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Abstract

Background.—Grooming dysfunction is a hallmark of the obsessive-compulsive spectrum
disorder, trichotillomania. Numerous preclinical studies have utilized SAPAP3 deficient mice
for understanding the neurobiology of repetitive grooming, suggesting excessive grooming is
caused by increased metabotropic glutamate receptor 5 (mGIuR5) activity in striatal direct- and
indirect pathway medium spiny neurons (dMSNs and iMSNs, respectively). However, MSN
subtype-specific signaling mechanisms that mediate mGluR5-dependent adaptations underlying
excessive grooming are not fully understood. Here, we investigate the MSN subtype-specific
roles of the striatal signaling hub protein, spinophilin, in mediating repetitive motor dysfunction
associated with mGIuR5 function.

Methods.—Quantitative proteomics and immunoblotting were utilized to identify how
spinophilin impacts mGIuR5 phosphorylation and protein interaction changes. Plasticity and
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repetitive motor dysfunction associated with mGIuR5 action was measured using our novel
conditional spinophilin mouse model that had spinophilin knocked out from striatal dMSNs or/and
iMSNs.

Results.—Loss of spinophilin only in iMSNs decreased performance of a novel motor repertoire,
but loss of spinophilin in either MSN subtype abrogated striatal plasticity associated with mGIuR5
function and prevented excessive grooming caused by SAPAP3 knockout mice or treatment with
the mGIluR5-specific positive allosteric modulator (VU0360172) without impacting locomotion-
relevant behavior. Biochemically, we determined the spinophilin-mGIuR5 interaction correlates
with grooming behavior and loss of spinophilin shifts mGIuR5 interactions from lipid-raft
associated proteins toward postsynaptic density (PSD) proteins implicated in psychiatric disorders.

Conclusions.—These results identify spinophilin as a novel striatal signaling hub molecule in
MSNs that cell subtype-specifically mediates behavioral, functional, and molecular adaptations
associated with repetitive motor dysfunction in psychiatric disorders.
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trichotillomania

Introduction

The sensorimotor striatum, a major basal ganglia input nucleus, integrates excitatory and
modulatory inputs from diverse cortical and subcortical structures to promote the learning
and execution of complex tasks (1, 2). Perturbations within the sensorimotor striatum, or

the rodent dorsolateral striatum (DLS), are associated with repetitive motor dysfunction

in numerous psychiatric disorders, including obsessive-compulsive spectrum disorders
(OCSDs) (3-12). Cell type-specific adaptations in striatal direct- and indirect-pathway
medium spiny neurons (dMSNs and iMSNSs, respectively) within the DLS underlie repetitive
and habitual actions (13-19). Functionally, dMSNs, which express D1-type dopamine
receptors (D1Rs), promote action execution by increasing thalamic neuronal firing rates,
which in turn increase glutamatergic tone in the cortex; whereas, iMSNs, which express D2-
type dopamine receptors (D2Rs), inhibit or temper competing motor programs by promoting
the inhibition of thalamic output to the cortex, thus decreasing glutamatergic drive (20—

25). Despite bidirectional actions on basal ganglia output, dAMSNs and iMSNs work in
concert to integrate glutamatergic and dopaminergic signaling to promote complex motor
programs, and signaling molecule perturbations within MSNs can increase the propensity to
repetitively execute previously learned motor sequences, a core motor phenotype associated
with OCSDs (1, 26-36).

Dysfunction in metabotropic glutamate receptor 5 (mGIuR5) signaling and/or its interaction
with postsynaptic density (PSD) scaffolding proteins is associated with repetitive motor
dysfunction in numerous preclinical models for understanding psychiatric disorders (19,
37-42). Of these, mutations in the striatal-enriched mGIuRS5 scaffold protein, disks large-
associated protein 3 (SAPAP3), are associated with repetitive grooming and washing
symptoms in OCSDs (43-45). Genetic deletion of SAPAP3 in mice results in striatal circuit
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abnormalities and increased mGIuRS5 function that promotes excessive grooming (13, 46—
52), a complex sequential motor program that becomes excessively initiated and sustained
despite negative consequences (53).

Reversible phosphorylation of mGIuR5’s intracellular C-terminal domain is a negative
feedback mechanism that promotes receptor desensitization (54-56). Protein phosphatases,
such as protein phosphatase 1 (PP1), can reverse this endocytic feedback mechanism

to stabilize mGIuR5 on the membrane surface (57). Promiscuous phosphatases require
targeting proteins to shuttle them into contact with their targets (58). 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 substrates
(59-64). Spinophilin promotes plasticity and motor behaviors associated with DLS function,
stabilizes mGIuR5 expression in the neuronal membrane, and prevents G-protein coupled
receptor (GPCR) desensitization (65-74). Recently, we determined that spinophilin interacts
with SAPAP3 in mouse striatum, and overexpression of a glutamate binding deficient
mGIuRS5 construct increased the spinophilin-SAPAP3 protein interaction (67). However,
how endogenous spinophilin mediates striatal plasticity and SAPAP3- and mGIuR5-
dependent repetitive motor output is unknown. Here, using a novel conditional spinophilin
knockout mouse line, combined with behavioral, functional, biochemical, and proteomic
approaches, we implicate spinophilin as a hub striatal signaling molecule that mediates MSN
subtype-specific adaptations underlying repetitive motor output associated with increased
mGIuR5 function.

Materials and Methods

Animals

Refer to supplement for complete report.

All animal procedures were performed on 7-16 week-old male and female mice between
8AM and 5PM in accordance with the School of Science, School of Medicine, and
Institutional Animal Care and Use Committees at IUPUI (Protocol #s SC270R, SC310R,
21090).

Animal Behavior

Rotarod was performed as previously described (66). Locomotion and grooming measures
were performed in Noldus Phenotyper Cages.

Electrophysiology

Electrophysiology experiments were performed as previously described (75, 76).

Tissue Homogenization, Immunoprecipitations, and Immunoblotting

Homogenization, immunoprecipitation, and immunoblotting were performed like previously
described (64, 67, 77, 78).
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Proteomics analysis was performed at the Center for Proteome Analysis at IUSM similar to
previously published protocols (77, 79).

RNAScope and Imaging

Statistics

Results

RNAScope was performed per manufacturer’s (Advanced Cell Diagnostics, Newark, CA)
recommendations.

