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Abstract 43 

Hyperactivity in striatum is associated with compulsive behaviors in Obsessive-44 

Compulsive Disorder (OCD) and related illnesses, but it is unclear if this hyperactivity is 45 

due to intrinsic striatal dysfunction or abnormalities in corticostriatal inputs. 46 

Understanding the cellular and circuit properties underlying striatal hyperactivity could 47 

help inform the optimization of targeted stimulation treatments for compulsive behavior 48 

disorders. To investigate the cellular and synaptic abnormalities that may underlie 49 

corticostriatal dysfunction relevant to OCD, we utilized the Sapap3 knockout (Sapap3-50 

KO) mouse model of compulsive behaviors, which also exhibits hyperactivity in central 51 

striatum. Ex vivo electrophysiology in double transgenic mice was used to assess 52 

intrinsic excitability and functional synaptic input in spiny projection neurons (SPNs) and 53 

fast-spiking interneurons (FSIs) in central striatum of Sapap3-KOs and wildtype (WT) 54 



 

 3 

littermates. While we found no differences in intrinsic excitability of SPNs or FSIs 55 

between Sapap3-KOs and WTs, excitatory drive to FSIs was significantly increased in 56 

KOs. Contrary to predictions, lateral orbitofrontal cortex (LOFC)-striatal synapses were 57 

not responsible for this increased drive; optogenetic stimulation revealed that LOFC 58 

input to SPNs was reduced in KOs (~3-fold) and unchanged in FSIs. However, 59 

secondary motor area (M2) post-synaptic responses in central striatum were 60 

significantly increased (~6-fold) in strength and reliability in KOs relative to WTs. These 61 

results suggest that increased M2-striatal drive may contribute to both in vivo striatal 62 

hyperactivity and compulsive behaviors, and support a potential role for pre-63 

supplementary/ supplementary motor cortical regions in the pathology and treatment of 64 

compulsive behavior disorders. 65 

 66 

Significance Statement 67 

 These findings highlight an unexpected contribution of M2 projections to striatal 68 

dysfunction in the Sapap3-KO OCD-relevant mouse model, with M2 inputs strengthened by at 69 

least 6-fold onto both SPNs and FSIs in central striatum. Because M2 is thought to be 70 

homologous to pre-supplementary/ supplementary motor areas (pre-SMA/SMA) in humans, 71 

regions important for movement preparation and behavioral sequencing, these data are 72 

consistent with a model in which increased drive from M2 leads to excessive selection of 73 

sequenced motor patterns. Together with observations of hyperactivity in pre-SMA/SMA in both 74 

OCD and Tourette Syndrome, and evidence that pre-SMA is a potential target for repetitive 75 

transcranial magnetic stimulation treatment in OCD, these results support further dissection of 76 

the role of M2 in compulsivity. 77 

  78 
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Introduction 79 

Although stereotyped and compulsive behaviors are prominent, disabling, and 80 

notoriously-treatment resistant symptoms in multiple severe neuropsychiatric disorders, 81 

including Tourette Syndrome (TS) (Leckman et al., 2010), grooming disorders (e.g. skin-picking, 82 

trichotillomania (Chamberlain et al., 2009; Flessner et al., 2012), and Obsessive Compulsive 83 

Disorder (OCD) (Ayuso-Mateos, 2006; Karno et al., 1988; Menzies et al., 2008), little is known 84 

about their underlying neural mechanisms. Imaging studies in patients with OCD and other 85 

compulsivity-associated disorders have consistently identified both hyperactivity in the striatum 86 

(caudate head) and increased corticostriatal functional connectivity at baseline and when 87 

symptoms are expressed (Chamberlain et al., 2009; Del Casale et al., 2011; Denys et al., 2013; 88 

Figee et al., 2013; Harrison et al., 2009; Leckman et al., 2010; Maia et al., 2008; Menzies et al., 89 

2008; Rauch et al., 1994; Rauch et al., 1997; Saxena et al., 1998). However, the cellular and 90 

synaptic abnormalities that underlie this hyperactivity are unclear.  91 

Determining whether striatal hyperactivity originates in striatum or in upstream cortical 92 

projections could help inform whether neuromodulatory treatments for OCD-related disorders 93 

should target cortical or subcortical regions. Though striatal deep brain stimulation (DBS) has 94 

reported efficacy in OCD (Figee et al., 2013; Greenberg et al., 2010), studies demonstrating 95 

aberrant activity in corticostriatal circuits in OCD patients (Chamberlain et al., 2008; Del Casale 96 

et al., 2011; Figee et al., 2013; Harrison et al., 2009; Menzies et al., 2008; Nakamae et al., 97 

