlas.

In contrast to our CagCreER validation on conditismhophilin micewe
detectechearly a 40% reduction in PP1 levelsvBeks following CreAAV injection,
however, this effect was not significdikely due tothe low number of samples within
this study (N=3)One possiblexplanation for this discrepanay compensatory changes
in striatalPP1 expressiofCagCreER vs. CHAAV) is thedifferert time-courses of the
two experiments. Specifically, stratissue was collecte¢tweeksafter tamoxifen
treatment an&-weeks after CrFAAV injections, raising thgossibility thatPP1
decreasem thestriatum may take longer thanvkeks. Alternativelyit is also possible
thatthe lack of compensation in PP1 levels following spinophilin deplésidne tothe
tamoxifen treatmenpreventingadecrease in PRaxpressionas we observed increases in

spinophilin and PP1 expression following tamoxifen treatment of spinophilin replete
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animals (Datanotshownf hese results are not surprising
in increasing dendritic spine densfihan et al 2013)Therefore, given that tamoxifen is
a selective estrogen receptor modulator, and that spinophiliglP&id PPA regulate
dendritic spine density, it is likely themoxifenincreases spinophilin and PP1 levels by
increasing spine density in the striatuiith this in mind, it is possible that tamoxifen
treatment may be occluding decresisePP1 levels followinglepletion of spinophilin
from striatum, cortex, and cerebellum.
3.3.2 BiochemicalValidation of MSN Subtype-Specific Spinophilin Knockout Mice

In addition todepleting spinophilin with CagCreER and @AV, we also
demonstrated that DAnd A2ACre expressio decrease spinophilin protein levels in the
striatumby ~25% albeitthis decrease was not as robust as expeSigetifically,
because MSNs account for-96% of neurons in the striatyrand dMSNs and iIMSNs
are roughly equivalent in number (ilmoth sullypesmake up ~45% of striatal neurons)
(Gerfen & Surmeier 2011yve expectedo ob®rve closer ta-40% depletiorin both DE
and A2A-Cremouse lines crossed with Spitfd mice. The fact that CagCreER
decreased spinophilin protein levels by 95% makes it unlikely that the 25% reduction
from D1- and A2ACre is due to a largeroportion of cells within the striatum lacking
conditional spinophilin alleles. Therefore, a more likely explandtothis finding isthe
fact that pinophilinmRNA and/or proteirhave been detecteth numerous cell types
throughout the CNS, includingrojection neurons, interneuromsgesynaptic terminals,
evenastrocytegto a lesser extep(Muhammad et al 2015, Muly et al 200Fherefore,
we hypothesizehiatspinophilin expression in striatal interneurons, sucthasinergicor

fastspikinginterneurons, astrocytesr axonsmay containother pools of spinophilin
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protein whichwould not be affected by Dbr A2A-Cre given theircell typespecific
expresionin dMSNs and iIMSNSs, respectivelgt leastwithin the striatumFuture
RNAScope studiewill be critical for detailing the uniqustriatalcell types spinophilin is
expressed inFollow-up biochemical studiewill be criticalto determingheproportion

of spinophilin proteirexpressedvithin unique striatal cell types.

Lastly, it is possible that spinophilin protein in striatal interneurons or glial cells
does not accouribr the remaining ~50% of spinophilin the striatumIf so,this could
be due to reduced penetrance of DILA2A-Crein striataldMSNs or iIMSNs,
respectivelypr that loss of spinophilim one MSN subtypeesults in increased
spinophilin expression in the other MSN subtype. Although complexgtitc®mecan
be tested bypreedingSpind™SN and Spin8™SN miceto generate double transgenic
mice, and then measuring spinophilin expressibexpression of Ddand A2ACre in
the sameonditional spinophilin mousesultsonly in an additivereduction of
spinophilinprotein levels (~50%) it is unlikelthatcell norautonomougompensatiomm
spinophilin is accountingor the 25% reduction in spinophilin levels from £dhd A2A
Cre alone.

3.3.3 MSN Subtype-Specific Spinophilin Knockout Effects on DLS Excitability
and Plasticity

Depletion of spinophilin from dMSNs with BDCreincreasedLS network
excitability, however we did not detect anyosthoc Spind™SN genotype effectsverall
or within an intensity groufespite this limitationpublishedfield electrophysiology
experiments have determined tkatessive grooming in two preclinical models,

SAPAP3 KO and SHANK3b KO micés associated with decreased DLS excitaldlity
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aneffectin the opposite direction comparedSpindSN mice (Peca et al 2011, Welch
etal2007)However, to dat e, sgpeacificoagelinrdegulatdgs MSN sub
excessive grooming have not been tested.

Loss of spinophilin from dMSNs or iMSNs abrogatedtworkwide HFS-LTD in
the DLS suggestindSN subtypespecificloss of spinophilin cadisrupt striatal
adaptationgssociated with complex sequential motor progranteed this form of
plasticity (HFSLTD) in the DLSis suggested to underlgcreased performanaa the
accelerating rotar@d a motorskill that requireshe concatenation of individual
movements into a sequential motor progi@fm et al 2009) Furthermore, increased
MGIuURS5 signaling in MSNs enhances e@Bdiated synaptic depression in the DifS
SAPAP3 KO micgChen et al 2011)rhereforegiven that plasticity associated with eCB
signaling is decreased MSN subtypespedfic spinophilin KOmice, it is possible loss
of spinophilin in specific MSN subtypesay disruptskill performanceand/or excessive
grooming behavior in SAPAP3 KO migeanothercomplex sequentiahotor program
associated with DLS functiofiKalueff et al 2016)Despite these assumptions based on
the directionality of excitability anbtlFSLTD in the DLS, it is critical to note that future
studies will be critical to determine the mechanisms by whiSIN subtypespecific loss
of spinophilin disrupts networwide DLS function.

