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Neurobiology of Disease

Strengthened Inputs from Secondary Motor Cortex to
Striatum in a Mouse Model of Compulsive Behavior
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Hyperactivity in striatum is associated with compulsive behaviors in obsessive-compulsive disorder (OCD) and related illnesses, but it is
unclear whether this hyperactivity is due to intrinsic striatal dysfunction or abnormalities in corticostriatal inputs. Understanding the
cellular and circuit properties underlying striatal hyperactivity could help inform the optimization of targeted stimulation treatments for
compulsive behavior disorders. To investigate the cellular and synaptic abnormalities that may underlie corticostriatal dysfunction
relevant to OCD, we used the Sapap3 knock-out (Sapap3-KO) mouse model of compulsive behaviors, which also exhibits hyperactivity in
central striatum. Ex vivo electrophysiology in double-transgenic mice was used to assess intrinsic excitability and functional synaptic
input in spiny projection neurons (SPNs) and fast-spiking interneurons (FSIs) in central striatum of Sapap3-KOs and wild-type (WT)
littermates. While we found no differences in intrinsic excitability of SPNs or FSIs between Sapap3-KOs and WTs, excitatory drive to FSIs
was significantly increased in KOs. Contrary to predictions, lateral orbitofrontal cortex-striatal synapses were not responsible for this
increased drive; optogenetic stimulation revealed that lateral orbitofrontal cortex input to SPNs was reduced in KOs (~3-fold) and
unchanged in FSIs. However, secondary motor area (M2) postsynaptic responses in central striatum were significantly increased (~6-fold) in
strength and reliability in KOs relative to WTs. These results suggest that increased M2-striatal drive may contribute to both in vivo striatal
hyperactivity and compulsive behaviors, and support a potential role for presupplementary/supplementary motor cortical regions in the
pathology and treatment of compulsive behavior disorders.
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These findings highlight an unexpected contribution of M2 projections to striatal dysfunction in the Sapap3-KO obsessive-
compulsive disorder (OCD)-relevant mouse model, with M2 inputs strengthened by at least sixfold onto both spiny projection
neurons and fast-spiking interneurons in central striatum. Because M2 is thought to be homologous to presupplementary/
supplementary motor areas (pre-SMA/SMA) in humans, regions important for movement preparation and behavioral sequenc-
ing, these data are consistent with a model in which increased drive from M2 leads to excessive selection of sequenced motor
patterns. Together with observations of hyperactivity in pre-SMA/SMA in both OCD and Tourette syndrome, and evidence that
pre-SMA is a potential target for repetitive transcranial magnetic stimulation treatment in OCD, these results support further
dissection of the role of M2 in compulsivity. j

ignificance Statement

multiple severe neuropsychiatric disorders, including Tourette
syndrome (TS) (Leckman et al., 2010), grooming disorders (e.g.,
skin-picking, trichotillomania) (Chamberlain et al., 2009; Fless-
ner etal., 2012), and obsessive-compulsive disorder (OCD) (Karno
etal., 1988; Ayuso-Mateos, 2006; Menzies et al., 2008), little is known
about their underlying neural mechanisms. Imaging studies in pa-

Introduction
Although stereotyped and compulsive behaviors are prominent,
disabling, and notoriously treatment-resistant, symptoms in
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tients with OCD and other compulsivity-associated disorders have
consistently identified both hyperactivity in the striatum (caudate
head) and increased corticostriatal functional connectivity at base-
line and when symptoms are expressed (Rauch et al., 1994, 1997;
Saxena et al., 1998; Maia et al., 2008; Menzies et al., 2008; Chamber-
lain et al., 2009; Harrison et al., 2009; Leckman et al., 2010; Del Casale
et al., 2011; Denys et al., 2013; Figee et al., 2013). However, the
cellular and synaptic abnormalities that underlie this hyperactivity
are unclear.

Determining whether striatal hyperactivity originates in stria-
tum or in upstream cortical projections could help inform
whether neuromodulatory treatments for OCD-related disorders
should target cortical or subcortical regions. Although striatal
deep brain stimulation has reported efficacy in OCD (Greenberg
et al., 2010; Figee et al., 2013), studies demonstrating aberrant
activity in corticostriatal circuits in OCD patients (Chamberlain
et al., 2008; Menzies et al., 2008; Harrison et al., 2009; Del Casale
et al., 2011; Figee et al., 2013; Nakamae et al., 2014) suggest that
cortical regions may be useful targets for noninvasive neuro-
stimulation via repetitive transcranial magnetic stimulation
(rTMS), either through direct cortical effects or modulation of
connected subcortical structures. Consistent with this idea, or-
bitofrontal cortex (OFC) and presupplementary motor area
(pre-SMA), which are hyperactive in OCD patients (Maltby et al.,
2005; Yiicel et al., 2007; Leckman et al., 2010; Del Casale et al.,
2011; de Wit et al., 2012; Griitzmann et al., 2016), have been
identified as promising targets for rTMS (Berlim et al., 2013).
Determining how these hyperactive cortical regions interact with
the striatum to generate both dysfunctional striatal activity and
compulsive behaviors could help refine stimulation patterning
for neuromodulatory treatments.

To begin to dissect the contributions of intrinsic striatal versus
extrinsic cortical factors to abnormal OCD-relevant striatal
activity, we used an animal model system that displays both stri-
atal hyperactivity and compulsive behavior: Sapap3-KO mice
(Welch et al., 2007; Burguiere et al., 2013). Mutations in the
Sapap3 gene, which encodes the synapse-associated protein 90/
postsynaptic density-95-associated protein, have been associated
with TS, pathological grooming disorders, and OCD in humans
(Bienvenu et al., 2009; Ziichner et al., 2009; Crane et al., 2011).
Sapap3-KOs demonstrate ex vivo abnormalities in striatal spiny
projection neurons (SPNs), including both increased NMDA-
receptor mediated and reduced AMPA-receptor mediated trans-
mission in dorsal striatum (Welch et al., 2007; Wan et al., 2011,
2014; Ade et al., 2016). Furthermore, consistent with human
OCD literature, they also exhibit hyperactivity in central striatum
at baseline and during compulsive grooming (Burguiere et al.,
2013). This hyperactivity is relieved by stimulation of lateral OFC
(LOFC) inputs into central striatum, suggesting dysregulation of
LOFC corticostriatal inputs to SPNss or fast-spiking interneurons
(FSIs). However, the contribution of corticostriatal inputs from
M2 to striatal hyperactivity in Sapap3-KOs has been unexplored,
despite the fact that M2 is the mouse homolog of pre-SMA, a
promising treatment target.