All statistical analyses are described fully in supplement and all analyses shown in Table
S6. Male and female mice were used for all behavior experiments and while sex was

not considered as a biological variable in the present study, data are separated by sex in
supplemental figures.

Spinophilin has MSN-specific roles in mediating motor function and striatal plasticity.

Spinophilin is expressed in diverse brain regions and cell types (59, 80-82). To directly
probe spinophilin’s MSN-specific functions we created and validated a conditional
spinophilin line (Spino/F!), which is fully described in the supplemental results and
discussion sections. Briefly, we biochemically validated SpinoF"F! mice by demonstrating
a robust Cre recombinase-dependent depletion of spinophilin protein levels (Figure S1).
We next bred SpinoF!/Fl mice with Drd1- or Adora2a-Cre lines to deplete spinophilin from
dMSNs (SpinodMSN) or iMSNs (Spino®IMSN) respectively. Using RNAScope we validated
the penetrance of D1- and A2A-Cre (~80-85%) and confirmed cell-autonomous depletion
of spinophilin MRNA in Spino®dMSN and Spino®iMSN mice (Figures S2-7). Spinophilin
protein expression was significantly reduced (~25%) in spino®dMSN and spino2iMSN mice;
however, PP1 protein levels were unaffected (Figure 1A-E). Consistent with these data,
spinophilin protein levels were reduced by ~40% in Spino™/F! mice expressing both D1-
and A2A-Cre (Figure S8). Taken together, these data demonstrate spinophilin is depleted
cell autonomously but a proportion of spinophilin is expressed in other cell types within the
striatum (e.g. interneurons, terminals, and/or glia).

We next characterized motor function in Spino®dMSN and Spino®iMSN mice by challenging
these genotypes with an accelerating rotarod task and amphetamine-induced locomotor
sensitization (Figure 1F), behaviors that whole-body spinophilin knockout (Spino™-)
decreases (66—68). Spino®MSN byt not Spino®dMSN mice had decreased rotarod
performance in the later stages of this motor task (Figure 1G, S9). However, both
Spino2dMSN and Spino2iMSN mice displayed acute hyperlocomotion and locomotor
sensitization to treatment with repeated doses of amphetamine (Figure 1H).

To measure spinophilin’s MSN subtype-specific roles in regulating DLS network excitability
and long-term plasticity, we recorded field population spike amplitude responses to
stimulation and long-term synaptic depression (LTD), a form of striatal plasticity that
requires increased mGIuR5 and D2-dopamine receptor (DoR) function (83, 84). Specifically,
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we recorded population spike amplitudes evoked from increasing electrical stimulation
intensities (input/output) or high-frequency stimulations that induce LTD (HFS-LTD) in
coronal sections from control, Spino®dMSN and Spino®MSN mice. We detected a spino
genotype X intensity interaction suggesting Spino2dMSN jncreases DLS network responses;
however, we did not detect any post-hoc genotype differences within intensity groups
(Figure 11). Both Spino2dMSN and Spino®iMSN mice had significantly decreased HFS-LTD
compared to Spino™/F! control. Unlike control, the population spike amplitude did not
decrease in Spino®dMSN or SpinoAIMSN mice following either single or multiple bouts of
high-frequency stimulation (Figure 1J-N).

Spinophilin dMSN- and iIMSN-KO decreases excessive grooming in SAPAP3 KO mice.

Excessive grooming and hypolocomotion in SAPAP3 KO mice are associated with increased
mGIuR5 signaling and plasticity in the DLS (13, 46). Given that spinophilin interacts with
SAPAP3 in mouse striatum, mGIuR5 expression increases the spinophilin-SAPAP3 protein
interaction, and MSN subtype-specific spinophilin knockout decreases DLS plasticity, we
hypothesized that MSN subtype-specific loss of spinophilin would decrease excessive
grooming in SAPAP3 KO mice.

We first measured basal grooming and locomotion levels from Spino~'~ mice in Noldus
Phenotyper cages for 30-minutes using a validated Al approach (Figures 2A, S10). Loss
of spinophilin decreased the percentage of time grooming over the entire session (percent
grooming) (Figure 2B). The percentage of time spent grooming is determined, at least in
part, by the number of grooming bouts (grooming frequency) and the mean duration of
an individual grooming bout (mean bout duration); however, we found no difference in
grooming frequency or mean grooming bout duration in Spino™~ mice (Figure 2C-D).
Alternatively, Spino™~ mice had significantly increased locomotion relative to controls
(Spino*’*) (Figure 2E).

We next utilized our conditional spinophilin line to generate double knockout mice
(SAPAP3 WT and KO/spinophilin MSN subtype-specific KO) to determine if spinophilin
in specific MSN subtypes impacts basal and/or excessive grooming. At 8-weeks of age,
grooming and locomotion was measured for 1-hour (Figure 2F). Constitutive knockout of
SAPAP3 significantly increased percent grooming in spinophilin control and Spino2dMSN
mice compared to their genotype controls, whereas the increased percent grooming was
abrogated in Spino®MSN mice compared to their genotype controls. Although percent
grooming in SAPAP3 WT controls was not different than SAPAP3 WT/Spino2dMSN and
SAPAP3 WT/Spino2iMSN mice, percent grooming was significantly decreased in both
SAPAP3 KO/Spino2dMSN and SAPAP3 KO/Spino®iMSN mice compared to SAPAP3 KO/
spinophilin control mice (Figure 2G). This was a spinophilin-specific effect as D1- or
A2A-Cre expression alone didn’t decrease excessive grooming in SAPAP3 KO mice (Figure
S11).

We detected SAPAP3 genotype and spinophilin genotype effects on both grooming
frequency and mean bout duration, such that grooming frequency was significantly reduced
in SAPAP3 KO/Spino2iMSN and mean bout duration was significantly reduced in SAPAP3
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WT/Spino2dMSN compared to SAPAP3 WT mice, and in both SAPAP3 KO/Spino2dMSN ang
SAPAP3 KO/Spino2iMSN compared to SAPAP3 KO/spinophilin WT mice (Figure H-1).