StriatalHFSLTD is an eCBmediated form of plasticity that largely depends on
the activity ofmGIuR5, D2R, and itype VGCCqAugustin et al 208, Kreitzer &
Malenka 2005, Wu et al 2015} ollectively,activationof these receptors in the
postsynapspromotes unique second messenger systems that converge to increase eCB

production, which signal retrogradely to suppress corticodtegteptic transmission
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Given this it is unclearfiMSN subtypespecific loss of spinophilin decreases HEED
by decreasing onemultiple, ornoneof these signaling pathways in the postsynapse.
Furthermore, it is critical to notbat we cannotoncludefrom these data alone thgSN
subtypespecific spinophilin KO is decreasing HESD by regulatingsignaling in the
postsynape For examplealthough D1 and A2ACre are enriched in striatal dAMSNs and
IMSNSs, respectivelyit is possible thagxtra-striatalD1- and/or A2ACre expression
depletespinophilinfrom cortical neuronshat send projections to the striatulinso, loss
of spinophilin incortical neurons that synapse on MStts,lddirectly or indirectly
impactneurotransmittereleasento the striatumthuspreventing changes synaptic
transmissionFutureexperimentsneasuring changes in pairpdise ratio (PPR) after
HFSLTD will be helpful to determine if loss of spinophilin is decrease presynaptic
neurotransmitter releagPing et al 2008)For examplepresynaptic neurotransmitter
releaseprobability decreases (PPR increases) followktgS-LTD due to increased
retrogadeeCBsignaling Thereforeif spinophilindecreases HFETD by decreasing
eCB production (via regulating postsynaptic receptaesyvould expect no change in
PPR following HFSLTD in MSN subtypespecific spinophilin KOAlternatively, if PPR
isincreased in MSN subtypspecific KO mice it is possie loss ofspinophilindecreases
HFSLTD via a presynaptic mechanisin.addition to these experiment®upling
pharmacology with HFRTD in MSN subtypespecific KOs will also be critical for
detailing mechanisms by which spinophilin expression in MSNs mediates plasticity.
InducingLTD in MSN subtypespecific spinophilin KO miceia bath application of a
CB1R agonist would demonstratesse genotypes hawetact presynaptic machinery

required for LTD, further suggestiragpostsynaptic mechanism.
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Here, we identified spinophilidependent changes in field DLS excitability and
plasticity following stimulation of the corpus callosum, suggessipinophilin mediates
activity-dependent changes in DLS function. However, future wbelle
electrophysiology experiments measuring MSN properties and changes in basal
neurotransmitter release will be needed to confirm spinophilin only mediates changes i
striatal function associated with activity (stimulation). Furthermdtiepagh identifying
networkwide changes in DLS function following MSN subtyggecific spinophilin
knockout isimpactful,anothedimitation of these experiments is the inability to
determine if theeoutcomesare due to cell autonomous or ramtonomou®ffects. To
delineatdf cell autonomous loss of spinophilin recapitulatesfieldelectrophysiology
resultsreportedherein future studies wilheed tameasurenput/outputcurvesand HFS
LTD usingwhole-cell electophysiologyrecordingfrom dMSNs inSpind™SN or iMSNs
SpindSN mice.

In summary we demonstrated &ahCre expression decreases spinophilin protein
levels in our novel conditional spinophilin mouse. Furthermoreby breeding our
conditional spinophilin line with Dland A2ACrewe created MSN subtygpecific
spinophilin KO mice Lastly, we @termined thaMSN subtypespecific loss of
spinophilin disrupts networlwide DLS function Given that M8l subtypespecific
adaptions in the DLS amessociated withepetitive motor outputs, future studies|
directly probethe extent to which spinophilin expression in striatal dAMSNs or IMSNs

impactsrepetitive motor outputs, such as excessive groomigAPAP3 KO mice
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Statistic (t, F, r),

. Dependent Statistical
Figure | Panel Variable Analysis Degrees of P-Value
freedom (df)
Striatum:
E | Spinophilin Unpaired ttest| t=13.31, df=6 p<0.0001
Expression
F | Stnaum: PPgL Unpaired ttest | t=0.02504, df=6 | p=0.98
EXxpression
G | Striatum: PPa Unpaired itest | t=1.025, df=6 | p=0.34
EXxpression
Hippocampus:
I Spinophilin Unpaired ttest | t=19.56, df=6 p<0.0001
Expression
Hippocampus: . _ _ _
J PPl Expression Unpaired ttest | t=4.254, df=6 p=0.005
1 K Hlppoca_mpus: PR Unpaired ttest | t=3.127, df=6 p=0.02
EXxpression
M Cortex: _Splnophllln Unpaired ttest | t=33.71, df=6 p<0.0001
EXxpression
N | Cortex: PPgl Unpaired itest | t=0.3117, df=6 | p=0.76
Expression
o |Cortex:PPa Unpaired itest | t=0.7642, df=6 | p=0.47
Expression
Cerebellum:
Q | Spinophilin Unpaired ttest | t=31.69, df=6 p<0.0001
Expression
R | Cerebellum:PPA |\, ied stest| t=0.9518, di=6 | p=0.37
Expression
Striatum: Oneway
C | Spinophilin ANOVA F (2, 7)=27.75 | p=0.0005
EXxpression
2 Striatum: PPdl Oneway _ _
D Expression ANOVA F(2,7)=3.589 | p=0.08
Striatum: PPa Oneway _ _
E Expression ANOVA F(2,7)=3.069 | p=0.11
Striatum: Oneway
C Splnophlllln ANOVA F (2, 18) = 4.372| p=0.02
Expression
3 Striatum: PPdl Oneway _ _
D Expression ANOVA F(2,18) = 0.001) p=0.99
Striatum: PPa Oneway _ _
E Expression ANOVA F (2, 18) = 0.282| p=0.75
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Intensity:F
Repeated 229%%6 181.1) = | p<0.0001
F Input/Output Curve Measures GenotypefF (2, _
Two-way 86) = 0.8563 p=0.42
ANOVA ~
Interaction:F 0=0.022
(12, 516) = 1.997 '
HFSLTD Onewa
H | (91200 min) ANOV Ay F (2, 33) =6.604 | p=0.0039
Repeated
3 Control Measures F (1.433,15.76) | __
' |HFsLTD Oneway = 15.81 p=0.0004
ANOVA
Repeated
3 SpindMsN Measures F(1.918,15.34) | _, -,
HFSLTD Oneway = 0.3100 =0
ANOVA
Repeated
K SpindMsN Measures F(1.672,21.74) | _o
HFSLTD Oneway = 0.3366 =5
ANOVA