To investigate cellular and synaptic abnormalities that could
contribute to pathologic striatal hyperactivity and resulting com-
pulsive behaviors, we used acute slice electrophysiology to mea-
sure intrinsic excitability of SPNs and FSIs and characterize
excitatory cortical inputs to central striatum in Sapap3-KOs and
WT littermate controls. Although the intrinsic excitability of cen-
tral striatal neurons was normal in Sapap3-KOs, we found sub-
stantial differences in functional cortical innervation. While
LOFC input to SPNs was weakened in Sapap3-KOs, strength and
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reliability of M2 input to central striatum were substantially in-
creased. These results are the first demonstration of upregulated
M2 corticostriatal input in an OCD-relevant mouse model and
highlight the potential role of pre-SMA/SMA in the pathology of
compulsivity.

Materials and Methods

Animals. Male and female Sapap3-KOs and WT littermates were main-
tained on C57BL/6 background and were derived from a colony initially
established at Massachusetts Institute of Technology by Dr. Guoping
Feng. For identification of FSIs, Sapap3-heterozygous (Sapap3-het) mice
were bred with Sapap3-het::parvalbumin (PV)-cre mice to generate
Sapap3-KO and WT littermates that were PV-cre hemizygous (see Fig.
1). PV-cre mice were derived from a mouse knockin of Cre recombinase
directed by the PV promotor/enhancer (Pvalb tmi(ere)Arbr The Tackson
Laboratory; RRID:IMSR_JAX:017320). Mice were group housed with
2-5 mice per cage and ad libitum access to food and water. Mice under-
went stereotaxic surgeries at postnatal days 35-39 or days 46—50 (p35-
P39 or p46-p50). All experiments were approved by the Institutional
Animal Use and Care Commiittee at the University of Pittsburgh in com-
pliance with National Institutes of Health guidelines for the care and use
of laboratory animals.

Grooming assessments were conducted in a separate cohort of animals
that had not undergone stereotaxic surgery, by placing Sapap3-KO and
WT littermates individually into a 10 inch square Plexiglas chamber and
video-recording behavior for 20 min. Grooming behavior was manually
scored offline.

Stereotaxic surgeries. Stereotaxic surgeries were performed under iso-
flurane anesthesia (2%). Burr holes were drilled over the target location,
and virus was injected using either a Nanoject (Drummond Scientific)
and glass pulled pipette or a syringe pump (Harvard Scientific) fitted
with a syringe (Hamilton) connected to PE10 tubing and a 30 gauge
cannula.

Viral injections were performed at p35-p39 and allowed to incubate
for 3 weeks for optogenetic slice electrophysiology. Channelrhodopsin 2
(AAV2-hsyn-ChR2-eYFP or AAV2-hsyn-ChR2-mCherry, University of
North Carolina Vector Core Facility, virus titer 3.1 X 10'?) was injected
unilaterally into either LOFC (anteroposterior 2.78, mediolateral 1.54,
dorsoventral 1.65 mm; all coordinates from bregma and brain surface) or
M2 (anteroposterior 2.74, mediolateral 1.54, dorsoventral 0.75 mm).
Sapap3:PV-cre mice were injected with cre-dependent AAV5-DIO-
mCherry into central striatum (anteroposterior 0.65, mediolateral 1.90,
dorsoventral 3.00 mm) to target PV-positive interneurons.

Fluoro-Gold (2% in cacodylate buffer; Fluorochrome) iontophoresis
was performed in central striatum (anteroposterior 0.65, mediolateral
1.90, dorsoventral 2.85 mm) at p46-p50 for retrograde anatomical trac-
ing. Tontophoretic injections were conducted with 5 mA of current (7 s
on, 7 s off) for 5-8 min. Animals were transcardially perfused 10 d after
surgery.

Slice electrophysiology. Coronal slices containing striatum (300 wm)
were prepared using a VT1000S vibratome (Leica Microsystems) from
brains of 8-week-old mice that had received ChR2 viral injections 3
weeks prior. Brains were sliced for recording with experimenter blind to
genotype. Slices were cut in carbogenated HEPES ACSF containing the
following (in mm): 20 HEPES, 92 NaCl, 1.2 NaHCO,, 2.5 KCI, 10 MgSO,,
0.5 CaCl,, 30 NaH,PO,, 25 glucose, 5 sodium ascorbate, 2 thiourea, and
3 sodium pyruvate, pH 7.25. Slices were allowed to recover for 15 min at
33°C in a chamber filled with N-methyl-D-glucamine-HEPES recovery
solution (in mm): 93 N-methyl-D-glucamine, 2.5 KCl, 1.2 NaH,PO,, 30
NaHCO;, 20 HEPES, 25 glucose, 10 MgSO,, 0.5 CaCl,, 5 sodium ascor-
bate, 2 thiourea, and 3 sodium pyruvate. Slices were then held at room
temperature for at least 1 h before recording in a holding solution that
was similar to the HEPES cutting solution but with 1 mm MgSO, and
2 mm CaCl,.

Recordings were conducted at 33°C in carbogenated ACSF (in mm) as
follows: 125 NaCl, 26 NaHCOj3, 1.25 NaH,PO,, 2.5 KCl, 12.5 glucose, 1
MgSO,, and 2 CaCl,. Picrotoxin (50 um) was included in the ACSF to
block all striatal local inhibitory activity, and DNQX (5 um) was included
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Central striatum cell types were interrogated using ex vivo electrophysiology in double-transgenic Sapap3-K0//PV-cre mice. A, Double-transgenic mice were generated to investigate

functional properties of FSls. Sapap3-KO mice were bred with PV-cre mice to generate mice with one Sapap3-KO allele and one PV-cre allele (Sapap3-het//PV-Cre). Sapap3-het//PV-Cre mice were
then used as breeders to generate Sapap3-KO//PV-cre and Sapap3-WT//PV-cre progeny. B, Top, AAV5-DIO-mCherry was injected in central striatum; resulting infection of cre-positive PV cells led
to fluorescent labeling for targeted slice electrophysiology recordings. Scale bars: Inset top, 200 .m; Inset bottom, 10 um. Bottom, Examples of evoked spiking traces in KO SPNs and FSIs (right).
Calibration: 50 ms, 10 mV. C, No differences were observed between SPN I-0 curves in Sapap3-KOs (4 animals, 25 cells) and WTs (4 animals, 14 cells). D, No differences were observed between FSI
I-0 curves in Sapap3-KOs (3 animals, 23 cells) and WTs (5 animals, 18 cells). E, Tissue sections from Sapap3-KO (N = 5) and WT (N = 8) mice were immunohistochemically stained for PV to perform
FSI cell counts in central striatum (box). Scale bar, 500 wm. Inset, There was no difference observed in the number of FSls in WTs versus KOs (rank sum = 44, p = 0.21, WRST).

in the ACSF for intrinsic firing rate data (see Fig. 1) and NMDA-
mediated current recordings (see Fig. 6). For asynchronous release ex-
periments, 2 mm CaCl, was replaced with 2 mwm SrCL,.