In addition to grooming dysfunction, we detected SAPAP3 genotype effects causing
hypolocomotion in control, Spino®dMSN and Spino®MSN mice. SAPAP3 KO/Spino”iMSN
mice had small, but significantly increased locomotion compared to SAPAP3 KO control
mice (Figure 2J). Given that grooming and locomotion are competing behaviors in the

OF, we correlated distance traveled and grooming duration for each genotype, but we only
detected a significant negative correlation in SAPAP3 WT and SAPAP3 KO/SpinofiMSN
(Figure 2K-L). Grooming and locomotion data were also analyzed in 30-minute bins to
confirm genotype differences are consistent between the first and second halves of recording
(Figure S12).

The interaction of spinophilin with mGIuRS5 is increased in SAPAP3 KO striatum and
correlates with grooming duration.

Given that increased striatal mGIuR5 signaling is associated with grooming dysfunction in
SAPAP3 KO mice we measured spinophilin’s interaction with mGIuR5 in SAPAP3 KO
striatum. In addition, we measured spinophilin’s interaction with the DR (85)—another
striatal GPCR known to decrease rodent grooming (86). We harvested striata from 4-6
month-old SAPAP3 WT and KO mice following measurement of grooming behavior and
measured the expression and interaction of spinophilin with these GPCRs as well as PP1y1
(Figures 3A-B, S13). Quantitative immunoblot analysis of striatal input samples determined
that SAPAP3 KO did not affect spinophilin, mGIuR5, or D4R expression; however, PP1y1
expression was significantly increased in SAPAP3 KO mice (Figure 3C-F). Although we
found no change in spinophilin’s interaction with PP1y1, there was significantly more
mGIuRS5 and D,R in spinophilin IPs from SAPAP3 KO striatum (Figure 3G-I). We detected
minimal PP1y1, mGIuR5, or DR co-IP in spinophilin IPs from Spino™~ striatal tissue
(Figure 3A, lane 3), indicating co-1Ps are specific. Moreover, we found a significant
Pearson’s correlation between percent grooming and the log, fold-change in the spinophilin-
mGIuR5 or spinophilin-D5R interaction (Figure 3J-K) as well as a significant correlation
between the spinophilin-mGIuR5 and spinophilin-D,R interaction (Figure 3L).

Loss of spinophilin modulates mGIuR5 phosphorylation.

To probe consequences of loss of spinophilin on mGIuR5, we measured mGIuR5
phosphorylation in Spino*/* and Spino™~ striatum. First, we performed striatal mGIuR5 IPs
from one Spino*/* and Spino™~ mouse and excised the mGIuR5 band on a Coomassie gel
for a targeted GelC-MS run to validate that we can ratiometrically quantify phosphorylation
sites on mGIuR5 (Figures S14-17). Preliminarily, we determined that loss of spinophilin
increased mGIuR5 phosphorylation at Ser860 and Ser870 (Table S1). To follow up on

these preliminary results, we pooled sequential mGIuR5 IPs from Spino*/* and Spino™~
striatal lysates (N=3 per genotype). These sequential IPs immunodepleted mGIuR5 by
~80%, and we found no genotype difference in immunodepletion or mGIuR5 expression
(Figures 4A—C, S18). mGIuR5 complexes were submitted for protein identification and
ratiometric quantification using tandem mass tag-liquid chromatography/mass spectrometry
(TMT-LC/MS). Given the inherent variability of IPs coupled with TMT-LC/MS (87), we
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utilized a Log, Abundance Ratio (KO/WT) < —0.2 or > 0.2 combined with one-tailed
t-tests (a<0.10) to identify decreased or increased phosphopeptides, respectively. While we
did not detect Ser870 phosphorylation in our TMT proteomics analysis, potentially due to
signal suppression of this phosphopeptide as it is not from an excised band sample, we did
observe that loss of spinophilin increased the abundance of mGIuR5 Ser860 and Ser1016
phosphorylation, as well as SHANK3 Ser781 and SAPAP2 Ser983, proteins with strong
genetic associations with autism spectrum disorders (ASDs) and OCSDs (88-94) (Figure
4D).

Loss of spinophilin shifts mGIuRS5 interactions from lipid raft assemblies toward PSD
scaffolding proteins implicated in psychiatric disorders.

We next analyzed protein abundance of mGIuR5 co-IPs in the TMT-LC/MS dataset, which
can give insight into consequences of loss of spinophilin on mGIuR5 function. We identified
92 downregulated (logo-fold change < -0.2) and 426 upregulated (log,-fold change >

0.2) mGIuR5 co-IPs isolated from Spino™~ striatum that resulted in expansive protein-
protein interaction (PPI) networks (Figures S19-20). We filtered this list of interactors

for significantly decreased/increased proteins (p<0.10 from one-tailed t-tests) that matched
at least 6 unique peptides. We identified 27 decreased and 22 increased high-confidence
mGIuR5 interactors in Spin™~ striatum (orange and green points in Figure 4E, respectively).
We utilized STRING-DB to generate decreased and increased PPI networks that were

used for functional enrichment analysis (Figure 4F-I, Table S3—-4). We determined that
spinophilin knockout decreased mGIuR5 interactions with glycosylphosphatidylinositol
(GPI)-anchored proteins, a class of proteins localized to specialized microdomains in the
plasma membrane known as lipid rafts (95) including contactin-1, Thy1, and flotillin-1,

and increased mGIuRS5 interactions with PSD scaffolding proteins, including SAPAP3,
SHANKS3, and Homerl. Interestingly, shifting mGIuR5 interactions toward PSD proteins

in Spino~/~ striatum was associated with multiple Biological Process GO terms, one of
which was “regulation of grooming behavior”. We validated increased and decreased
mGIuR5 interactions by normalizing data from two TMT-LC/MS runs (Figure S21A-F,
Table S5). Moreover, immunoblotting inputs and mGIuR5 IPs (Figure 4J, S211) from
Spino~~ striatum confirmed that loss of spinophilin decreased the expression of the lipid
raft marker, flotillin-1, and increased the mGIuR5 interaction with Homer 1b/c, without
impacting Homerlb/c expression, similar to TMT-LC/MS studies (Figure 4K-M, S21G-H).

Spinophilin MSN-specifically Decreases Grooming Caused by the mGIuR5 Positive
Allosteric Modulator (PAM), VU0360172 (VU 172).