2014) suggest that cortical regions may be useful targets for non-invasive neurostimulation via 98 

repetitive transcranial magnetic stimulation (rTMS), either through direct cortical effects or 99 

modulation of connected subcortical structures. Consistent with this idea, orbitofrontal cortex 100 

(OFC) and pre-supplementary motor area (pre-SMA), which are hyperactive in OCD patients 101 

(de Wit et al., 2012b; Del Casale et al., 2011; Grützmann et al., 2016; Leckman et al., 2010; 102 

Maltby et al., 2005; Yücel et al., 2007), have been identified as promising targets for rTMS 103 
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(Berlim et al., 2013). Determining how these hyperactive cortical regions interact with the 104 

striatum to generate both dysfunctional striatal activity and compulsive behaviors could help 105 

refine stimulation patterning for neuromodulatory treatments.   106 

To begin to dissect the contributions of intrinsic striatal vs. extrinsic cortical factors to 107 

abnormal OCD-relevant striatal activity, we used an animal model system that displays both 108 

striatal hyperactivity and compulsive behavior: Sapap-3-knockout (KO) mice (Burguiere et al., 109 

2013; Welch et al., 2007).  Mutations in the Sapap3 gene, which encodes the synapse-110 

associated protein 90/ postsynaptic density-95-associated protein, have been associated with 111 

TS, pathological grooming disorders, and OCD in humans (Bienvenu et al., 2009; Crane et al., 112 

2011; Züchner et al., 2009). Sapap3-KOs demonstrate ex vivo abnormalities in striatal spiny 113 

projection neurons (SPNs), including both increased NMDA-receptor mediated and reduced 114 

AMPA-receptor mediated transmission in dorsal striatum (Ade et al., 2016; Wan et al., 2014; 115 

Wan et al., 2011; Welch et al., 2007). Furthermore, consistent with human OCD literature, they 116 

also exhibit hyperactivity in central striatum at baseline and during compulsive grooming 117 

(Burguiere et al., 2013). This hyperactivity is relieved by stimulation of lateral OFC (LOFC) 118 

inputs into central striatum, suggesting dysregulation of LOFC corticostriatal inputs to spiny 119 

projection neurons (SPNs) or fast-spiking interneurons (FSIs). However, the contribution of 120 

corticostriatal inputs from M2 to striatal hyperactivity in Sapap3-KOs has been unexplored, 121 

despite the fact that M2 is the mouse homologue of pre-SMA, a promising treatment target. 122 

To investigate cellular and synaptic abnormalities that could contribute to pathologic 123 

striatal hyperactivity and resulting compulsive behaviors, we used acute slice electrophysiology 124 

to measure intrinsic excitability of SPNs and FSIs and characterize excitatory cortical inputs to 125 

central striatum in Sapap3-KOs and wild-type (WT) littermate controls. Although the intrinsic 126 

excitability of central striatal neurons was normal in Sapap3-KOs, we found substantial 127 

differences in functional cortical innervation. While LOFC input to SPNs was weakened in 128 

Sapap3-KOs, strength and reliability of M2 input to central striatum was substantially increased. 129 
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These results are the first demonstration of upregulated M2 corticostriatal input in an OCD-130 

relevant mouse model, and highlight the potential role of pre-supplementary/supplementary 131 

motor regions in the pathology of compulsivity. 132 

 133 

Materials and Methods 134 

Animals 135 

Male and female Sapap3-KOs and wild-type (WT) littermates were maintained on 136 

C57/BL6 background and were derived from a colony initially established at MIT by Dr. Guoping 137 

Feng. For identification of FSIs, Sapap3-heterozygous (Sapap3-het) mice were bred with 138 

Sapap3-het::parvalbumin(PV)-cre mice to generate Sapap3-KO and WT littermates that were 139 

PV-cre hemizygous (Fig.1). PV-cre mice were derived from a mouse knockin of Cre 140 

recombinase directed by the parvalbumin promotor/enhancer (Pvalbtm1(cre)Arbr, Jackson 141 