Data were collected with a MultiClamp 700B amplifier (Molecular
Devices) and ITC-18 analog-to-digital board (HEKA) using Igor Pro
software (Wavemetrics, RRID:SCR_000325) and custom acquisition
routines (Recording Artist; Richard C. Gerkin, Phoenix). Current-clamp
recordings were filtered at 10 kHz and digitized at 40 kHz; voltage-clamp
recordings were filtered at 2 kHz and digitized at 10 kHz. Electrodes were
made from borosilicate glass (pipette resistance, 2—6 M{}). The internal
solution for voltage-clamp recordings consisted of the following (in mm):
120 CsMeSO;, 15 CsCl, 8 NaCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, 0.3
Na-GTP, and 5 QX-314. The internal solution for current-clamp record-
ings consisted of the following (in mm): 130 KMeSOj, 10 NaCl, 2 MgCl,,
0.16 CaCl,, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, and 0.3 NaGTP.

Electrically evoked synaptic responses were elicited with 0.1 ms cur-
rent pulses (50 ms or 100 ms interpulse interval [IPI]) passed through a
glass stimulating electrode placed in striatum. Optogenetically evoked
synaptic responses were elicited with two 1 ms pulses of light (100 ms IPI)
filtered at 470 nm, delivered through the 60X objective of the rig micro-
scope. Maximum responses were obtained by turning the LED to maxi-
mum power (1 mW). Trials were conducted 20 s apart, except for
asynchronous EPSC (aEPSC) trials, which were conducted 12 s apart.

Histology. Counts of PV-positive interneurons (FSIs) were conducted
by staining 35 wm tissue sections containing central striatum with rabbit
anti-PV (1:3000, overnight 4°C incubation, Swant, RRID:AB_10000343)
and AlexaFluor-488 anti-rabbit (1:500, 3 h room temperature incuba-
tion, Abcam). Sections were counterstained with Hoechst (1:1000) to
confirm cell bodies. The number of PV-positive cells in a 600-um-square
region over central striatum was counted and summed across six sections
for each animal. Central striatum region was chosen based on known
location of LOFC/M2 projection field overlap (anteroposterior 0.02—
0.98 mm, mediolateral 1.90 mm, dorsoventral 2.85 mm).

Retrograde tracing experiments were analyzed by quantifying the
number of Fluoro-Gold-labeled cell bodies in regions of the PFC delin-
eated by the Paxinos Brain Atlas (Paxinos and Franklin, 2004). Sections
(35 wm) were taken 105 wm apart and underwent a nuclear stain before
imaging (NeuroTrace Nissl 640/660, Thermo Fisher Scientific). Sections
containing central striatum (0.85—0.25 mm anteroposterior) were exam-
ined to ensure appropriate targeting and spread of Fluoro-Gold before
proceeding with cell counting. For each animal, images of PFC sections
(4—6 sections per animal, ~3.08-2.34 mm anteroposterior) were im-
aged using the same parameters (20X magnification, 600 ms exposure).
To normalize differences in Fluoro-Gold brightness and background in

different animals, images were then manually thresholded so that the
signal:background ratios were similar across animals. Cells were then
automatically detected and counted in each ROI (Olympus CellSens,
RRID:SCR_016238). Proportions of labeled cells in each region were
determined by dividing each regional sum by the sum of the total number
of cells detected in each animal (ipsilateral and contralateral hemi-
spheres). Proportions were compared between genotype and region us-
ing a two-way repeated-measures ANOVA and post hoc contrasts.

Experimental design and statistical analysis. Acute slice electrophysiol-
ogy experiments were designed to include approximately equal numbers
of Sapap3-KOs and WTs, taking into account animal availability. Animal
and cell numbers for each experiment are reported in the corresponding
figure legends. Approximately equal numbers of male and female mice
were used. Recordings were obtained from 2 to 4 striatal slices per ani-
mal. All data were analyzed with genotype blind to the experimenter.

Firing rate (see Fig. 1) was calculated by counting the number of action
potentials evoked with a 500 ms current step, and multiplied by 2 to
obtain the spikes/s. All synaptic response amplitudes were calculated by
finding the average amplitude of evoked EPSCs in five consecutive trials.
Strontium asynchronous release events were manually detected within
500 ms after the light presentation, and the peak of the event was calcu-
lated and averaged over 20-160 events per cell. NMDA-mediated cur-
rents were calculated in two ways. First, cells were held at 40 mV, and the
amplitude was found at 60 ms after the peak response. The AMPA/
NMDA ratio was then calculated by dividing the average AMPA ampli-
tude by the average NMDA amplitude. Second, in DNQX experiments,
the peak of the NMDA-mediated current at V}, ;4 = 40 mV was calcu-
lated and averaged across 5 trials.

Because data were not normally distributed, statistical differences be-
tween two groups of values were determined using Wilcoxon Rank Sum
Tests (WRST) (see Figs. 1-6). To statistically compare input—output
(I-O) curves across multiple stimulation currents (see Fig. 2), a two-way
repeated-measures ANOVA was used because an appropriate nonpara-
metric test could not be found. All values reported are median * inter-
quartile range (IQR) unless otherwise noted.

Results

Intrinsic excitability of central striatal neurons is not
different in Sapap3-KOs and WTs

Hyperactivity in central striatum SPNs has been implicated in the
compulsive grooming phenotype observed in Sapap3-KOs (Bur-
guiere et al., 2013). Increased SPN activity could result from dys-
function at the level of striatum, including increased SPN
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Table 1. Intrinsic properties of FSIs and SPNs in Sapap3-KOs and WT littermates”
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FSls SPNs

Median, IQR WT KO p WT KO p

N (animals, cells) 518 3,25 4,14 4,25

Resting potential (mV) —76.03,9.03 —81.17,9.33 0.08 —82.98,13.67 —86.18,7.58 033
Rheobase (pA) 250,150 300,150 0.79 325,150 225,100 0.14
Maximum firing rate (Hz) 209,124 250, 96 0.82 50,9.50 44,22 0.39
I-0 curve linear slope 0.64, 0.64 0.56, 0.64 0.87 0.17,0.11 0.22,0.18 0.31
Input resistance (M{2) 159.12,70.72 184.61,108.91 0.12 299.80, 162.38 298.28,120.76 0.70

“WT and KO groups were compared using WRST. No significant differences were observed.

intrinsic excitability or reduced FSI inhibitory activity. Because
FSIs make up only 1% of the striatal cell population (Luk and
Sadikot, 2001; Berke, 2011), we used a transgenic fluorescent
strategy to target these neurons using acute slice electrophysiol-
ogy. PV-Cre transgenic mice were bred with Sapap3-KOs to gen-
erate Sapap3-KO//PV-Cre and Sapap3-WT//PV-Cre offspring
(Fig. 1A). Striatal FSIs were then labeled by injecting the PV-Cre
transgenic mice with a cre-dependent fluorescent mCherry virus
(Fig. 1B). Viral injections were conducted when mice were post-
natal day 35-39 (p35-p39), and recordings were conducted at
p56-p60. At this age, mice exhibit the overgrooming phenotype
that is characteristic of the Sapap3-KO model (WT mean =
64.17, SEM = 9.01 s; KO mean = 204.35, SEM = 23.22 5; 34y =
—5.23,p = 8.53 X 107°).