To directly determine if spinophilin mediates mGluR5-dependent excessive grooming, we
pharmacologically increased grooming behavior by treating mice with the mGIuR5 PAM,
VU’172, that selectively increases grooming in wild type, but not mGIuR5-KO mice (13).
Specifically, we measured grooming behavior in control, Spino2dMSN | gpinAiIMSN ang
Spino™~ mice for 30-minutes before and after an I.P. injection of vehicle or VU’172 (20
mg/kg) (Figure 5A). While baseline percent grooming and distance traveled were increased
in Spin™~ compared to control, Spino®IMSN and SpinoMSN mice, we did not detect any
pre-existing treatment group effects (Figure S22). Vehicle treatment increased grooming

(a grooming phenotype that is also decreased in mGIuR5-KO mice); however, grooming
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was further increased by VVU’172 treatment in SpinoF!/* or F/Fl and Spino™/*/D1- or A2A-
Cre control mice (Figure 5B, S23). Interestingly, we also observed an increase grooming
response to VU172 in Spino™~ mice. Furthermore, we detected significant treatment X
spinophilin genotype interaction on percent grooming, such that we did not detect a VU172
treatment effect on percent grooming in Spino®dMSN or Spino®IMSN mice, and percent
grooming in VU’172-treated Spino2dMSN and Spino®iMSN mice was not significantly
different from vehicle-treated control mice (Figure 5B). Post-injection percent grooming
data were also analyzed in 5-minute bins to confirm genotype effects were consistent across
the 30-minute recording (Figure S24). Collectively, these data suggest MSN subtype-specific
spinophilin knockout, but not global knockout, abrogates VU’172-induced grooming.
Although we detected a significant treatment effect on grooming frequency, we found no
genotype or genotype X treatment interaction (Figure 5C). Furthermore, neither VU’172 (20
mg/kg) nor spinophilin genotype affected mean grooming bout duration (Figure 5D).

To better understand why Spino™~ mice, but not Spino24MSN and Spino2iMSN mice, respond
to VU’172, we bred Spino®dMSN and Spino2iMSN mice to knockout spinophilin from both
MSN subtypes (Spino2PanMSN) and treated this genotype with vehicle or VU’172 (20 mg/
kg). Again, loss of spinophilin in both MSN subtypes did not prevent the VU172 treatment
effect on percent grooming or grooming frequency (Figure 5E-H, S25). Collectively, these
data confirm that only MSN subtype-specific loss of spinophilin prevents VU’172 treatment
effect, consistent with other reports suggesting an imbalance in MSN function may be
associated with repetitive grooming behavior (13, 18, 96).

Finally, we performed a VU’172 dose response curve (DRC) in SpinoFF! control mice using
a dose range consistent with published studies using VU’172 in mice (97-99) to find percent
grooming at low doses is driven by increased mean grooming bout duration, whereas, at
high doses, percent grooming is driven by increased grooming frequency (Figure S26). To
determine the directionality by which MSN subtype-specific spinophilin knockout shifts the
VU172 DRC we treated new cohorts of Spino2dMSN and Spino2iMSN with a low (1 mg/kg)
or high (56 mg/kg) dose of VU’172 and combined these data with our existing 20 mg/kg
data (Figure 5B-D) to create a 4-point DRC for percent grooming, grooming frequency,

and mean grooming bout duration (Figure 51-K). We determined that Spino2dMSN decreased
percent grooming compared to control. Although the two-way ANOVA did not detect
spinophilin genotype effects or interactions on grooming frequency or mean grooming bout
duration, we found a within-dose Spino2dMSN genotype effect on mean bout duration at 1
mg/kg and a trend for decreased grooming frequency at 20 mg/kg (Figure S27), suggesting
SpinodMSN may decrease percent grooming via dose-specific mechanisms.

Given that grooming and locomotion are competing behaviors in the OF, we also analyzed
distance traveled in 20 mg/kg VU’ 172-treated animals. Although we detected a significant
treatment, genotype, and interaction effect on locomaotion in OF, post-hoc tests found no
significant differences in Spino2dMSN and Spino®IMSN compared to control, but rather
attributed ANOVA effects to increased locomotion in vehicle-treated Spino™~ mice (Figure
S28). Furthermore, MSN subtype-specific loss of spinophilin did not disrupt the negative
relationship between grooming duration and distance traveled.
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Discussion

Here, we report that decreased mGIluR5-dependent repetitive grooming in Spino2dMSN and
Spino®IMSN mice is associated with the reversal of numerous molecular and functional
phenotypes associated with SAPAP3 deficient mice (Figure 6). Excessive grooming in
SAPAP3 KO mice is associated with MSN subtype-specific adaptations that increase
dMSN function relative to neighboring iMSNs in the DLS (13). Both striatal abnormalities
—excessive grooming and increased dMSN function—are decreased by treatment with

the mGIuR5 negative allosteric modulator (NAM), MTEP (13). We determined that
spinophilin’s protein interaction with mGIuRS5 is increased in SAPAP3 KO mice, and

that MSN subtype-specific spinophilin knockout also prevents increased grooming duration
caused by the mGluR5-specific PAM, VU’172. Collectively, these data suggest that
spinophilin expression in striatal MSNs mediates mGIluR5-dependent excessive grooming.

Given that whole-body loss of spinophilin decreased basal grooming and MSN subtype-
specific spinophilin knockout prevented excessive grooming in SAPAP3 KO mice and
VU’172-treated mice (20 mg/kg), it was unexpected that whole-body loss of spinophilin
failed to decrease VU’172 grooming. We further confirmed that this effect was not due

to extra-striatal spinophilin functions by demonstrating a VU’172 treatment effect on
grooming in Spino2PanMSN mice. We further probed this surprising effect by comparing
4-point VU’172 dose response curve (DRC) from control, Spino2dMSN and SpinofdMSN
mice. Surprisingly, we found unique DRCs across these genotypes, such that Spino2dMSN
significantly decreased the percent grooming DRC, whereas the Spino2iMSN effect on
percent grooming was specific to the 20 mg/kg dose. Therefore, while global loss of
spinophilin may limit basal grooming by affecting non-MSN cell-types, MSN subtype-
specific loss of spinophilin may limit mGluR5-dependent grooming by preventing a shift in
the balance between iMSNs and dMSNSs, an effect observed in multiple excessive grooming
models (13, 18).