Laboratory, Bar Harbor, Maine, RRID:IMSR_JAX:017320). Mice were group housed with 2-5 142 

mice per cage and ad libitum access to food and water. Mice underwent stereotaxic surgeries at 143 

post-natal day 35-39 or 46-50 (p35-39 or p46-50). All experiments were approved by the 144 

Institutional Animal Use and Care Committee at the University of Pittsburgh in compliance with 145 

National Institutes of Health guidelines for the care and use of laboratory animals.  146 

 Grooming assessments were conducted in a separate cohort of animals that had not 147 

undergone stereotaxic surgery, by placing Sapap3-KO and WT littermates individually into a 10 148 

inch square plexiglass chamber and video-recording behavior for 20 minutes. Grooming 149 

behavior was manually scored offline. 150 

Stereotaxic surgeries 151 

Stereotaxic surgeries were performed under isofluorane anesthesia (2%). Burr holes 152 

were drilled over the target location and virus was injected using either a Nanoject (Drummond 153 

Scientific) and glass pulled pipette or a syringe pump (Harvard Scientific) fitted with a syringe 154 

(Hamilton) connected to PE10 tubing and a 30 gauge cannula.  155 
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Viral injections were performed at p35-39 and allowed to incubate for 3 weeks for 156 

optogenetic slice electrophysiology. Channelrhodopsin 2 (AAV2-hsyn-ChR2-eYFP or AAV2-157 

hsyn-ChR2-mCherry, University of North Carolina Vector Core Facility, virus titer 3.1x1012) was 158 

injected unilaterally into either lateral orbitofrontal cortex (lOFC) (AP 2.78, ML 1.54, DV 1.65mm; 159 

all coordinates from bregma and brain surface) or M2 (AP 2.74, ML 1.54, DV 0.75mm). 160 

Sapap3::PV-cre mice were injected with cre-dependent AAV5-DIO-mCherry into central striatum 161 

(AP 0.65, ML 1.90, DV 3.00 mm) to target PV-positive interneurons.  162 

Fluoro-Gold (FG, 2% in cacodylate buffer; Fluorochrome, Denver, Colorado) iontophoresis was 163 

performed in central striatum (AP 0.65, ML 1.90, DV 2.85mm) at p46-50 for retrograde 164 

anatomical tracing. Iontophoretic injections were conducted with 5mA of current (7s on, 7s off) 165 

for 5-8 minutes. Animals were transcardially perfused 10 days after surgery. 166 

Slice electrophysiology 167 

Coronal slices containing striatum (300μm) were prepared using a LeicaVT1000S 168 

vibratome from brains of 8-week-old mice that had received ChR2 viral injections 3 weeks prior. 169 

Brains were sliced for recording with experimenter blind to genotype. Slices were cut in 170 

carbogenated HEPES ACSF containing the following (in mM): 20 HEPES, 92 NaCl, 1.2 171 

NaHCO3, 2.5 KCl, 10 MgSO4, 0.5 CaCl2, 30 NaH2PO4, 25 glucose, 5 sodium ascorbate, 2 172 

thiourea, and 3 sodium pyruvate, pH 7.25. Slices were allowed to recover for 15 min at 33°C in 173 

a chamber filled with N-methyl-D-glucamine-HEPES recovery solution (in mM): 93 N-methyl-D-174 

glucamine, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 10 MgSO4, 0.5 CaCl2, 175 

5 sodium ascorbate, 2 thiourea, and 3 sodium pyruvate. Slices were then held at room 176 

temperature for at least 1 h before recording in a holding solution that was similar to the HEPES 177 

cutting solution but with 1mM MgSO4 and 2mM CaCl2.  178 

Recordings were conducted at 33°C in carbogenated ACSF (in mM) as follows: 125 179 

NaCl, 26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 12.5 glucose, 1 MgSO4, and 2 CaCl2. Picrotoxin 180 

(50μM) was included in the ACSF to block all striatal local inhibitory activity, and DNQX (6,7-181 
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dinitroquinoxaline-2,3-dione) (5μM) was included in the ACSF for intrinsic firing rate data (Fig. 1) 182 

and NMDA-mediated current recordings (Fig. 6). For asynchronous release experiments, 2mM 183 