We first found that there were no genotype differences in SPN
intrinsic excitability, as assessed by firing rate I-O curves (Fig.
1C). The slopes of the linear portion of the I-O curve were not
significantly different between WTs and KOs (Table 1). Addi-
tionally, there were no significant differences in other SPN intrin-
sic properties, such as input resistance and resting potential
(Table 1). This indicates that increased SPN intrinsic excitability
does not contribute to in vivo hyperactivity in SPNs.

Hyperactivity in SPNs could also be caused by reduced activity
of FSIs, which could stem from either decreased FSI intrinsic
excitability or fewer FSIs. However, there were no detectable ge-
notype differences in intrinsic excitability of FSIs as assessed by
firing rate I-O curves (Fig. 1D), I-O curve linear slope, or any
other intrinsic properties (Table 1). To investigate whether
Sapap3-KO mice have fewer FSIs in central striatum, we counted
PV-immunoreactive cells in tissue sections from Sapap3-KO
mice and WT littermates. Summing across six sections for each
animal, the number of FSIs was not significantly different in
Sapap3-KOs and WT littermates (p = 0.21, WRST; Fig. 1E, in-
set), suggesting that a reduction in the number of FSIs does not
contribute to central striatal dysfunction.

Excitatory drive to FSIs in central striatum is increased in
Sapap3-KOs

Next, we investigated whether the observed hyperactivity of SPNs
in Sapap3-KO mice (Burguiere et al., 2013) reflected differences
in excitatory inputs to central striatum, which could augment
SPN activity directly or via decreasing feedforward inhibition
mediated by FSIs (Parthasarathy and Graybiel, 1997; Mallet et al.,
2005; Gittis et al., 2010, 2011; Berke, 2011). To assess excitatory
drive onto both FSIs and SPNs, we performed intrastriatal elec-
trical stimulation in acute slices (Fig. 2A) and recorded EPSC
responses (Fig. 2B,C). Electrical stimulation elicited robust
EPSCs whose amplitudes increased with stimulus intensity in
both SPNs and FSIs (Fig. 2D, E). In SPNs, EPSC amplitudes in-
creased with similar slopes in WT and KO mice as a function of
stimulation intensity (p = 0.90, ANOVA; Fig. 2D); at a maxi-
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Figure2.  Excitatory drive to central striatum FSls is increased in Sapap3-K0s. A, Nonspecific
excitatory inputs from cortex were activated using intrastriatal stimulation while recording
nearby cells in central striatum. Scale bar, 200 wm. B, C, Synaptic responses were evoked by
passing current pulses (0.1 ms) through the stimulating electrode during whole-cell recordings
of SPNs (B) or FSls (€) in Sapap3-KOs and WT littermates. D, Evoked response |-0 curves in SPNs
were not different in KOs versus WTs (WTs: 8 animals, 14 cells; KOs: 6 animals, 12 cells; ;) =
0.016, p = 0.90, ANOVA). At maximum stimulation intensity (20 wA), EPSC sizes were not
different between WTs and KOs (Z = —0.75, p = 0.45, WRST). E, Evoked responses in FSls
were significantly greater in KOs relative to WTs (WTs: 6 animals, 13 cells; KOs: 6 animals, 12
cells; genotype, ;) = 8.1, p = 0.014; interaction, F;) = 4.05, p = 0.023, ANOVA). At
maximum stimulation intensity (20 wwA), KOs displayed significantly larger EPSCs (rank sum =
57,p = 0.0057, WRST).

mum stimulation intensity of 20 wA, the average EPSC amplitude
was 453 pA (SEM 74 pA) in WTs and 564 pA (SEM 99 pA) in KOs
(p = 0.45, WRST). By contrast, evoked EPSCs in FSIs were con-
sistently larger in KOs compared with WTs (genotype: p < 0.05;
interaction: p < 0.05, ANOVA; Fig. 2E); at a maximum stimulus
intensity of 20 uA, average EPSC amplitude was 422 pA (SEM 59
pA) in WTs and 857 pA (SEM 128 pA) in KOs (p < 0.01, WRST).
No differences in paired-pulse ratio (PPR) or EPSC decay kinet-
ics were observed in either cell type (Table 2).

M2 and LOFC are the main sources of cortical input to

central striatum

Our synaptic data indicating that FSIs receive more excitatory
drive in Sapap3-KO mice were surprising based on a previous in
vivo study demonstrating overactive SPNs in KOs (Burguiere et
al., 2013). This motivated closer examination of the possible cor-
tical sources of excitatory drive to the central striatum. We there-
fore iontophoretically infused the retrograde tracer Fluoro-Gold
(Fluorochrome) into central striatum of Sapap3-KOs and WTs
(Fig. 3A). To ensure consistency with slice electrophysiology
data, mice were killed at p56-p60 after a 10 d incubation period.
Only animals with confirmed injection sites in central striatum
were used for analysis (Fig. 3B). Retrogradely labeled cell bodies
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Table 2. PPR and decay constant obtained from all stimulation experiments in Sapap3-KOs and WT littermates”

FSI SPN
Median, IQR WT 0] p WT Ko p
Electrical stimulation
PPR 50 ms 1.24,0.32 1.10,0.17 0.83 0.77,0.16 0.86,0.24 0.53
N (animals, cells) 3,8 3,3 57 3,6
PPR 100 ms 0.99,0.25 1.15,0.07 0.19 0.84,0.38 0.86,0.18 0.95
N (animals, cells) 3,5 3,9 57 3,6
Decay constant (ms) 3.77,1.34 3.18,0.94 0.07 6.49,1.50 6.19,2.14 0.25
N (animals, cells) 512 512 8,13 6,12
LOFCstimulation
PPR 0.36,0.23 0.31,0.19 0.39 0.27,0.21 0.29,0.11 0.90
N (animals, cells) 10,21 5,10 12,33 5,15
Decay constant (ms) 417,171 4.63,1.61 0.29 9.33,5.70 7.10,1.81 0.12
N (animals, cells) 10,19 59 12,32 5,10
M2 stimulation
PPR 0.40,0.37 0.43,0.28 0.37 0.32,0.11 0.33,0.27 0.71
N (animals, cells) 13,30 7,23 10,21 7,22
Decay constant (ms) 4.08,1.72 4.02,2.26 0.72 6.70,2.84 6.89,2.71 0.95
N (animals, cells) 1,16 7,22 8,14 7,17