Increased grooming duration (percent grooming) is achieved, at least in part, by increased
grooming bout initiation (grooming frequency) or by sustained grooming bouts (mean

bout duration). Although Spino~'~ mice did not impact grooming frequency or mean bout
duration, Spino2dMSN and Spino®IMSN differentially impacted grooming microstructure.
Increased dMSN function is essential for initiating and sustaining complex motor programs,
including rodent self-grooming (16, 86, 100). Spino®dMSN mice decreased mean bout
duration both in SAPAP3 KO mice and mice treated with 1 mg/kg VU’172, suggesting
spinophilin expression in dAMSNs may sustain complex motor programs. In contrast, further
suggesting .

Decreasing iMSN function with a DoR agonist decreases grooming initiation, duration,
and sequence completion (86, 100). Interestingly, spinophilin’s interaction with D,R was
increased in SAPAP3 KO striatum and correlated with grooming behavior. Furthermore,
Spino®IMSN mice decreased grooming frequency and mean bout duration in SAPAP3 KO
mice and blunted the performance of an accelerating rotarod task, another sequential motor
behavior associated with D,R function (101), suggesting spinophilin expression in iMSNs
may be critical for executing and completing complex sequential motor programs.
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Recently, Tecuapetla and colleagues determined that optogenetic inhibition of striatal
iMSNs in the dorsomedial striatum (DMS) decreased excessive grooming in SAPAP3

KO mice (96). While we have identified that MSN subtype-specific loss of spinophilin
decreases excessive grooming, it is unclear if spinophilin functions in specific striatal
subregions to mediate excessive grooming. Furthermore, while the D1- and A2A-Cre
lines utilized herein are highly expressed within striatal dMSNs or iMSNSs, it is possible
that spinophilin mediates excessive grooming by functioning in cell types outside the
striatum through residual extra-striatal Cre expression or in a non-cell-autonomous manner.
However, both Spino®dMSN and Spino2iMSN mice had abrogated HFS-LTD in the DLS—
plasticity that requires mGIuR5 and D,R function (83, 84). The role of decreased LTD
limiting pathological grooming is consistent with studies showing that SAPAP3 KO mice
undergo /ncreased short-term plasticity due to increased mGIuRS5 function in the DLS
(46). Furthermore, the increased DLS network responses in Spino2dMSN mice is also an
opposite phenotype of preclinical excessive grooming models (52, 102). Future studies
will build upon the foundation laid herein to delineate spinophilin’s cell-autonomous and
non-autonomous functions in specific striatal subregions in mediating plasticity associated
with repetitive motor dysfunction.

Spinophilin knockout-derived primary cortical neurons have increased mGluR5-dependent
MAPK signaling and intracellular calcium mobilization ([Ca2*]) that leads to increased
mGIuR5 endocytosis (69). Loss of spinophilin upregulated striatal mMGIuR5 phosphorylation
at Ser860 (a predicted protein kinase A consensus site), Ser1016 (a published CaMKI| site
(103)), and Ser839 and Ser908 (protein kinase C sites (104, 105)). Although the function

of mGIuRS5 Ser860 phosphorylation is unknown, phosphorylation of Ser1016, 839, and

908 promote increased MAPK signaling, [Ca2*]; mobilization, and mGIuRS desensitization
(54, 55, 103-105). Future studies will elucidate how phosphorylation of these mGIuR5

sites govern its signaling, interactions, and localization within the postsynaptic membrane.
Moreover, as PP1 catalytic subunits are highly promiscuous and spinophilin interacts with
multiple proteins, the full panoply of spinophilin actions on mGIluR5-dependent function are
most likely not restricted to just mGIuR5 phosphorylation and interactions, but also may
impact actions downstream of mGIuR5 activation.

Excessive grooming in both SAPAP3 KO and SHANK3 complete KO mice—preclinical
models for understanding OCSDs and ASDs, respectively—is decreased by mGIuR5
NAMs. Grooming dysfunction in both these preclinical models is associated with decreased
mGIuR5 scaffolding to PSD proteins (13, 19). Interestingly, loss of spinophilin increased
mGIuR5 interactions with PSD scaffolding proteins implicated in psychiatric disorders,
including SAPAP3, SHANKS3, and Homer 1b/c, and decreased mGIuRS5 interactions with
lipid raft-associated membrane proteins, such as flotillin in the striatum. Not only is lipid
raft dysfunction associated with psychiatric disorders like the ASD, fragile X syndrome
(42, 106-108), mGIuR5 can differentially signal depending on its interactions with lipid
raft signaling complexes or PSD scaffolding proteins, such that increased mGluR5-Homer
1b/c interaction promotes MAPK signaling (109-111). Interestingly, increased ERK activity
is associated with excessive grooming in SHANK3 complete KO mice, and spinophilin

is suggested to occlude increases in MAPK signaling following repeated doses of
psychostimulants (19, 68). Although basal grooming was decreased in Spino™~ mice, one
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caveat of these proteomics data is that global loss of spinophilin did not affect VU’172-
induced grooming. However, we posit that loss of spinophilin is inducing similar changes in
mGIuR5 interactions in dAMSNSs and iMSNs, but that spinophilin MSN subtype-specifically
mediates excessive grooming by preventing the shift in the balance of activity between these
two MSN populations in the context of mGIuR5 treatment, an effect that may link to the
bidirectional actions of these neuronal populations on motor output (112).

Although MSN subtype-specific spinophilin KO decreased two models of excessive
grooming associated with increased mGIuRS5 function, neither Spino2dMSN por SpinoAiMSN
affected basal, hypo-, or hyper-locomotion. Therefore, we hypothesize that MSN subtype-
specific spinophilin knockout selectively disrupts complex sequential motor programs
without impacting overall locomotor output. Due to this, we postulate that our novel

MSN subtype-specific spinophilin knockout models are a valuable tool to elucidate unique
cell autonomous and/or non-autonomous signaling pathways underlying the initiation,
sustainment, and/or completion of sequential motor programs.

Supplementary Material
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Figure 1: Spinophilin has MSN subtype-specific roles in mediating motor function and striatal

plasticity.