CaCl2 was replaced with 2mM SrCl2. 184 

Data were collected with a MultiClamp 700B amplifier (Molecular Devices) and ITC-18 185 

analog-to-digital board (HEKA) using Igor Pro software (Wavemetrics, RRID:SCR_000325) and 186 

custom acquisition routines (Recording Artist; Richard C. Gerkin, Phoenix). Current-clamp 187 

recordings were filtered at 10kHz and digitized at 40kHz; voltage-clamp recordings were filtered 188 

at 2 kHz and digitized at 10kHz. Electrodes were made from borosilicate glass (pipette 189 

resistance, 2–6MΩ). The internal solution for voltage-clamp recordings consisted of the 190 

following (in mM): 120 CsMeSO3, 15 CsCl, 8 NaCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-191 

GTP, and 5 QX-314. The internal solution for current-clamp recordings consisted of the 192 

following (in mM): 130 KMeSO3, 10 NaCl, 2 MgCl2, 0.16 CaCl2, 0.5 EGTA, 10 HEPES, 2 Mg-193 

ATP, and 0.3 NaGTP.  194 

Electrically-evoked synaptic responses were elicited with 0.1ms current pulses [50ms or 195 

100ms inter-pulse interval (IPI)] passed through a glass stimulating electrode placed in striatum. 196 

Optogenetically-evoked synaptic responses were elicited with two 1ms pulses of light (100ms 197 

IPI) filtered at 470nm, delivered through the 60x objective of the rig microscope. Maximum 198 

responses were obtained by turning the LED to maximum power (1mW). Trials were conducted 199 

20s apart, except for aEPSC trials, which were conducted 12s apart.  200 

Histology 201 

 Counts of PV-positive interneurons (FSIs) were conducted by staining 35μm tissue 202 

sections containing central striatum with rabbit anti-PV (1:3000, overnight 4°C incubation, 203 

Swant, Switzerland, RRID:AB_10000343) and Alexa Fluor 488 anti-rabbit (1:500, 3hr room 204 

temperature incubation, AbCam, Massachusetts). Sections were counter-stained with Hoechst 205 

(1:1000) to confirm cell bodies. The number of PV-positive cells in a 600μm square region over 206 

central striatum was counted and summed across six sections for each animal. Central striatum 207 
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region was chosen based on known location of LOFC/M2 projection field overlap, (AP 0.02-208 

0.98mm, ML 1.90mm, DV 2.85mm).  209 

Retrograde tracing experiments were analyzed by quantifying the number of FG labeled 210 

cell bodies in regions of the prefrontal cortex (PFC) delineated by the Paxinos Brain Atlas 211 

(Paxinos and Franklin, 2004). Sections (35μm) were taken 105μm apart and underwent a 212 

nuclear stain before imaging (NeuroTrace Nissl 640/660, ThermoFisher, Massachusetts). 213 

Sections containing central striatum (0.85-0.25mm AP) were examined to ensure appropriate 214 

targeting and spread of FG before proceeding with cell counting. For each animal, images of 215 

PFC sections (4-6 sections per animal, approximately 3.08-2.34mm AP) were imaged using the 216 

same parameters (20x magnification, 600ms exposure). To normalize differences in Fluoro-217 

Gold brightness and background in different animals, images were then manually thresholded 218 

so that the signal:background ratio were similar across animals. Cells were then automatically 219 

detected and counted in each region of interest (Olympus CellSens, RRID:SCR_016238). 220 

Proportions of labeled cells in each region were determined by dividing each regional sum by 221 

the sum of the total number of cells detected in each animal (ipsilateral and contralateral 222 

hemispheres). Proportions were compared between genotype and region using a two-way 223 

repeated measures ANOVA and post-hoc contrasts. 224 

Experimental Design and Statistical Analysis 225 

 Acute slice electrophysiology experiments were designed to include roughly equal 226 

numbers of Sapap3-KOs and WTs, taking into account animal availability. Animal and cell 227 

numbers for each experiment are reported in the corresponding figure legends. Roughly equal 228 

numbers of male and female mice were used. Recordings were obtained from 2-4 striatal slices 229 

per animal. All data were analyzed with genotype blind to the experimenter. 230 

 Firing rate (Figure 1) was calculated by counting the number of action potentials evoked 231 

with a 500ms current step, and multiplied by 2 to obtain the spikes/second. All synaptic 232 

response amplitudes were calculated by finding the average amplitude of evoked EPSCs in five 233 
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consecutive trials. Strontium asynchronous release events were manually detected within 234 

500ms after the light presentation, and the peak of the event was calculated and averaged over 235 