“Medians and IQR reported for each value. WT and KO groups were compared using WRST. p values are reported for each comparison. No significant differences were observed.

were observed in the ipsilateral frontal cortices (Fig. 3C) and, to a
lesser extent, in the contralateral frontal cortices (data not
shown). Although we did not observe a strong laminar pattern,
labeled cells were present in layer V, as anticipated based on past
work (Levesque et al., 1996). To quantify the origins of these
cortical-central striatum projections, the number of Fluoro-
Gold-labeled cells was counted in the five cortical regions where
labeling was observed, and the regional proportion of total la-
beled cells was calculated (Fig. 3C,D). In both WT and KO mice,
many neurons projecting to central striatum were located in
LOFC. However, unexpectedly, the highest proportion of labeled
cells was located in the region directly dorsal to LOFC, M2 (Fig.
3C). Smaller numbers of neurons were also observed in medial
orbitofrontal cortex (MOFC), prelimbic cortex (PL), and dorso-
lateral orbitofrontal cortex (DLOFC). There were no genotype
differences in proportions of retrogradely labeled cells in any of
these cortical regions (p = 0.10, ANOVA, Fig. 3D).

To further characterize the projections of LOFC and M2 to
central striatum, the anterograde virus AAV2-hSyn-ChR2-EYFP
was injected into either LOFC or M2 of Sapap3-KOs and WTs
(Fig. 3E). The projection fields in central striatum were qualita-
tively assessed, and their coverage was mapped onto a represen-
tative atlas image (Fig. 3F, magenta: M2 projection fields; violet:
LOFC projection fields). This assessment highlights that both M2
and LOFC send projections to central striatum, and thus may
contribute to corticostriatal dysfunction underlying striatal hy-
peractivity in Sapap3-KOs.

LOEFC input to central striatum is reduced in Sapap3-KO
SPNs but unchanged in FSIs

Based on our anatomical results, we integrated ChR2 into our
slice electrophysiology experiments to study region-specific in-
puts to central striatum. We first focused on LOFC projections, as
this region has been implicated in compulsive behavior (Saxena
et al., 1998; Maltby et al., 2005; Chamberlain et al., 2008; Bur-
guiere et al., 2013) and related behavioral constructs, including
action selection, cognitive flexibility, and reversal learning
(Schoenbaum et al., 2002; Takahashi et al., 2009; Sul et al., 2010;
Dalton et al., 2016; Gremel et al., 2016). To selectively measure
the strength of LOFC inputs onto FSIs and SPNs in KOs versus
WTs, a pan-neuronal virus (AAV2-hSyn-ChR2-EYFP) was in-
jected into the LOFC of Sapap3-KO/PV-Cre or WT/PV-Cre

mice, and recordings were performed in central striatum after 3
weeks of virus incubation (p56-p60) (Fig. 4A,B). LOFC axon
terminals in central striatum were stimulated with two brief
pulses oflight, and evoked EPSCs recorded in FSIs and SPNs were
compared between Sapap3-KOs and WT littermates (Fig. 4C,D).
Activation of LOFC terminals evoked large EPSCs in SPNsin WT
mice (445 pA; IQR = 637 pA), but these responses were reduced
~3.2-fold in KOs (138; IQR = 110 pA; p < 0.001, WRST; Fig.
4F). To address whether the decreased EPSC amplitudes in KO
SPNs were due to a decrease in presynaptic release probability, we
calculated PPR; no significant differences were observed (Table
2), suggesting a postsynaptic effect.

In contrast to our findings in SPNs, WTs and KOs had similar
EPSC amplitudes in FSIs following LOFC terminal stimulation.
Maximally evoked EPSCs were 563 pA (IQR = 662 pA) in WT
and 510 pA (IQR = 681 pA) in KOs (p = 0.57, WRST; Fig. 4E).
These data reveal that LOFC input to central striatum is reduced
onto SPNs, but not FSIs, in Sapap3-KOs. Given our findings of
increased excitatory drive to FSIs using electrical stimulation, as
well as no difference in overall excitatory drive to SPNs, these
findings in LOFC suggested an alternative source of increased
excitatory input to central striatum.

M2 input to central striatum is increased in Sapap3-KOs

Surprisingly, our anatomical tracing study demonstrated that the
largest source of neurons projecting to central striatum was M2,
rather than its neighboring cortical area, LOFC. Because M2 is
associated with planning of sequenced movements (Sul et al.,
2011; Cao et al., 2015; Li et al., 2015) and is thought to be homol-
ogous to pre-SMA (which is implicated in OCD) (Mantovani et
al., 2010; de Wit et al., 2012), we investigated whether M2 was a
source of upregulated excitatory drive to central striatum in
Sapap3-KOs (Fig. 5A). Using optogenetics and acute slice physi-
ology in WTs, we found that optical stimulation of M2 termi-
nals in central striatum evoked EPSCs in FSIs and SPNs that
were much smaller than those evoked by LOFC stimulation
(FSIs: 84 pA, IQR = 158 pA; SPNs: 43 pA, IQR = 136 pA; both
p < 0.0001, WRST; Fig. 5B—E). Furthermore, in a number of
cells, EPSCs were either not reliably evoked by each laser pulse
or were not evoked at all. To quantify this, each recorded cell
was categorized as having reliability between 100% (5 of 5
responses) and 0% (0 of 5 responses). In WT mice, SPNs and
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Figure3. Retrograde tracing shows that M2 and LOFC project to central striatum. A, Fluoro-
Gold was injected into central striatum of Sapap3-K0 (n = 6) and WT (n = 6) mice to retro-
gradely label cortical projection cells. B, Example of a Fluoro-Gold injection into central
striatum. Scale bar, 1 mm. C, Labeled cortical cells were present throughout frontal cortexin M2,
LOFC, MOFC, PL, and DLOFC. Scale bar, 500 um. D, No genotype difference in counted cells was
observed (F;, = 3.22, p = 0.10, ANOVA). However, there were differences in the proportions
oflabeled cells counted across regions (F;, = 60.19, p = 0.000, ANOVA). Ipsilateral M2 showed
the highest proportion of labeled cells (WT: 44.3 = 3.9%; KO: 38.9 = 4.8%), which was
significantly greater than the proportions in LOFC (p << 0.05), MOFC (p << 0.001), PL (p <
0.001), and DLOFC (p << 0.001, post hoc contrasts). LOFC contained a significantly higher pro-
portion of labeled cells (WT: 17.3 = 2.4%; K0: 26.3 = 3.9%, p << 0.001) than MOFC (WT: 4.2 =
2.4%; KO: 4.1 == 1.3%, p << 0.001), PL (WT: 5.0 = 0.8%; KO: 4.5 = 1.3%, p < 0.001), and
DLOFC (WT:3.5 = 0.8%; K0: 9.0 == 1.8%; p << 0.001, post hoc contrasts). Data are reported as
mean == SEM. E, AAV2-hSyn-ChR2-EYFP was injected into M2 (5 WTs, 2 KOs) or LOFC (8 WTs, 3
KOs) to map anterograde projection fields in striatum. F, The fluorescence territories of termi-
nals from M2 or LOFC were mapped onto a representative atlas image, demonstrating that M2
and LOFC have partially overlapping inputs in central striatum.