A) Conditional spinophilin mice (SpinoF!/F!) were crossed with Cre constitutively expressed
under the Drd1 (D1)- or Adora2a (A2A)- promotor to deplete spinophilin expression in
dMSNs (Spino®dMSN) or iMSNs (Spino2iMSN) respectively. At 2-4 months of age, 2 mm
striatal punches were taken from coronal slices isolated from male or female mice for

B) immunoblot analysis of spinophilin and PP1 protein expression. One-way ANOVA

with post-hoc Dunnett’s multiple comparisons test detected a significant decrease in C)
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spinophilin expression in Spino2dMSN and Spino2IMSN compared to control (p=0.032

and p=0.041, respectively). There was no change in D) PP1y1 (p=0.99) or E) PPla
(p=0.75) expression. N=8 SpinoFF! (6 male), 6 Spino2dMSN (2 male), 7 Spino®iMSN (4
male). F) 7-9 week-old control and MSN subtype-specific spinophilin KO mice were
trained on accelerating rotarod for 5-days. After one week of rest, these same animals

were treated with a sensitizing regimen of d-amphetamine (3 mg/kg) for 5-days. G)
Two-way ANOVA with repeated measures and post-hoc Dunnett’s multiple comparisons
test determined Spino®MSN mice displayed significantly worse rotarod performance than
SpinoFF! controls (p=0.002). N=17 SpinoFF! (7 male), 17 Spino**/D1- or A2A-Cre (11
male), 15 Spino2dMSN (10 male), 15 Spino2iMSN (5 male). H) Three-way ANOVAs with
repeated measures detected significant day (p<0.0001) and treatment (p<0.0001) effects, but
not Spino®AMSN or SpinoiMSN genotype or interaction effects on locomotion following 5-
daily treatments with saline- or amphetamine. N=8/15 saline/AMPH-treated SpinoF/F! (2/5
male), 9/8 saline/AMPH-treated Spino*/*/D1- or A2A-Cre (7/4 male), 6/9 saline/AMPH-
treated Spino®dMSN (5/5 male), 6/9 saline/AMPH-treated Spino®MSN (2/3 male). Field
population spike amplitudes from the DLS were measured in response to 1) stimulation
intensity increases or J) high-frequency stimulations that result in long-term depression
(LTD). Two-way ANOVA with repeated measures detected a spinophilin genotype X
stimulation intensity interaction (p=0.02); however, post-hoc Sidak’s multiple comparisons
test did not detect group differences at any specific intensity. N=34 slices from 20 SpinoF!/F!
mice (11 male mice), 27 slices from 17 Spino®dMSN mice (10 male mice), 28 slices from
17 Spino®MSN mice (10 male mice). One-way ANOVA with post-hoc Dunnett’s multiple
comparisons test determined that K) LTD is decreased in both Spino2dMSN and SpinoAiMSN
compared to control from 91-100 minutes (p=0.018 and p=0.004, respectively). One-way
ANOVASs with repeated measures confirmed LTD in L) control at 31-40 and 91-100-minutes
relative to the 1-10 minute baseline period (p=0.007 and p=0.0013, respectively); however,
neither M) Spino®dMSN nor N Spino2iMSN ynderwent LTD from 31-40 minutes (p=0.97
and p=0.99, respectively) or 91-100 minutes (p=0.81 and p=0.75, respectively). N=13 slices
from 11 SpinoFF! mice (5 male mice), 9 slices from 7 Spino2dMSN mice (3 male mice), 14
slices from 10 Spino2MSN mice (5 male mice). Mean + SEM. Significant two- or one-way
ANOVA effects denoted by #p=<0.05, ##p<0.01, ###p<0.001, #####p<0.0001. Significant
post-hoc tests denoted by *p<0.05, **p<0.01, ***p<0.001.
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Figure 2: MSN subtype-specific spinophilin knockout decreases excessive grooming in SAPAP3
deficient mice.

A) Spinophilin wild-type (Spino*/*) and knockout (Spino~") mice were placed in the open
field (OF) of Noldus Phenotyper Cages for 30 minutes at 8-weeks of age to measure
locomotion and grooming behavior using the Noldus Rodent Behavior Recognition module
validated in-house (Figure S10. )B) Unpaired t-tests determined that the percentage of

time spent grooming during the recording session (percent grooming) was decreased in
Spino~~ mice (p=0.008), but C) the number of grooming bouts initiated during the
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session (grooming frequency) (p=0.44) nor D) the mean duration of individual grooming
bouts throughout the session (mean bout duration) (p=0.61) was affected. E) Alternatively,
unpaired t-test determined that Spino™~ mice displayed increased locomotion relative to
Spino*/* (p=0.002). N=15 Spino*’* (9 male) and 16 Spino™~ (7 male). F) Double knockout
mice (SAPAP3 WT and KO/spinophilin MSN subtype-specific KO) were placed in the OF
of Noldus Phenotyper Cages for 60 minutes at 8-weeks of age to measure locomotion and
grooming behavior as described above. Two-way ANOVAs with post-hoc Sidak’s multiple
comparisons tests determined: G) Percent grooming was significantly decreased in SAPAP3
KO/Spino2dMSN (p<0.0001) and SAPAP3 KO/SpinofIMSN mice (p<0.0001) compared to
SAPAP3 KO control, and a significant SAPAP3 genotype effect was detected in control
(p<0.0001) and Spino2dMSN (0.039) but not Spino2iMSN mice (p=0.10). H) Grooming
frequency was significantly decreased in SAPAP3 KO/Spino®iMSN compared to SAPAP3
KO control (p=0.0005), but SAPAP3 KO/Spino24MSN did not affect grooming frequency
relative to SAPAP3 KO control (0.34). A significant SAPAP3 genotype effect was detected
in control (p=0.0002), but not Spino®dMSN (0.32) or Spino®iMSN mice (p=0.67). 1) Mean
grooming bout duration was significantly decreased in SAPAP3 KO/Spino2dMSN (p=0.0014)
and SAPAP3 KO/SpinofiMSN mice (p=0.004) compared to SAPAP3 KO control. A
significant SAPAP3 genotype effect was detected in control (p=0.007), but not SpinoAdMSN
(p=0.21) or Spino®MSN mijce (p=0.13). J) Significant SAPAP3 genotype effects on distance
traveled were detected in control (p<0.0001), Spino®2dMSN (p<0.0001), and Spino®iMSN
mice (p<0.0001). Distance traveled was significantly increased in SAPAP3 KO/Spino2iMSN
compared to SAPAP3 KO control (p=0.032), but SAPAP3 KO/Spino®dMSN was not different
than SAPAP3 KO control (p=0.25). Grooming duration and distance traveled from K)
SAPAP3 WT and L) SAPAP3 KO groups were correlated to determine that grooming
behavior negatively correlates with locomotion in SAPAP3 WT control and SAPAP3 KO/
SpinoliMSN_ N=11-13 SAPAP3 WT-KO/SpinoFl/Fl or FIl+ (7.5 male), N=9-12 SAPAP3
WT-KO/SpinofdMSN (4.6 male), and N=12-12 SAPAP3 WT-KO/Spino”iMSN (4-6 male).
Mean + SEM. Significant two-ANOVA effects denoted by #p<0.05, ##p=<0.01, ###p=<0.001,
#####p<0.0001. Significant post-hoc tests (Sidak’s) denoted by *(Spino genotype in SAPAP3
KO), @Spino genotype in SAPAP3 WT), and &(SAPAP3 WT vs SAPAP3 KO) comparisons.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3: Spinophilin’s interactions with mGIuR5 and D,R correlate with grooming behavior.
A-B) The percentage of time spent grooming in 2.5 hours (percent grooming) was