Table2: Chapter 3tatistics

Statistical analysisorresponding to Figures3.are reported in the table above.
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Chapter Four: MSN Subtype-Specific Spinophilin Knockout Decrease€xcessive
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 t§&kaybiel 2008, Jahanshahi et al
2015b) Perturbations within the sensorirapstriatum, or the rodent dorsolateral
striatum (DLS), are associated with repetitive motor dysfunction in numerous psychiatric
disorders, including OCSO®bbott et al 2018, Anticevic et al 2014, Atmaca et al 2007,
Beucke et al 2013, Di Martino et al 2011, Grossberg & Kishna8,208arrison et al
2013, O'Sullivan et al 1997, Pujol et al 2004a, Sakai et al 2QEll)typespecific
adaptations in striatal dMSNs and iIMSWghin 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 2FL6)ctionally, dMSNs, which
express Diype dopamine receptors, promote action execution by increasing thalamic
neuronal firing rates, which in turn increase glutamatergie torthe cortex; whereas,
IMSNs, which express D&/pe dopamine receptors, inhibit or temper competing motor
programs by promoting the inhibition of thalamic output to the cortex, thus decreasing
glutamatergic drivéCorbit et al 2003, Cui et al 2013, Gerfen et al 1990, Gerfen &
Surmeier 2011, Tecuapetla et al 2014, Trusel et al 2@Espite bidirectional actions on
basal ganglia output, dMSNs and iIMSNs work in concert to integrate glutamatergic and
dopaminergic signaling to promote complex motor programd,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 (Bagigs et al
2005, Francesconi & Duvoisin 2000, Gillan eR8ll4a, 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 mGIuRS5 signaling and/or its interaction with postsynaptic density
(PSD) scaffolding proteinsiassociated with repetitive motor dysfunction in numerous
preclinical models for understanding psychiatric disor{@t&ntoni 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 striatiriched mGIuR5 scaffold protein,

SAPAP3, are associated witkpetitive grooming and washing symptoms in OCSDs
(Bienvenu et al 2009, Naaz et al 2020, Zuchner et al 2@¥)etic deletion of SAPAP3
in rodens results in striatal circuit abnormalities and increased mGIuR5 function that
promotes excessive groomif@§de et al 2016, Chen et al 20Xgrbit et al 2019, Hadjas
et al 2019, Hadjas et al 2020, Wan et al 2014, Wan et al 2011, Welch et al&2007)
complex sequential motor program that becomes excessively initiated and sustained
despite negative consequendiéalueff et al 2016)

Reversible phosphor yl at-terminal domainns@l uR5 6 s
negative feedback mechanism that promotes receptor desensit{2dtigarsamy et al
2001, Gereau & Heinemann 1998, Ko et al 20P2ptein phosphatases, such as protein
phosphatase 1 (PP1), can reverse this endocytic feedback mechanism to stabilize mGIuR5

on the membrane surfa@i€liewer et al 2017)Promiscuous phosphatases require
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targeting proteins to shuttle them into contact with their ta(@xten 2002)However,
the role(s) phosphatase targeting proteins play in promoting increased mGIuR5 function
to mediate repetitive motor dysfunction are unknown.

Spinophilin is a striatal PSD signaling hub molecule that targets PP1 to diverse
substrategAllen et al 1997, Baucum et al 2010, Colbran et al 1997, Ragusa et al 2010,
Sarrouilhe et al 2006, Watkins et al 2018pinophilin promotes plasticity and motor
behaviors associated with DLS function, stabilizes mGIuR5 expression in the neuronal
membrane, and preventspggotein coupled receptor (GPCR) desensitizathdien et al
2006, Areal et al 2019, Di Sebastiano et al@®dler 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 mGIuR5 construct increased the
spinophilinnSAPAP3 protein interactiofMorris et al 2018)However the extent to
which spinophilin functions in specific MSN subtypes to medi#d?AP3dependent
repetitive motor output is unknown. Heveg bredour MSN subtypespecific spinophilin
knockout mice (see chapter\ith SAPAP3 décient mice toelucidate spinophili@ s
MSN subtypespecific contributions to excessive grooming in SAPAP3 KO niNce.
only did we determine that MSN subtyppecific spinophilin KO decreases excessive
grooming in SAPAP3 KO mice, but we further identifpa@sitive correlation between
grooming durationand pi nophi |l i nds pr ot eiQolledgtively,er acti ons
these data suggest spinophilin rmagdiateexcessiveggroomingin SAPAP3 KO mice by

regulating mGIluRS5 functiom MSNSs.
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4.2 Results
4.2.1 Spinophilin dMSN- and iIMSN-Knockout DecreaseExcessiveGrooming in
SAPAP3Deficient Mice.

Excessive grooming in SAPAP3 KO mice is associated with increased mGIuR5
signaling and plsticity in the DLS(Ade et al 2016, Chen et al 201Given that
spinophilin interacts with SAPAP3 in mouse striatum, mGIuR5 expression increases the
spinophilinSAPAP3 protein interaction, and MSN subtygpecific spinophilin knockout
decreases DLS plasticity, we generated double knockout mice (SAPAPBWWT a
KO/spinophilin MSN subtypspecific KO) to determine if spinophilin in specific MSN
subtypes impacts grooming dysfunction. Atv8eks of age, grooming and locomotion
was measured in Noldus Phenotyper cages-fout using a validated artificial
intelligence approach-{gure 5A-C). Constitutive knockout of SAPAP3 significantly
increased grooming duration (percent grooming) in spinophilin replete and®@{5tho
mice compared to their genotype controls, whereas the increased grooming was
abrogatedn Spind™SN mice compared to their genotype controls. However, percent
grooming was significantly decreased in both SAPAP3 KO/$pii and SAPAP3
KO/SpindMSN mice compared to SAPAP3 KO/spinophilin replete miigire 5D).
This was a spinophilispecific efect as D1or A2A-Cre expression alone does not
decrease excessive grooming in SAPAP3 KO nfagufe 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 dipinoph
genotype effects on both grooming frequency and mean grooming bout duration, such

that grooming frequency was significantly reduced only in SAPAP3 KO/8¥itfcand
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mean bout duration was significantly reduced in both SAPAP3 KO/%}ifband
SAPAP3 KO/Spin@™SN mice (Figure 5E-F), suggesting Spit8¥SN and SpingMsN
mice may decrease SAPAP3 KO grooming via unique mechanisms.

In addition to grooming dysfunction, we also detected SAPAP3 genotype effects
causing hypolocomotion in control, SpHYSN, and Spin&SN mice. SAPAP3
KO/Spind“SN mice had small, but significantly increased locomotion compared to
SAPAP3 KO control miceHigure 5G-H). Given that grooming and locomotion are
competing behaviors in the OF, we correlated distance traveled andiggoduration
for each genotype, but we only detected a significant negative correlation in SAPAP3
WT and SAPAP3 KO/Spirf8"SN mice (Figure 51). Grooming and locomotion data were
also analyzed in 3finute bins to confirm genotype differences are congdistetwea
the first andsecond halves of recordingigure 7).