ESIs had an average response reliability of 65.4% and 85.9%,
respectively (Fig. 5F).

In contrast, we found a dramatic increase in the strength of
synaptic input from M2 onto both FSIs and SPNs in Sapap3-KOs.
EPSC amplitudes were increased ~6-fold in SPNs (254 pA,
IQR =222 pA, p < 0.001) and ~6.6-fold in FSIs (565 pA, IQR =
641 pA, p < 0.0001, WRST; Fig. 5B—E). Sapap3-KOs also exhib-
ited increased response reliability relative to WTs in SPNs (100%,
p < 0.01, WRST) and FSIs (95.0%, p = 0.35, WRST; Fig. 5F).
This general increase in synaptic strength was not due to a differ-
ence in viral expression levels because terminal fluorescence in
central striatum was similar across genotypes, and we saw no
correlation between EPSC amplitude and fluorescence intensity
(Fig. 5G). Thus, unlike LOFC projections, which exhibited an
SPN-specific decrease in Sapap3-KOs, M2 projections to central
striatum were broadly increased in amplitude and reliability in
KOs relative to WTs.
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Figure 4.  LOFCinputs to SPNs have reduced amplitude in Sapap3-KOs, whereas inputs to

FSls are unchanged. A, AAV2-hSyn-ChR2-EYFP was injected into LOFC to selectively identify
LOFCprojections in central striatum. B, Top, Recordings were targeted to the EYFP-labeled LOFC
projection zone in central striatum. Scale bar, 200 wm. Bottom, Whole-cell patch voltage-
clamp recordings (V,,,q = —80 mV) were conducted in FSls (identified by the presence of
mCherry) and nearby SPNs (white outline). Scale bar, 25 wm. €, D, Brief pulses of light (1 mW,
10 ms pulse, 100 ms IPI) filtered at 470 nm and delivered through the 60} microscope
objective-evoked synaptic release from ChR2-infected LOFC terminals, and the resulting EPSCs
were recorded in FSIs (€) and SPNs (D) and compared between Sapap3-KOs and WT littermates.
E, LOFC-evoked EPSCs in FSIs were no different in KOs and WTs (WT: 563.38 pA, IQR = 661.69
pA, 5 animals, 10 cells; KO: 509.81 pA, IQR = 680.86 pA, 10 animals, 21 cells; Z = 0.57,p =
0.57, WRST). F, SPNs in central striatum had significantly smaller LOFC-evoked EPSCs in KOs
relative to WTs (WT: 444.84 pA, IR = 637.43 pA, 12 animals, 33 cells; KO: 137.92 pA, IQR =
110.20 pA, 3 animals, 15 cells; 7 = 3.43,p = 6.14 X 10 —*, WRST).

Increases in M2 input to central striatum are driven by
postsynaptic changes
Upregulation in M2 drive of central striatum responses could
reflect abnormalities in M2 cortical presynaptic terminals, or
postsynaptic changes in striatal neurons. To evaluate whether
presynaptic changes in M2-central striatum (CS) inputs were
present, we calculated PPR. No genotype differences in PPR were
observed in either FSIs or SPNs (Table 2), suggesting a postsyn-
aptic alteration in glutamate receptor number or composition.
The decay kinetics of EPSCs were also similar in WTs and KOs
(Table 2), suggesting no change in subunit composition of AMPA
receptors.

To investigate whether strengthened M2-CS synapses were a
consequence of a postsynaptic alteration in the number of AMPA
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Figure5. M2inputto CSisincreased in Sapap3-KOs. A, AAV2-hSyn-ChR2-EYFP was injected

into M2 to selectively label M2 projections in central striatum. Recordings were targeted to the
central striatum region, which included the medial portion of the EYFP-labeled M2 projection
zone. Scale bar, 200 pm. B, C, Brief pulses of 470 nm light (1 mW, 10 ms pulse, 100 ms IPI)
evoked synaptic release from ChR2-infected M2 terminals, and the resulting EPSCs were re-
corded in SPNs (B) and FSls (C) in Sapap3-KOs and WT littermates. D, SPNs in the central
striatum of KOs had significantly greater EPSC amplitudes than WTs (WT: 42.58 pA, IQR =
136.36 pA, 15 animals, 37 cells; KO: 254.28 pA, IQR = 221.90 pA, 7 animals, 22 cells; Z =
—3.87,p = 1.11 X 10 %, WRST). E, FSls in central striatum of KOs had significantly greater
EPSCamplitudes than WTs (WT: 85.81pA, IQR = 158.33 pA, 15 animals, 34 cells; KO: 564.65 pA,
IQR = 640.84 pA, 8 animals, 24 cells; Z = —4.22, p = 2.44 X 10 >, WRST). F, Response
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receptors, M2-evoked aEPSCs were recorded in SPNs in the pres-
ence of 2 mM strontium chloride and 0 mM calcium chloride (Fig.
5H) to measure the strength of quantal release events. aEPSC
amplitudes were significantly greater in Sapap3-KOs (20.48 pA,
IQR = 8.59 pA) relative to WTs (13.25 pA, IQR = 2.27 pA, p <
0.05, WRST; Fig. 5I), indicating that M2 synapses are strength-
ened in part by an upregulation in postsynaptic AMPA receptors.

Increases in NMDA-mediated currents are also present at

M2 synapses

Sapap3-KO mice have been shown to have alterations in NMDA
signaling that can impact synaptic strength, including differential
expression of NMDA receptor subunits, increased NMDA-
mediated currents in dorsolateral striatum, and reduced AMPA/
NMDA ratios in dorsolateral striatum (Welch et al., 2007; Wan et
al., 2011). We therefore also assessed AMPA/NMDA ratios at M2
synapses in central striatum. AMPA-mediated currents were mea-
sured at a holding potential of —80 mV; neurons were then voltage-
clamped to 40 mV to remove the Mg®" block from NMDA
channels, and EPSCs were measured again (Fig. 6 A, B). NMDA cur-
rents were estimated by taking the peak EPSC amplitude measured
60 ms after onset, a time when the majority of AMPA receptors have
closed. In SPNs, AMPA/NMDA ratios were significantly lower in
KOs (1.95, IQR = 2.22) relative to WTs (4.09, IQR = 4.34, p <
0.001, WRST; Fig. 6C). In contrast, there were no detectable differ-
ences in the FST AMPA/NMDA ratio in KOs (11.79, IQR = 14.14)
and WTs (16.67, IQR = 14.28, p = 0.39, WRST; Fig. 6D).