20-160 events per cell.  NMDA-mediated currents were calculated in two ways. First, cells were 236 

held at +40mV and the amplitude was found at 60ms after the peak response. The 237 

AMPA/NMDA ratio was then calculated by dividing the average AMPA amplitude by the average 238 

NMDA amplitude. Second, in DNQX experiments, the peak of the NMDA-mediated current at 239 

Vhold = +40mV was calculated and averaged across 5 trials.  240 

Because data were not normally distributed, statistical differences between two groups 241 

of values were determined using Wilcoxon Rank Sums Tests (WRST) (Figs. 1, 3-6). To 242 

statistically compare input-output curves across multiple stimulation currents (Fig. 2), a two-way 243 

repeated measures ANOVA was used because an appropriate non-parametric test could not be 244 

found. All values reported are median ± interquartile range (IQR) unless otherwise noted. 245 

 246 

Results 247 

Intrinsic excitability of central striatal neurons is not different in Sapap3-KOs and WTs 248 

Hyperactivity in central striatum SPNs has been implicated in the compulsive grooming 249 

phenotype observed in Sapap3-KOs (Burguiere et al., 2013). Increased SPN activity could 250 

result from dysfunction at the level of striatum, including increased SPN intrinsic excitability or 251 

reduced FSI inhibitory activity. Because FSIs make up only 1% of the striatal cell population 252 

(Berke, 2011; Luk and Sadikot, 2001), we used a transgenic fluorescent strategy to target these 253 

neurons using acute slice electrophysiology. PV-Cre transgenic mice were bred with Sapap3-254 

KOs to generate Sapap3-KO//PV-Cre and Sapap3-WT//PV-Cre offspring (Fig. 1A). Striatal FSIs 255 

were then labeled by injecting the PV-Cre transgenic mice with a cre-dependent fluorescent 256 

mCherry virus (Fig. 1B). Viral injections were conducted when mice were postnatal day 35-39 257 

(p35-39), and recordings were conducted at p56-p60. At this age, mice exhibit the over-258 
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grooming phenotype that is characteristic of the Sapap3-KO model (WT mean = 64.17, SEM = 259 

9.01s; KO mean = 204.35, SEM = 23.22s; t(34) = -5.23, p = 8.53x10-6).  260 

We first found that there were no genotype differences in SPN intrinsic excitability, as 261 

assessed by firing rate input-output curves (Fig. 1C). The slopes of the linear portion of the I-O 262 

curve were not significantly different between WTs and KOs (Table 1). Additionally, there were 263 

no significant differences in other SPN intrinsic properties such as input resistance and resting 264 

potential (Table 1). This indicates that increased SPN intrinsic excitability does not contribute to 265 

in vivo hyperactivity in SPNs.  266 

Hyperactivity in SPNs could also be caused by reduced activity of FSIs, which could 267 

stem from either decreased FSI intrinsic excitability or fewer FSIs. However, there were no 268 

detectable genotype differences in intrinsic excitability of FSIs as assessed by firing rate input-269 

output curves (Fig. 1D), I-O curve linear slope, or any other intrinsic properties (Table 1). To 270 

investigate whether Sapap3-KO mice have fewer FSIs in central striatum, we counted PV-271 

immunoreactive cells in tissue sections from Sapap3-KO mice and wild-type (WT) littermates. 272 

Summing across six sections for each animal, the number of FSIs was not significantly different 273 

in Sapap3-KOs and WT littermates (p = .21, WRST; Fig 1E inset), suggesting that a reduction in 274 

the number of FSIs does not contribute to central striatal dysfunction.   275 

 276 

Excitatory drive to FSIs in central striatum is increased in Sapap3-KOs 277 

 Next, we investigated whether the observed hyperactivity of SPNs in Sapap3-KO mice 278 

(Burguiere et al., 2013) reflected differences in excitatory inputs to central striatum, which could 279 

augment SPN activity directly or via decreasing feedforward inhibition mediated by FSIs (Berke, 280 

2011; Gittis et al., 2011; Gittis et al., 2010; Mallet et al., 2005; Parthasarathy and Graybiel, 281 

1997). To assess excitatory drive onto both FSIs and SPNs, we performed intrastriatal electrical 282 

stimulation in acute slices (Fig. 2A) and recorded excitatory postsynaptic current responses 283 