Although this experiment was not designed to detect sex differences in grooming
and locomotor behavipwe visualized these datasets by @&gure 8). Importantly, we
detectedlecreased percent grooming in male and fe®pled™SN and Sping™SN
mice However, we noticed that excessive groomimmale SAPAP3 KO mice was
associated with increased grooming frequency, whereas excessive grooming én femal
SAPAP3 KO micavasassociated with increasetean grooming bout duration
Importantly, bothSpind™SN and Spin8MSN mice decreased both of these-specific

increases in SAPAP3 KO excessive grooming.
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Figure5: MSN SubtypeSpecific Spinophilin Knockout Decreases Excessive Grooming

in SAPAP3DeficientMice.

A) Eightweek old,double knockout mice (SAPAP3 WT and KO/spinophilin MSN

subtypespecific KO) wereB) placed in open field (OF) Nolg Phenotyper Cages for 60

minutes to measure locomotion and grooming beha@pGrooming behavior was

scored using Noldusdé behavior recognition (N
Pearsonds correlation anal ysiamalversupther i ng gr o
NBR algorithm (N=163 30ninute OF recordings, r=0.97, p<0.0001). Fway

ANOVAswithpost-hoc G2 d8&k' s multiple REeroerdmri sons t e:
grooming was significantly decreased in SAPAP3 KO/SPifR) (p<0.0001) and

SAPAP3 KASpindVSN mice (p<0.0001) compared to SAPAP3 KO control, and a

significant SAPAP3 genotype effect was detected in control (p<0.0001) and®8pho

(0.039) but not Spirfd"SN mice (p=0.10)E) Grooming frequency was significantly

decreased in SAPAP3 KQ#Bio®SN mice compared to SAPAP3 KO contralice

(p=0.0005) SAPAP3 KO/Spin&™SN did not affect grooming frequency relative to

SAPAP3 KO contrd (p=0.34). A significant SAPAP3 genotype effect was detected in

control (p=0.0002), but not Spify'SN (p=0.32) or SpinBMSN mice (p=0.67)F) Mean

grooming bout duration was significantly decreased in SAPAP3 KO/Z}#b

(p=0.0014) and SAPAP3 KO/SpiP8>N mice (p<0.004) compared to SAPAP3 KO

controlmice A significant SAPAP3 genotype effect was detectedantrol (p=0.007),

but not Spin&™SN (p=0.21) or SpinBMSN mice (p=0.13)G) Significant SAPAP3

genotype effects on distance traveled were detected in control (p<0.0001%'$pino

(p<0.0001), and SpifY'SN mice (p<0.0001). Distance traveled was gigantly
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increased in SAPAP3 KO/Spifl§SN compared to SAPAP3 KO contrlice (p=0.032),

but SAPAP3 KO/Sping™SN was not different than SAPAP3 KO controice (p=0.25).

Grooming duration and distance traveled fidin'SAPAP3 WT and) SAPAP3 KO

groups wee correlated to determine that grooming behavior negatively correlates with
locomotion in SAPAP3 WT control and SAPAP3 KO/SpINHeN. N=11-13 SAPAP3
WT-KO/SpindF or F* (7.5 male), N=912 SAPAP3 WTKO/Spind?“sN (4-6 male), and

N=12-12 SAPAP3 WTKO/SpnoPSN (4-6 male). Data = SEM. Significant two

ANOVA effects denoted by #pOO0. 05, ##pO0. 01,

posthoc tests denoted by *p0O0.05, **p0O0.01, **
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Figure6: D1- and A2ACre Expression Do Not Decrease Excessive Grooming in

SAPAP3 Deficient Mice.

Percent grooming behavior of SAPAP3 WT and KO mice expressing wild type

spinophilin (Spind™) and D% or A2A-Cre and SAPAP3 WT and KO mice€mice

was measured for-our at 8weeks of age. Twaway ANOVA withapst-hoc G2 d&§k' s
multiple comparisons test detected a significant SAPAP3 genotype effectin Cre

(p=0.014) and Ddor A2A Cre+ (p=0.013) mice. N=10 SAPAP3 WT (6 male), 14

SAPAP3 KO (5male), 7 SAPAP3 WT/D1or A2A-Cre (4 male), 6 SAPAP3 KO/D1

and A2A.Cre (4 male). Data + SEM. Significant tWdNOVA effects denoted by

###p0O0. 001. -Bogniéstsanteposéed by *pO0. 05.
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Figure7: MSN SubtypeSpecific Spinophilin Knockout Effects on SAPAP3 Knockout
Motor Dysfunction Broken into 3@inute Bins.

The 68minute open field behavior measurement of SAPAP3 WT and KOAs|&ific
spinophilin knockout was halved into-B@inute bins. Tweway ANOVAs with repeated
measures were performed to determine the effect time and genotype fgvpavoent
grooming,B) grooming frequencyC) mean grooming bout duration, abjl distance
traveled. N=1113 SAPAP3 WTKO/SpindF o' FI* (7.5 male), N=912 SAPARB WT-
KO/Spind™SN (4-6 male), and N=122 SAPAP3 WTKO/SpindMSN (4-6 male). Data

+ SEM. SignificanttweANOVA ef fects denoted by #pOO0. 05

Significantposh oc t ests denoted by *p0O0.05, **pOO.
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Figure8: SAPAP3Wild-typeand KnockoutOpen Field Behavior Visualizday Sex.
Male (blue points) and female (red points) SAPAP3-WO/Spind ™ ° F’* (green bars),
SAPAP3 WTKO/Spind?VsN (blue bars), and SAPAP3 WRO/Spind“SN (orange
bars) were plotted separately #+B. percent groomingC-D. grooming frequencyg-F.

mean bout duratiorG-H. distance traveled. Data + SEM. N&4
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4.2.2 The Interaction of Spinophilin with mGIuRS5 is Increased in SAPAP3
Knockout Striatum and Correlateswith Grooming Duration.

Given that increased striatal mMGIuRS5 signaling is associated with grooming
dysfunction in SAPAP3 KO mice we measured sp
SAPAP3 KO striatum. I n additionththeADR measur ed
(Smith et al 1999 another statal GPCR known to decrease rodent grooniBegridge
& Aldridge 2000a) We harvested striata from&dmonthold SAPAP3 WT and KO mice
following measurement of grooming behavior and measured the expression and
interaction of spinophilin with these GPCRs as well asgPfRigure 9A-B).