The fact that AMPA/NMDA ratios were decreased in KO
SPNs despite the strong increase in AMPA currents (Fig. 5) sug-
gested that NMDA currents are increased even more than AMPA
currents. To better isolate NMDA currents by eliminating the
possibility of AMPA current contamination, light-evoked cur-
rents were measured at Vi 4 = 40 mV in the presence of
DNQX in a separate experiment (Fig. 6E,F). Increased
NMDA-mediated currents in SPNs were observed in Sapap3-
KOs (174.77 pA, IQR = 268.43 pA) relative to WTs (95.99,
IQR = 111.69 pA, p < 0.05, WRST; Fig. 6G). These data are
consistent with the idea that SPN NMDA currents are in-
creased proportionately more than AMPA currents in KOs.
We observed similar findings in FSIs: KOs had significantly
greater NMDA-mediated currents (108.61, IQR = 79.91 pA)
relative to WTs (27.56, IQR = 75.81 pA, p < 0.05, WRST; Fig.
6H). To account for the lack of change in FST AMPA/NMDA
ratio, this suggests that, in contrast to SPN findings, AMPA-
and NMDA-mediated currents in FSIs are increased similarly
in Sapap3-KOs. Together, these data suggest that strengthened
M2 inputs in central striatum of Sapap3-KOs are caused by an
increase in both AMPA and NMDA receptor-mediated cur-
rents at these synapses.

<«

reliability for each cell was assessed by quantifying the number of optically evoked responses in
five trials of stimulation. SPN mean response reliability was significantly increased in KOs rela-
tive to WTs (WT 65.41%, SEM = 7.17%; KO 100%; Z = —2.93, p = 0.0034, WRST). FSI mean
response reliability was greater in KOs, but not significantly (WT 85.88%, SEM = 5.319%; K0 95,
SEM = 4.21%; Z = —0.93, p = 0.22, WRST). G, Average fluorescence intensity of ChR2-
infected M2 projections was calculated and correlated with the overall average amplitude of
EPSCsrecorded in FSls (10 WTs, 4 KOs) and SPNs (9 WTs, 4 KOs) in a given animal. There was not
a significant correlation (r = —0.17, p = 0.45, Pearson’s R). H, Example traces of strontium
aEPSC events in WT and KO SPNs. *Detected aEPSC events. 1, SPNs in KO mice showed signifi-
cantly greater aEPSCs relative to WT mice (WT = 13.25 pA, IQR = 2.27 pA, 2 mice, 9 cells; KO =
20.48 pA, IQR = 8.59 pA, 3 mice, 12 cells; Z = —2.38, p = 0.02, WRST).
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Increased M2 input in central striatum is accompanied by increased NMDA currents. A, B, After recording M2 light-evoked AMPA-mediated currentsat V, ., = —80mV, cells were held

at Vyq,4 = 40 mV to record NMDA-mediated currents. Amplitude of NMDA-mediated current was measured 60 ms after the peak of the response, at which time the AMPA-mediated portion of the
current has decayed. Gray represents WT. Pink represents KO. C, AMPA/NMDA ratios in SPNs were significantly lower in KOs relative to WTs (WT 4.09 = 4.36,K0 1.94, IQR = 2.22;7 =3.29,p =
9.89 X 10 —* WRST). D, AMPA/NMDA ratios were not significantly different between genotypes in FSIs (WT 16.67, IQR = 14.28,K011.79, IQR = 14.14; 2 = 0.86, p = 0.39, WRST). E, F, Examples
of isolated NMDA responses with pharmacological block of AMPA receptors with 5 um DNQX. Gray represents WT. Pink represents KO. G, NMDA-mediated currents were significantly greater in SPNs
in KO mice (174.77,1QR = 268.43 pA, 3 mice, 18 cells) relative to WTs (95.99 pA, IQR = 111.69 pA, 5 mice, 19 cells; Z = —2.23, p = 0.02, WRST). H, NMDA-mediated currents were significantly
greater in FSIs in KO mice (108.61 pA, IQR = 79.91 pA, 3 mice, 16 cells) relative to WT mice (27.56, IQR = 75.81 pA, 4 mice, 11 cells; Z = —2.25, p = 0.02, WRST).
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Figure 7.  Exvivo synaptic physiology suggests a model of imbalanced cortical input to cen-
tral striatum. In WT mice, the prominent functional input to central striatal cells is LOFC, and
cells receive weak input from M2. In Sapap3-KO mice, the normally strong input from LOFCis
reduced, and M2 functional input is substantially increased.

Discussion

Our data reveal an unexpected contribution of M2 projections to
corticostriatal dysfunction in a transgenic mouse model that ex-
hibits OCD-relevant compulsive behavior, Sapap3-KOs. We
found no abnormalities in intrinsic striatal properties in KOs
but found substantial alteration in cortical inputs to central
striatum. First, we found a reduction of LOFC input specifi-
cally onto SPNs, in contrast to predictions that LOFC-SPN
input would be upregulated. Even more strikingly, we found
that M2 inputs are strengthened by at least ~6-fold onto both
SPNs and FSIs in central striatum (Fig. 7). These results sug-
gest a model in which increased responsiveness of central
striatum to input from M2 contributes to the generation of
OCD-relevant striatal hyperactivity.

These findings are the first demonstration of increased
strength of M2-striatal circuits in an OCD-relevant mouse model.
Similar to SMA/pre-SMA in humans and primates (Isoda and
Hikosaka, 2007), M2 in mice is involved in behavioral planning
and movement preparation during behavioral selection (Gremel

and Costa, 2013; Guo et al., 2014; Cao et al., 2015; Li et al., 2015;
Rothwell et al., 2015; Barthas and Kwan, 2017). Of particular
interest, M2-striatal projections have been shown to be critical
for initiation of behavioral sequences (Rothwell et al., 2015). Our
data indicate that increased strength of M2-central striatum pro-
jections in Sapap3-KOs includes both increased amplitude and
increased reliability of central striatal SPN responses to evoked
M2 input. This heightened functional connectivity and increased
response reliability could result in striatal neurons that are
primed to respond to M2 activity, which in turn could increase
thelikelihood of initiating specific sequenced behaviors. Previous
work has also shown that artificially increasing M2-dorsal stria-
tum activity via ChR2 after a behavioral sequence was initiated
led to decreased completion of the sequence (Rothwell et al.,
2015). This evidence supports the hypothesis that abnormally
strengthened M2 input to central striatum leads to more initia-
tions and fewer completions of grooming behavior sequences in
Sapap3-KOs.