measured in 4-6 month-old SAPAP3 WT and KO mice (p<0.0001), then striatal inputs and
spinophilin immunoprecipitates (IPs) were prepared for immunoblot analysis of SAPAPS,
spinophilin, PP1y1, mGIuR5 and D,R. Spinophilin KO striatum (lane 3) was used as a
qualitative negative control to confirm the specificity of co-immunoprecipitates (co-1Ps).
Individual unpaired t-tests determined SAPAP3 KO did not change total protein expression
of C) spinophilin (p=0.24), E) mGIuR5 (p=0.22), or F) D,R (p=0.53); however, a
significant increase in D) PP1y1 (p=0.007) was determined. Analysis of IPs determined
significantly more H) mGIuR5 (p=0.012) and I) D,R (p=0.033) interacting with spinophilin
in SAPAP3 KO striatum; however, there was no change in spinophilin’s interaction with

G) PP1vy1 (p=0.68). Grooming and protein interaction data from SAPAP3 WT and KO
mice were pooled for Pearson’s correlation analysis. Percent grooming positively correlates
with spinophilin’s protein interaction with J) mGIuR5 (r=0.556, p=0.013) and K) D,R
(r=0.463, p=0.045), and the L) spinophilin-mGIuR5 interaction positively correlates with
the spinophilin-D,R interaction (r=0.840, p < 0.0001). N=10 SAPAP3 WT (7 male) and 9
SAPAP3 KO (4 male). Mean + SEM. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4: Loss of spinophilin shifts mGIuRS interactions from lipid raft assemblies toward PSD
proteins implicated in psychiatric disorders.

A) Representative sequential mGIuR5 IP from spinophilin WT (Spino*/*) and KO
(Spino™") striatal lysates. We detected no difference in B) mGIuR5 immunodepletion or

C) mGIuR5 protein expression in spino WT and KO inputs. mGIuR5 IPs were submitted

to the IUSM proteomics core for TMT-MS/MS analysis. D) Table showing increased and
decreased phospho-peptides that have Abundance Ratio (Logy) < -0.2 or >0.2 and one-tailed
t-test p-value < 0.10. E) Volcano plot showing 27 decreased (orange) and 22 increased

Biol Psychiatry. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morris et al.

Page 25

(green) interactors having Abundance Ratio (Log,) < —0.2 or >0.2, one-tailed t-test p-value
< 0.10, and at least 6 unique peptides matching assigned protein. Protein-protein interaction
(PP1) networks corresponding to the F) 27 decreased or G) 22 increased proteins were
graphed in STRING. Graph edges correspond to proteins that participate in a function
complex and edge boldness corresponds to the confidence of the interaction. Node colors
correspond to gene ontology (GO) terms identified through function enrichment analysis

of the H) decreased or I) increased PPI networks (false discovery rate (FDR) < 0.05).

N=3 spino*/* (3 male) and 3 Spino~~ (2 male). *WT Input vs. Depletion, KO Input vs
Depletion. J) Immunoblot of flotillin 1 and homer 1b/c from spinophilin WT and KO striatal
inputs and mGIuR5 IPs validated that loss of spinophilin decreased K) flotillin-1 expression
(p=0.0147). Although we found no difference in L) homer 1b/c expression (p=0.69), M)

a two-way ANOVA comparing the effect method (TMT-LC/MS vs. immunoblotting) and
spinophilin genotype have on the mGluR5-Homer 1b/c interaction found a significant
spinophilin genotype effect (p=0.031) but no method (p=0.66) or interaction (p=0.65)
effect, validating that loss of spinophilin increased mGIuR5 interaction with homerl b/c.
N=7-8 Spino*/* (3 male) and 5 Spino~~ (2 male). Mean = SEM. *p<0.05, **p<0.01,
***%0<0.0001.
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Figure 5: Spinophilin MSN subtype-specifically decreases grooming caused by the mGIuR5

PAM, VUO0360172.

A) Control, MSN-specific spinophilin knockout, and Spino™~ mice were placed in

Noldus Phenotyper Cages and basal behavior (pre-injection) was measured for 30-minutes.
Following a pre-injection period, mice were removed from the arena and given an I.P.
injection of vehicle (V) or the mGIuR5 PAM (P), VU0360172 (VU’172) (20mg/Kkg).
Animals were placed back into the same pre-injection arena immediately following the