Quanttative immunoblot analysis of striatal input samples determined that SAPAP3 KO

did not affect spinophilin, mGIuRS5, or:B expression; however, Pillexpression was

significantly increased in SAPAP3 KO mideigure 9C-F). Although we found no

changeinspimp hi | i nds 1 n tlether wds isigniicantly nbole mBI&#Rb and

D2R in spinophilin IPs from SAPAP3 KO striatuRigure 9G-1). We did not detect any

PPXl, mGIuRS5, or BR coIP in spinophilin IPs fronBpino” striatal tissueRigure 9A,

lane3), indicatingcel Ps ar e specific. Moreover, we dete
correlation between percent grooming and the flolgl-change in the spinophilin

MGIURS or spinophilirD2R interaction Figure 93-K) as well as a significant correlation

between the spinophiltmGIuR5 and spinophiliD2R interaction Figure 9L ).
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Figure9:Spi nophi linds I nteractions with mGl uR5 a
Behavior.

A-B) Grooming behavior was measured #6 #nonthold SAPAP3 WTand KO mice for

2.5 hours (p<0.0001), then striatal inputs and spinophilin immunoprecipitates (IPs) were

prepared for immunoblot analysis of SAPAP3, spinophilin,PhGIuRS5 and ER.

Spinophilin KO striatum (lane 3) was used as a qualitative negative control to confirm the
specificity of ceimmunoprecipitates (etPs). Individual unpairedtests determined

SAPAP3 KO did not change total protein expressio@)aspinophilin (p=0.24)E)

MGIuRS5 (p=0.22), oF). D2R (p=0.53), however, a significant increas®ijnPP Il

(p=0.007) was determined. Analysis of IPs determined significantly hijoneGIuR5

(p=0.012) and) D2R (p=0.033) interacting with spinophilin in SAPAP3 KO striatum,

hower er , there is no change)RPigl(p=P.68hophi |l i nds i
Pearsonds correlation analysis determined gr
spinophilinds pd)onGlaR51r=0i556fpe0a3ydnd DR wi t h

(r=0.463, p=0045), and th&) spinophilinmGIuRS interaction positively correlates with

the spinophilinD2R interaction (r=0.840, p < 0.0001). N=10 SAPAP3 WT (7 male) and 9

SAPAP3 KO (4 male). Data N SEM. *p0O0.05, *=*p
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4.3  Discussion
Conditional ginophilin knockout from dMSNs or IMSNs decreased excessive
grooming caused by constitutive knockout of the striataiched PSD scaffold,
SAPAP3. Excessive grooming in SAPAP3 KO mice is associated with MSN subtype
specific adaptations that increase dMfsiNction relative to neighboring iIMSNs in the
DLS (Ade et al 2016)Both of these striatal abnormalii@egxcessive grooming and
increased dMSN functi@gh are decreased by treatment with the mGIuR5 negative
allosteric modulator (NAM), MTERAde et al 2016)Interestingly, ve alsodetermined
that spinophilinds protein inter atgatumon wi th
and correlates with grooming behayisuggestingpinophilinmay mediateexcessive
groomingby regulating mGIuR5 functiorHowever, to conclude thijture studies will
needtmanal yze spinophilinds contri butausehs t o ot
by direct activation omGIuR5 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 rodentgedboming(Berridge &
Aldridge 2000a, Berridge & Aldridge 2000b, Rothwell et al 201&erestingly,
SAPAP3 KO/Spin8MSN mice had decreased mean grooming duration compared to
controls, suggesting SpifY'sN may be important in sustaining complex motor

programs.
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Decreasg iIMSN function with a DR agonist decreases grooming initiation,
duration, and sequence complet{@erridge & Aldridge 2000a, Berridge & Aldridge
2000b) Interestingly SAPAP3 KO/9ind®SN mice hadlecreased grooming frequency
and mean grooming bout duratioompared t&6APAP3 KOcontrolmice. Furthermore,
spinophil i nd ®2Riwasalsincacased iMIAPAR3 KOhstriatum and
correlated with grooming behaviganonically D2R is expressec iMSNs but not
dMSNsin the dorsal striatunTherefore, it is possible that spinophitimediates
grooming frequency and mean grooming bout duration through concerted regulation of
MGIURS5 and D2R. Although additional experiments would be required to clanttiis,
we did detect a striking correlation between
D2R in the striatum, suggestirsginophilin may regulate these receptorsancert for
appropriate integration of glutamatergic and dopaminergic signalifgSis.

Recently, Tecuapetla and colleagues determined that optogenetic inhibition of
striatal IMSNSs in the dorsomedial striatum (DMS) decreased excessive grooming in
SAPAP3 KO micgRamirezArmenta et al 2022)/Vhile weelucidatedhat MSN
subtypespecific loss of spinophilin decreases excessive groomiB&\PAP3 KO mice
it is unclear ifthis is due tepinophilin functoningin specific striatal subregior{se.

DMS versus DLS)Furthermore, while the Dland A2ACre lines utilized herein are

highly expressed within striatal dAMSNs or iIMSNSs, it is possible that spinophilin mediates
excessre grooming by functioning in cell types outside the striatum through residual Cre
expressionn other brain region®r in a noncell-autonomous manner. Howevar,

Chapter 3 we determined thadth Spind®™SN and Spin8™SN mice had abrogated HFS

LTD in the DLS(Figure 4)0 plasticity that requires mGIuR5 an@®function(Kreitzer
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& Malenka 2005, Wu et al 2015J he role of decreased LTD limiting pathological
grooming is consistent with studies showing that SAPAP3 KO mice undenggased
shortterm plasticityassociated #h increased mGIluRS5 function in the DI(Shen et al
2011) Furthermore, the increased DLS network responses in 8fifonice (Figure 4)
is also an opposite phenotype of preclinical excessive grooming nifeeks et al 2011,
Welch et al 2007)Thereforeijt is of interest forfuture studieso directly measure these
forms of plasticity in SAPAP3 K&pindMSN andSAPAP3 KOSpindMSN miceto
determine if MSN subtypspecific loss of spinophilin als@stores DLS excitability and
plasticity. In addition in-vivo electrophysiology recordingsill be necessary to conclude
the extent to which increased DLS synaptic transmissiofoaddcreasedTD
correlates with excessive grooming behavior.

Despite these mechanistic limitations, the results reportechtrekaalMSN
subtypespecific spinophilin knockout mice as nowebdels capable of identifyingell-
autonomous aridr nornrautonomousnechanisms required for excessive grooming
pathology, a rodent phenotype thais face validity with grooming disordersdik
trichotillomania. Therefore uture studies will build upon the foundation laid herein to
del i neat e s-autonompus antl mneauidreomausflinttions in specific striatal

subregions in mediating plasticity associated with repetitive motor dytgfan

104



Automated vs.