The upregulation of M2 input to central striatum results from
increased AMPA and NMDA currents, consistent with other ex
vivo observations in striatum of Sapap3-KOs (Welch et al., 2007;
Wan et al., 2011). Increased NMDA activity at M2 striatal syn-
apses may lead to abnormal corticostriatal plasticity in an already
strengthened projection. For instance, it has been shown that
KOs have higher levels of the NR2B subunit in the striatum rela-
tive to WTs (Welch et al., 2007), and increased NR2B expression
in hippocampus has been associated with enhanced LTP and
heightened learning (Cao et al., 2007; Xu et al., 2009). This sug-
gests that pathologically enhanced plasticity mechanisms may be
present at M2 corticostriatal synapses, which could contribute to
abnormal learning phenotypes (Burguiere et al., 2013) and per-
sistence of compulsive grooming behavior (Welch et al., 2007)
observed in Sapap3-KOs.

Coincident with increased strength and reliability of M2-
striatal input in Sapap3-KOs, we observed weakened LOFC input
to central striatal SPNs that may also play a role in the generation
of OCD-relevant compulsive behaviors. Generally, LOFC is
known to support functions essential for flexible selection of be-
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haviors, including reversal learning (Schoenbaum et al., 2002;
Bohn etal., 2003; Sul et al., 2010). Consistent with this, Gremel et
al. (2016) reported that activity in LOFC corticostriatal projec-
tions is essential for updating action-value associations (Gremel
etal., 2016). These findings suggest that our observed downregu-
lation of LOFC corticostriatal inputs could further bias Sapap3-
KOs toward decreased flexible action selection and increased
compulsivity and/or habit formation.

Together, this evidence supports a model in which normally
balanced activity of M2 and LOFC is necessary to properly select
goal-directed and habitual actions, and strengthened M2 drive
and/or reduced LOFC input to central striatum could play a role
in generating compulsive grooming behavior in Sapap3-KO
mice. These findings highlight central striatum as a potential crit-
ical node for behavioral selection. We propose that mouse central
striatum corresponds to the human caudate head because this
region receives input from both LOFC and anterior pre-SMA in
humans, but in-depth studies by neuroanatomists and in vivo
functional assessments in rodents are needed to accurately define
the human homolog of central striatum in rodents, including
tracing studies in mice, rats, and nonhuman primates. In
Sapap3-KO mice, the shift toward M2 motor control and away
from LOFC associative control of central striatum may particu-
larly interfere with flexible switching between habitual and goal-
directed behaviors, which has been implicated in OCD
symptomatology (Gillan and Robbins, 2014). For instance, re-
duced activity in LOFC corticostriatal terminals is necessary for
habit expression, and habit expression is dependent on endo-
cannabinoid-mediated LTD (Gremel et al., 2016); because both
phenomena are enhanced in Sapap3-KOs (Chen et al., 2011),
KOs could display enhanced habit expression.

Whereas the synaptic data presented here describe an intrigu-
ing shift to M2-cortical influence over central striatum in
Sapap3-KOs, our ex vivo data do not directly explain baseline
SPN hyperactivity in vivo. However, there are several possibilities
for how the described circuit abnormalities may lead to increased
SPN firing rates in vivo. While we observed no difference in over-
all presynaptic excitatory drive to SPNs in KOs versus WTs, we
did observe a substantial increase in M2 reliability. This increased
reliability may cause increased drive of SPN's that we cannot cap-
ture with ex vivo physiology, especially if M2 itself is hyperactive
or hypersynchronous in vivo. In addition, SPN hyperactivity has
been described during compulsive grooming as well as at baseline
(Burguiere et al., 2013). If M2-central striatum circuits are spe-
cifically engaged during sequenced behaviors, such as grooming,
this could lead to behavior-specific generation of larger evoked
postsynaptic responses, resulting in striatal hyperactivity. In-
creased drive to FSIs could also play a role in SPN hyperactivity.
While FSIs are canonically thought to strongly inhibit SPN firing
(Owen et al., 2018), other reports show that FSI firing can poten-
tiate activity in a subset of SPNs (O’Hare et al., 2017). It has also
been suggested that FSIs can tune SPN firing to task-relevant
events (Lee et al., 2017; O’Hare et al., 2017; Owen et al., 2018).
Increased FSI drive could therefore contribute to enhanced neu-
ral activity specifically during performance of sequenced motor
behaviors, such as grooming in Sapap3-KOs. It is important to
note that we did not measure FSI-SPN synapses in our study;
changes in FSI-SPN synaptic strength in KOs could affect interpre-
tation of our findings. Future studies investigating the in vivo activity
of M2 and central striatal SPNs are needed to understand how our
observed ex vivo dysfunction leads to compulsive behaviors.

Our findings of increased reliability of M2-central striatum
synapses are intriguing in light of functional imaging studies that
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have identified hyperactivity in pre-SMA in OCD subjects rela-
tive to healthy controls (Yiicel et al., 2007; de Wit et al., 2012;
Griitzmann et al., 2016). In addition, pre-SMA activity has been
associated with the “urge” to move in both TS patients and
healthy subjects (Bohlhalter et al., 2006; Neuner et al., 2014).
Together with our findings, these studies suggest that hyperactiv-
ity in pre-SMA-striatal circuits could promote compulsive be-
haviors through increased responsiveness of striatal SPNs, and
that decreasing pre-SMA activity through low-frequency rTMS
could be therapeutic. However, it is important to note evidence
suggesting that pre-SMA hyperactivity in OCD patients is com-
pensatory, with higher pre-SMA activity correlating with lower
Yale-Brown Obsessive-Compulsive Scale scores (van Velzen et
al., 2014). This would suggest that the appropriate therapeutic
intervention would be to use high-frequency rTMS to enhance
compensation in OCD subjects whose pre-SMA activity is in the
lower range. These discrepancies highlight the fact that the ideal
treatment intervention would involve closed-loop technology
that could tune neural activity up or down depending on specific
context, task requirements, and individuals’ symptom levels.
However, it is important to cautiously interpret our results with
respect to the human OCD literature. While we believe it is crit-
ical to further explore the role of M2-striatal circuits in compul-
sivity using preclinical models, our findings should be translated
with caution, and should not be used as the basis for treatment
recommendations.

Our data highlight M2-striatal pathology in an OCD-
relevant mouse model and support a novel conceptual model
in which Sapap3-KO mice display a shift toward increased
motor control and decreased associative control over central
striatum. In vivo investigations of these circuits will be essen-
tial to determine whether the observed alterations in synaptic
weights result in an imbalance of corticostriatal activity that
leads to aberrant behavioral selection, with a bias toward re-
peating sequenced motor programs associated with compul-
sive grooming. In addition, these findings support the
potential clinical importance of further investigations of pre-
SMA/SMA function in OCD patients. Our data raise the in-
triguing possibility that pre-SMA is a more important
treatment target for decreasing compulsive behaviors in OCD
and related disorders than previously suspected.
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