(EPSCs, Fig. 2B,C). Electrical stimulation elicited robust EPSCs whose amplitudes increased 284 
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with stimulus intensity in both SPNs and FSIs (Fig. 2D-E). In SPNs, EPSC amplitudes increased 285 

with similar slopes in WT and KO mice as a function of stimulation intensity (p = 0.90, ANOVA; 286 

Fig. 2D); at a maximum stimulation intensity of 20μA, the average EPSC amplitude was 453pA 287 

(SEM 74pA) in WTs and 564pA (SEM 99pA) in KOs (p = .45, WRST). By contrast, evoked 288 

EPSCs in FSIs were consistently larger in KOs compared to WTs (genotype: p < .05; 289 

interaction: p < .05, ANOVA; Fig. 2E); at a maximum stimulus intensity of 20μA, average EPSC 290 

amplitude was 422pA (SEM 59pA) in WTs and 857pA (SEM 128pA) in KOs (p < .01, WRST).  291 

No differences in paired-pulse ratio (PPR) or EPSC decay kinetics were observed in either cell 292 

type (Table 2).  293 

 294 

M2 and LOFC are the main sources of cortical input to central striatum 295 

Our synaptic data indicating that FSIs receive more excitatory drive in Sapap3-KO mice 296 

was surprising based on a previous in vivo study demonstrating overactive SPNs in KOs 297 

(Burguiere et al., 2013). This motivated closer examination of the possible cortical sources of 298 

excitatory drive to the central striatum. We therefore iontophoretically infused the retrograde 299 

tracer Fluoro-Gold (Fluorochrome) into central striatum of Sapap3-KOs and WTs (Fig. 3A). To 300 

ensure consistency with slice electrophysiology data, mice were sacrificed at p56-p60 after a 301 

10-day incubation period. Only animals with confirmed injection sites in central striatum were 302 

used for analysis (Fig. 3B). Retrogradely labeled cell bodies were observed in the ipsilateral 303 

frontal cortices (Fig. 3C), and, to a lesser extent, in the contralateral frontal cortices (data not 304 

shown). Although we did not observe a strong laminar pattern, labeled cells were present in 305 

Layer V, as anticipated based on past work (Lévesque et al., 1996).  To quantify the origins of 306 

these cortical-central striatum projections, the number of Fluoro-Gold labeled cells was counted 307 

in the five cortical regions where labeling was observed, and the regional proportion of total 308 

labeled cells was calculated (Fig. 3C-D). In both WT and KO mice, many neurons projecting to 309 

central striatum were located in LOFC. However, unexpectedly, the highest proportion of 310 
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labeled cells was located in the region directly dorsal to LOFC, M2 (Fig. 3C). Smaller numbers 311 

of neurons were also observed in medial orbitofrontal cortex (MOFC), prelimbic cortex (PL), and 312 

dorsolateral orbitofrontal cortex (DLOFC). There were no genotype differences in proportions of 313 

retrogradely labeled cells in any of these cortical regions (p = .10, ANOVA, Fig. 3D). 314 

To further characterize the projections of LOFC and M2 to central striatum, the 315 

anterograde virus AAV2-hSyn-ChR2-EYFP was injected into either LOFC or M2 of Sapap3-KOs 316 

and WTs (Fig. 3E). The projection fields in central striatum were qualitatively assessed and their 317 

coverage was mapped onto a representative atlas image (Fig. 3F, magenta: M2 projection 318 

fields; violet: LOFC projection fields). This assessment highlights that both M2 and LOFC send 319 

projections to central striatum, and thus may contribute to corticostriatal dysfunction underlying 320 

striatal hyperactivity in Sapap3-KOs. 321 

 322 

LOFC input to central striatum is reduced in Sapap3-KO SPNs, but unchanged in FSIs 323 

 Based on our anatomical results, we integrated channelrhodopsin (ChR2) into our slice 324 

electrophysiology experiments to study region-specific inputs to central striatum. We first 325 

focused on LOFC projections, as this region has been implicated in compulsive behavior 326 

(Burguiere et al., 2013; Chamberlain et al., 2008; Maltby et al., 2005; Saxena et al., 1998) and 327 

related behavioral constructs including action selection, cognitive flexibility, and reversal 328 

learning (Dalton et al., 2016; Gremel et al., 2016; Schoenbaum et al., 2002; Sul et al., 2010; 329 

Takahashi et al., 2009). To selectively measure the strength of LOFC inputs onto FSIs and 330 