Pearson

C Manual Scoring Correlation r=0.97 p<0.0001
SAPAP3:F (1,
03) 235,04 | P<0.0001
D Percent grooming mg\\l/v/iy SpllgollF (2,63) p<0.0001
Interaction:F (2, _
63) = 3.396 p=0.039
SAPAP3:F (1, _
63) = 15.61 p=0.0002
Grooming Two-way Spino:F (2, 63) _
E frequency ANOVA =7.025 p=0.0018
Interaction:F (2, | __
63) = 2.992 p=0.057
SAPAP3:F (1, _
63) = 15.53 p=0.0002
. Two-way Spino:F (2, 63)
F Meanbout duration ANOVA ~10.86 p<0.0001
Interaction:F (2, _
63) = 0.3881 | P~0-68
SAPAP3:F (1,
63) = hap | p<0.0001
. Two-way Spino:F (2, 63) _
G Distancetraveled ANOVA — 3651 p=0.03
Interaction:F (2, | __
63)= 04136 | P~0-66
SAPAP3 WT: Pearson r=-0.59 p=0.03
H Grooming vs. Correlation r=-0.38 p=0.31
Locomotion R=-0.50 p=0.09
SAPAP3 WT: Pearson r=-0.21 p:0.51
I Grooming vs. Correlation r=-0.22 p=0.48
Locomotion r=-0.63 p=0.02
SAPAP3:F (1, _
33) = 16.34 p=0.008
NA | Percent grooming XV&/%\\’/VZy (13r9et65 (1,33) = p=017
Interaction:F (1, | __
33)=03786 | P04
GenotypeF (5,
Repeated 63) = 14.36 p<0.0001
A Percent grooming 'IMV%-SV[\;;?/S gge: 2'2 :; 1(1’ p<0.0001
ANOVA Interaction:F (5, _
63) =2.549 p=0.036
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Gen?typeF (5, 0<0.0001
63) = 7.161
Grooming Repeated Time bin:F (1
B frequenc Measures Two 63) = 134 3 " | p<0.0001
quency way ANOVA = 0%
Interaction:F ~0.36
(5,63)=1.110 | P
Geni)typeF (5, 0<0.0001
63) = 7.200
Repeated Time bin:F (1
C Mean bout duration| Measures Two A " | p=0.013
63) = 6.519
way ANOVA ——
Interaction:F ~033
(5, 63) = 1.160 | P~
Geni)typeF (5, 0<0.0001
63) = 24.11
Repeated Time bin:F (1
D Distance traveled | Measures Two e " | p<0.0001
63) = 128.8
way ANOVA ——
Interaction:F —0.®7
(5, 63) = 2.714 | P77
B Percent grooming | Unpaired ttests| t=6.924, df=17 | p<0.001
c | Spinophilin Unpaired itests| t=1.210, df=17 | p=0.24
expression
D PP1gl expression | Unpaired ttests| t=3.052, df=17 | p=007
E MGIURS5 expressior] Unpaired ttests| t=1.261, df=17 | p=0.22
F D2R expression Unpaired ttests| t=0.6408, df=17| p=0.53
G PP1g1l in Spino IP | Unpaired ttests| t=0.4102, df=17| p=0.68
H :TF‘,G'”RS INSPINO |y haired tests| t=2.784, df=17 | p=0.012
I D2R in Spino IP Unpaired ttests| t=2.316, df=17 | p=0.033
Grooming vs. Pearson
J SpinemGIuR5 : r=0.55 p=0.013
) . Correlation
interaction
Grooming vs. Pearson
K SpineD2R : r=0.46 p=0.045
. . Correlation
interaction
SpinemGIuR5
interaction vs. Pearson _
L SpinoD2R Correlation r=0.84 p<0.001
interaction

Table3: Chapter 4tatistics.

Statistical analysis corresponding to Figutesand 9are reported in the table above.
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Chapter Five: S p i n o p RdleliniRegalating Striatal mGIuR5 Phosphorylation,
Interactions, andFunction
5.1 Introduction

Increased mGIuRS5 function has been postulated as a point of convergence
associated with numeropseclinical models for understandipgychiatric disorders,
includingOCSDs and ASD§Ade et al 2016, Dolen 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 onlyis excessiveself-groomingin SAPAP3 KO and SHANK3 complete KO
mice decreasetty mGIUR5NAMs, butmGIluR5specific positive allosteric modulators
(PAMs), suchasVUB 6 0 1 7 2 (aMgthénisélfrooming inwild-type mice(Ade
et al 2016, Noetzel et al 2012, Wang et al 20C6)lectively, these studiesuggest
increasednGIURS5 functionmay be sufficient tocauserodentexcessive grooming
behavior Increased mGIuR5 function ISAPAP3 KO mice and two models for
understanding ASDis associated witlhlecreased mGIuR5 scaffoldimgo the PSD
through homer 1b/c crosslinkesulting in constitutive mGIuR5 functigAde et al
2016, Ronesi et al 2012, Wang et al 20H8)wever, the mechanigs) that uncouple
MGIURS5 from homer 1b/c, SHANKS3, and SAPAR3promote mGIuR5 dysfunction are
unknow.

One mechasm capable of regulating protepmotein interactions is reversible
phosphorylationin the previous chaptgrwe determined that spinophilin expression in
striatal dMSNs or IMSNsnediatesstriatal plasticityandexcessive groominip SAPAP3
KO mice.Giventhis, andthat spinophilin is the most abund&f1 targeting protein in

the striatal PSD, it is possible that spinophitiediates excessive grooming by regulating
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the abundance of mGIuR5 phosphorylation/anitis interactions with PSIprotein.
Here, weutilize quantitative proteomics approaches to investigateftbetsthatloss of
spinophilin hasnGIuRS5 phosphorylation and interactions with PSD proteins. Moreover,
we utilize a recently publishegharmacological model of mGluRtependent excessv
groomingt o directly assess -sgepfic vleprhmetiatngd s MSN s utk
overgrooming caused by mGIuR5 activity.
5.2 Results
5.2.1 Loss of Spinophilin Modulates mGluR5Phosphorylation.