I.P. injection and behavior was recorded for an additional 30-minutes (post-injection). Two-
way ANOVAs with post-hoc Sidak’s multiple comparisons tests determined a significant
VU’172 treatment effect on B) the percentage of time spent grooming during the 30-minute
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recording session (percent grooming) in control (p=0.0007) and Spino/~ (p<0.0001), but
not Spino®dMSN (p=0.139) or Spino2MSN (p=0.99) mice. Furthermore, percent grooming
in the VU’172-treated Spino®dMSN and Spino2iMSN groups was not different from control
vehicle (p=0.71 and p=0.53, respectively), whereas Spino™'~ was significantly increased
from control vehicle (p=0.002). C) VU’172 (20 mg/kg) increased the number of grooming
bouts initiated during the 30-minute recording (grooming frequency) in control (p=0.03),
Spino2dMSN (p=0.03), Spino®MSN (p=0.01), and Spino™~ (p<0.0001). D) VU’172 (20
mg/kg) or spinophilin genotype did not affect the mean duration of individual grooming
bouts throughout the 30-minute recording (mean bout duration). N=9V/10P SpinoF!/+or FI/FI
(3/3 male), 10V/10P Spino®dMSN (5/6 male), and 9V/9P Spino2iMSN (4/4 male), 8V/8P
spin~/7; (3/4 male). E) Spino2PanMSN yyere treated with vehicle (Veh.) or VU’172 (20 mg/
kg). Student’s t-tests determined that VU172 significantly increased F) percent grooming
(p=0.02) and G) grooming frequency (p=0.04), however, VU’172 did not affect H) mean
grooming bout duration (p=0.88). 1-K) Separate cohorts of SpinoF/F! control, Spino2dMSN,
and Spino®MSN mice were treated with vehicle, 1, or 56 mg/kg VU’172 and combined with
existing 20 mg/kg data (B-D) to generate 4-point dose response curves. Two-way ANOVAS
with post-hoc Dunnett’s multiple comparisons tests determined I) percent grooming

was significantly decreased in Spino2dMSN relative to SpinoFF! control (p=0.004), but
Spino®IMSN \was not different (0.56). However, spinophilin genotype did not significantly
affect J) grooming frequency or K) mean grooming bout duration. N=11-22 SpinoF!/Fl or Fi/+
(8-14 male), 8-11 Spino®dMSN (4.6 male), and 9-11 Spino®MSN (2.5 male). Mean + SEM.
Significant two-ANOVA effects denoted by #p<0.05 and ####p<0.0001. Significant post-
hoc tests denoted by *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Figure 6: Summary of protein interaction and striatal functionality changes associated with
decreased mGIluR5-grooming in MSN subtype-specific spinophilin knockout mice.

Excessive grooming in SAPAP3 KO mice is associated with increased mGIuR5 function
and decreased mGIuRS5 interaction with PSD scaffolding proteins, such as homer 1b/c.
Biochemically, we report more spinophilin interacts with mGIuRS5 in striatum of SAPAP3
KO mice and that loss of spinophilin shifts mGIUuR5 interactions from lipid-raft associated
proteins (e.g. flotillin 1 and glycosylphosphatidylinositol (GPI)-anchored protein) toward
PSD scaffolding proteins (e.g. homer 1b/c, SHANKS3, and SAPAP3), suggesting spinophilin
may interact with mGIuR5 to maintain mGIluR5-interactions with lipid raft membrane
fractions—a phenotype that may facilitate pathological mGIuR5 activity in SAPAP3 KO
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mice. Functionally, excessive grooming in SAPAP3 KO mice is associated with decreased
DLS excitability and increased DLS short-term depression (STD) (46, 52). Here, we
report that decreased excessive grooming in Spino®2dMSN mice is associated with decreased
duration of grooming bouts, increased DLS excitability, and decreased DLS long-term
depression (LTD). Decreased excessive grooming in Spino®MSN mice is associated with
decreased frequency and duration of grooming bouts, decreased DLS LTD, and impaired
rotarod performance. Additionally, Spino2dMSN nor Spino®IMSN jmpacted basal-, hyper-,
or hypo-locomotion, suggesting these novel mouse lines are poised to identify cell type-
specific mechanisms underlying repetitive and sequential motor programs.
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Resource Type Specific Reagent or Resource Source or Reference Identifiers Iﬁ]g)?'g:g?igln
Include name of Include catalog numbers, stock
Add additional manufacturer, company, numbers datagase IDs o'r Include any
rows as needed Include species and sex when repository, individual, or accession numbers, and/or additional
p research lab. Include p information or
for each applicable. PMID or DOI for RRIDs. RRIDs are highly notes if
resource type references; use “this encouraged; search for RRIDs at necessary.

https://scicrunch.org/resources.

paper” if new.
Antibody spinophilin-sheep Thermo Fisher Scientific RRID:AB_2605900
Antibody SAPAP3-Rabbit MilliporeSigma ABN325
Antibody mGIuR5-mouse MilliporeSigma MABN540
- . Discontinued
Antibody PP1g1-Goat Santa Cruz RRID:AB_2168091 antibody
Antibody PPla-Mouse Santa Cruz RRID:AB_628177
Antibody D2R-mouse Santa Cruz RRID:AB_668816
Antibody Homerl-mouse Thermo Fisher Scientific RRID:AB_2724465
Antibody Flotillin1l-mouse Santa Cruz RRID:AB_2106563
Chemical . .
Tocris (Bio-technie).
gcralr};]pound or VU0360172-mGIuR5 PAM PMID: 20923853 4323/50
Deposited Data; . . PXD034053 and 10.6019/
Public Database Proteomics database deposit ProteomeXchange PXD034053
: . Spinophilin floxed mouse line on . .
Organism/Strain C57B16/J strain This paper Spinofl/fl
Spinophilin knockout :
Organism/Strain | (Ppplrabtm1.1(KOMP)Vicg/ Jackson Laboratories/ RRID:MGI:5759401
MMRRC
Ppp1rob)
Organism/Strain | SAPAP3 Knockout Jackson Laboratories RRID:IMSR_JAX:008733
. .| DRD1 Cre (B6.FVB(Cg)-Tg(Drd1- ) i
Organism/Strain cre)FK 150Gsat/Mmucd MMRRC RRID:MMRRC_036916-UCD
. . A2A Cre (B6.FVB(Cg)-Tg(Adora2a- . )
Organism/Strain cre)KG139Gsat/Mmucd) MMRRC RRID:MMRRC_036158-UCD
tdTomato
Organism/Strain | (B6.Cg-Gt(ROSA)26Sortm14(CAG- Jackson laboratories RRID:IMSR_JAX:007914
tdTomato)Hze/J)
Software; Proteome Discover ™ 2.5 Thermo Fisher Scientific | RRID: SCR_014477
Algorithm ' : —
Software; - .
Algorithm Prism Graphpad RRID:SCR_002798
Software; . .
Algorithm Ethovision Noldus RRID:SCR_000441
RRID for
Tool Phenotyper Cages Noldus RRID:SCR_004074 Noldus
’ — Information
Technology
Tool LSM900 with AiryScan 2 Zeiss RRID:SCR_022263
Tool Cytation 3 Biotek/Agilent Cytation3
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