To probe consequences of loss of spinophilim@IuR5, we measured mGIuR5
phosphorylation in spinophilin replete (Spifip and Spind striatum. First, we
performed striatal MGIUR5 IPs from one Sgifiand Spind mouse and excised the
MGIURS5 band on a Coomassie gel for a targeted -G&CGun to véidate that we can
ratiometrically quantify phosphorylation sites on mGluR&g(res 10-13). Preliminarily,
we determined that loss of spinophilin increased mGIuR5 phosphorylation at Ser860 and

Ser870 Table 4).
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Figure10: Mass Spectrum of mGIuR5 Ser 839 Phosphopeptide.
MS/MS spectrum hand annotated withalnd yseries ions oA) total andB) phosphe

MGIURS peptide containing Ser839.
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Figure1ll: Mass Spectrum of mGRb Ser 860 Phosphopeptide.
MS/MS spectrum hand annotated withalnd yseries ions oA) total andB) phosphe

MGIURS peptide containing Ser860.
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Figure12: Mass Spectrum of mGIuR5 Ser 870 Phosphopeptide.
MS/MS spectrum handhaotated with band yseries ions oA) total andB) phosphe

MGIURS peptide containing Ser870.
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Figure1l3: Mass Spectrum of mGIuR5 Ser 1016 Phosphopeptide.
MS/MS spectrum hand annotated withalnd yseries ions oA) total andB) phosphe

MGIURS peptide containing Ser1016.
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MGIuUR5 Peptide Amino Acid Abundance Ratio (Log)
SSSLVNLWK Ser860 0.40
SPSPISTLSHLAGSAGR Serl016 0.12
RGSSGETLR Ser870 0.36
SAFTTSTVVR Ser839 0.07

Table4: Loss ofSpinophilinIncreased mGluRBhosphorylation at mGluR5 Ser 860 and

Ser 870.

Sequential striatal mGIuR5 IPs from one spihand one spirb mouse were

electrophoresed using an SIPAGE gel combined with a total protein Imperial Blue
stain. MGIuR5 bands at ~150kDa were excised from gel for-G&@nalysis, which
identified mGIURS5 phosphorylation at Ser839, Ser860, Ser870, and Setb8f

spinophilin increased the abundance ftmd change > 0.2) of mGIuR5 Ser860 and

Ser870.
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To follow up on these preliminary results, we pooled sequential mGIuR5 IPs from
spind”* and spind striatal lysates (N=3 per genotype). These sequential IPs
immunodepleted mGIuR5 by ~80%, and we found no genotype difference in
immunodepletion or mGIURS expressidagure 14A-C, Figure 15). mGIuR5
complexes were submitted for protein identification and ratiometric quantification using
tandem mass tagquid chromaography/mass spectrometry (TMIC/MS). Given the
inherent variability of IPs coupled with TMIC/MS (Stein et al 2019)we utilized a
Log: Abundance Ratio (KO/WT) <0.2 or > 0.2 combined with ortailed ttests
(a<0.10) to identify decreased or increased phopphtides, respectively. Interestingly,
loss of spinophilin not only increased the abundance of mGIURS5 Ser8@&¥rA0d 6
phosphorylation, but we also detected increased phosphorylation of SHAINEEB781
and SAPAP2t Ser983, proteins with strong geneatgsociations with autism spectrum
disorders (ASDs) and OCSIP&hien 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 gd@gj)e 14D).

5.2.2 Loss of Spinophilin Shifts mGIURS Interactions from Lipid Raft Assemblies
Toward PSD Scaffolding Proteins Implicated in Psychiatric Disorders

We next analyzedrptein abundance of mGIluR5-t8s in the TMFLC/MS
dataset, which can give insight into consequences of loss of spinophilin on mGIuR5
function. We identified 92 downregulated (}efgld change <0.2) and 426 upregulated
(logz-fold change > 0.2nGIuR5 celPs isolated from spinfostriatum that resulted in
expansive protenprotein interaction (PPI) networkBifures 16-17). We refined this list
of interactors by filtering for significantly decreased/increased proteins (p<0.10 from

onetailed ttests) that matched at least 6 unique peptides. We identified 27 decreased and
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22 increased highonfidence mGIuR5 interactors in spinstriatum (orange and green
points inFigure 14E, respectively). We graphed these higinfidence interactors in
STRINGto generate decreased and increased PPI networks that were used for functional
enrichment analysid=(gure 14F-1). We determined that spinophilin knockout decreased
MGIuURS interactions with glycosylphosphatidylinositol (GBhichored proteins, a class
of proteins localized to specialized microdomains in the plasma membrane known as
lipid rafts(Um & Ko 2017) and increased mGIuRS5 interactions with numerous PSD
scaffolding proteins, including SAPAP3 and SHANK3. Shifting mGIuRS5 interactions
toward PSD proteins iBpino’ striatum was associatedttvimultiple Biological Process
GO terms, one of which was #Aregul ation of gr
We validated these protein interaction findings by submitting a second, small
cohort of MGIUR5 IPs (N=2 per genotype) for TMT/MS. We replicated that loss of
spinophilin decreased (legold change < 0.2) mGIuR5 protein interactions with -GPI
anchored proteins and increased ffad change > 0.2) mGIuRS5 interactions with PSD

proteins implicated in psychiatric disorders, including SAPAP3 and SHANKS.
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Figure14: Loss of Spinophilin Shifts mGIuR5 Interactions from Lipid Raft Assemblies
Toward PSD Proteins Implicated in Psychiatric Disorders.

A) Representative sequential mGIUR5 IP from spinophilin WT (Spnand KO (Spino

"y striatal lysates. We detected no differencBYmGIluR5 immunodepletion o)

MGIuURS protein expression in spino WT and KO inputs. mGIuR5 IPs were submitted to
the IUSM proteomics core for TMMS/MS analysisD) Table showing increased and
decreased plsphcpeptides that have Abundance Ratio (})og-0.2 or >0.2 and one

tailed ttest pvalue < 0.10E) Volcano plot showing 27 decreased (orange) and 22
increased (green) interactors having Abundance Rati)kko®.2 or >0.2, ondailed t

test pvalue <0.10, and at least 6 unique peptides matching assigned protein. Protein
protein interaction (PPI) networks corresponding toRh27 decreased @) 22

increased proteins were graphed in STRING. Graph edges correspond to proteins that
participate in a faction 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 thf decreased dj increased PPI networks (false
discovery rate (FR) < 0.05). N=3 spind* (3 male) and 3 spino(2 male). Data + SEM.

****p<0.0001.

121



A TMT-LC/MS Run 1

TMT ID: 128C 130N 129N 130C 129C 131

MW
150 l
Spinophilin WB: St b il - g S ———
120

Depletion: -- 1 2 -1 2 -1 2 -1 2 -1 2 -1 2

B TmT-LC/MS Run 2

TMT ID: 129C 130N 130C 131
MW ] T - - —
mGIuR5 WB: 150 —

150 =
Spinophilin WB: I :
208 T

Depletion: -- 1 2 - 1 2 -- 1 2

122



Figure15: Immunoblot Confirmation of Samples Submitted for TMT/MS Runs 12.
Western blots confirming sequential mGIuR5 immunodepletion and spinophilin
expression from TMALC/MS A) runl andB) 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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Figurel6: Complete PPI Network of Decreased mGIuRS5 Interactions.
All 92 decreased mGIuURS interactors @dgld change <0.2) were graphed in string
DB to visualize how | oss of -prpteinnnbepttionl i n mo d u

(PPIs) network.
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Figurel7: Complete PPI Network of Increased mGIuRS5 Interactors.
All 426 increased mGIuR5 interactors (4fgld change > 0.2) were graphed in string
DB to visualize how | oss odteinprpteinnnbepttionl i n  mo d u

(PPIs) network.
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5.2.3 Spinophilin MSN Subtype-Specifically Decreasessrooming Caused by the
mGIuR5 PAM, VU0360172

To directly determine if spinophilin mediates excessive grooming by regulating mGIuR5
function we pharmacologicglincreased grooming behavior by treating mice with the
MGIuR5 PAM,VU0360172(V U 6 1), That selectively increases grooming in wild type,
but not mGIuR5 KO micéAde et al 2016)Specifically, we measured grooming

behavior in control, Spif8YSN, and SpinBVSN mice for 36minutes before and after an

|l . P. injection of vehicle or VU6172 (20
t o VUG 17 2miceno d&grnine any additive or antagonistic effects when
spinophilin is knocked out of both MSN subggpfigure 18A). We found no treatment
group effects on percent grooming or distance traveled in thajpaion period Figure

19); however, percent grooming was decreased, and distance traveled was increased in
Spino” compared to control mice, a pigtled phenotype of Spifianice (Zhang et al

2020) Vehicle treatment increased grooming (a grooming phenotype that is also
decreased in mGIUR5 KO micdjpwevergr oomi ng was further i
treatment in Spind* "7 Spind”, and Spind*-D1 or-A2A Cre control miceKigure

18B, 20). Furthermore, we detected significant treatment X spinophilin genotype

mg / k

ncr e.

interaction on percent grooming, suchtwa#¢ di d not detect a VUG6172

on percent grooming in SpiFSN and Spin8MSN mice, and percent grooming in
V U6 rtieded Sping™SN and Spin8MSN mice was not significantly different from

vehicletreated control mice<igure 18B). Postinjection groomingnd locomotiordata
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were also analyzed infainute bins to confirm genotype effects were consistent across
30-minute recordingKigure 21). Collectively, these data suggest MSN subtgpecific
spinophilin knockout, but not global koo ut , a b r o-mpdutcee groowingdo 1 7 2

Although we detected a significant treatment effect on grooming frequency, we
found no genotype or genotype X treatment interackagufe 18C). Also, neither
VU6172 (20 mg/ kg) nor s pngmonpng boltidutatiome not ype a
(Figure 18D). Alternatively, we detected a significant treatment, genotype, and
interaction effect on locomotion in OF, but pbsic tests determined this is due to
increased locomotion in vehicteeated Spin6 mice (Figure 18E). Despite no striking
treatment effect across all genotypes, detected significant negative correlations
betweergrooming duratiorand distance traveled withirrBinute binsor eachvehicle
andV U 6 trédedgroup(Figure 22).

To determine how lossafpi nophi Il in in both MSN subtyp
induced grooming, we bred SpRi¥SN and Spin8VSN mice to knockout spinophilin
from both MSN subtypes (SpiFG"™SYy . We treated this genotype
mg/kg) and compareithe grooming responge that ofthe aforementioned Spifi6'or 7+
and Spind V U 6 Htiegdted miceln contrast to the individual cell type knockouts, there
was no significanteduction inpercent grooming, grooming frequency, and mean bout
durationin the double knockout copared to the control or Spifiayroups in across the 3
groups(Figure23) , suggesting that -indueeddrammikg of ef f ec

observed in Spirnbmice was due to loss of spinophilin in both MSN subtypes having an
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antagoni st i c -irdlicédgramingAithoughlldslexp@riment was not
designed to detect sex differences in grooming and locomotor behavior, we visualized

these datasets bgs(Figure 24).
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Figure18: MSN SubtypeSpecific Spinophilin Knockout Decreases Grooming Caused by

the mGIuR5 PAM, VUO0360172.

A) Control and MSNspecific spinophilin knockout mice were placed in Noldus

Phenotyper Cages and basal behavior-ifgestion) was measured for 3finutes.

Following a preinjection period, mice were removed from the arena and given an |.P.
injectionofvelh cl e (V) or the mGlI uR5 PAMWk§P), VUO3G6
Animals were placed back into the same-ipiection arena immediately following the

[.P. injection and behavior was recorded for an additionathButes (postnjection).
Two-way ANOVAs withposthoc G2 d&8k' s mul tiple compari son:
significant VUG 1B)percent geoarming e mdntroe(i=0.@0@7) ancd n

Spino” (p<0.0001), but not SpiRBSN (p=0.139) or Spind“SN (p=0.99) mice.

Furthermore, percent grooming ireth'U'172treated Spin®™SN and Spin8MSN groups

was not different from control vehicle (p=0.71 and p=0.53, respectively), whereas Spino

was significantly increased from control vehicle (p=0.0@Q)V U6 172 (20 mg/ kg)
increased grooming frequency in control (p=0.03), SPID' (p=0.03), SpinBMSN

(p=0.01), and Spino(p<0.0001)D)VU6G 172 (20 mg/ kg) or spinophi
affect mean grooming bout duratidg) Two-way ANOVA with posthoc Dunnett's

multiple comparisons test determined distance traveled in vehéelieedSpino’ mice

was significantly increased compared to all other groNp8V/10P Spin&/* o F/F(3/3

male), 10V/10P spinB™SN(5/6 male), and 9V/9P spiAYSN (4/4 male), 8V/8P spino

(3/4 male).
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Figurel9: Prelnjection Open Field Behavior Prior to Treatment with the mGIuR5 PAM
vuoel72 (20 mg/ kg) .

Two-way ANOVA withposthoc Dunnett 6s multiple compari so
were no preexisting treatment group effects Ay percent grooming dB) distance

traveled in the 3@ninutes pranjection period, however, percent grooming was
significantlydecreased (p=0.04), and distance traveled was significantly increased

(p<0.0001) inSpino’ compared to control. N=9V/10P Spl#b° 7'M (3/3 male), 10V/9P

SpindMSN(5/5 male), and 9V/9P SpiAYSN (4/4 male), 8V/8P Spinb(3/4 male).

Significanttwoway ANOVA effects denoted by ##pOO0. 01
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