SPNs in KOs vs WTs, a pan-neuronal virus (AAV2-hSyn-ChR2-EYFP) was injected into the 331 

LOFC of Sapap3-KO/PV-Cre or WT/PV-Cre mice and recordings were performed in central 332 

striatum after three weeks of virus incubation (p56-60) (Fig. 4A,B). LOFC axon terminals in 333 

central striatum were stimulated with two brief pulses of light, and evoked EPSCs recorded in 334 

FSIs and SPNs were compared between Sapap3-KOs and WT littermates (Fig. 4C,D). 335 

Activation of LOFC terminals evoked large EPSCs in SPNs in WT mice (445pA; IQR = 637pA), 336 
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but these responses were reduced ~3.2-fold in KOs (138; IQR = 110pA; p < .001, WRST; Fig. 337 

4F). To address whether the decreased EPSC amplitudes in KO SPNs were due to a decrease 338 

in presynaptic release probability, we calculated PPR; no significant differences were observed 339 

(Table 2), suggesting a postsynaptic effect. 340 

In contrast to our findings in SPNs, WTs and KOs had similar EPSC amplitudes in FSIs 341 

following LOFC terminal stimulation. Maximally evoked EPSCs were 563pA (IQR = 662pA) in 342 

WT and 510pA (IQR = 681pA) in KOs (p = .57, WRST; Fig. 4E). These data reveal that LOFC 343 

input to central striatum is reduced onto SPNs, but not FSIs, in Sapap3-KOs. Given our findings 344 

of increased excitatory drive to FSIs using electrical stimulation, as well as no difference in 345 

overall excitatory drive to SPNs, these findings in LOFC suggested an alternative source of 346 

increased excitatory input to central striatum.  347 

 348 

M2 input to central striatum is increased in Sapap3-KOs 349 

Surprisingly, our anatomical tracing study demonstrated that the largest source of 350 

neurons projecting to central striatum was M2, rather than its neighboring cortical area, LOFC. 351 

Because M2 is associated with planning of sequenced movements (Cao et al., 2015; Li et al., 352 

2015; Sul et al., 2011) and is thought to be homologous to pre-SMA [which is implicated in OCD 353 

(de Wit et al., 2012b; Mantovani et al., 2010)], we investigated whether M2 was a source of 354 

upregulated excitatory drive to central striatum in Sapap3-KOs (Fig. 5A). Using optogenetics 355 

and acute slice physiology in WTs, we found that optical stimulation of M2 terminals in central 356 

striatum evoked EPSCs in FSIs and SPNs that were much smaller than those evoked by LOFC 357 

stimulation (FSIs 84pA, IQR = 158pA; SPNs 43pA, IQR = 136pA; both p < .0001, WRST, Fig. 358 

5B-E). Furthermore, in a number of cells, EPSCs were either not reliably evoked by each laser 359 

pulse, or were not evoked at all. To quantify this, each recorded cell was categorized as having 360 

reliability between 100% (5/5 responses) and 0% (0/5 responses). In WT mice, SPNs and FSIs 361 

had an average response reliability of 65.4% and 85.9%, respectively (Fig. 5F). 362 



 

 15 

In contrast, we found a dramatic increase in the strength of synaptic input from M2 onto 363 

both FSIs and SPNs in Sapap3-KOs.  EPSC amplitudes were increased ~6-fold in SPNs 364 

(254pA, IQR = 222pA, p < .001) and ~6.6-fold in FSIs (565pA, IQR = 641pA, p < .0001, WRST; 365 

Fig. 5B-E). Sapap3-KOs also exhibited increased response reliability relative to WTs in SPNs 366 

(100%, p < .01, WRST) and FSIs (95.0%, p = .35, WRST; Fig. 5F). This general increase in 367 

synaptic strength was not due to a difference in viral expression levels, because terminal 368 

fluorescence in central striatum was similar across genotypes and we saw no correlation 369 

between EPSC amplitude and fluorescence intensity (Fig. 5G). Thus, unlike LOFC projections, 370 

which exhibited an SPN-specific decrease in Sapap3-KOs, M2 projections to central striatum 371 

were broadly increased in amplitude and reliability in KOs relative to WTs.  372 

 373 

Increases in M2 input to central striatum are driven by postsynaptic changes  374 

Upregulation in M2 drive of central striatum responses could reflect abnormalities in M2 375 

cortical presynaptic terminals, or postsynaptic changes in striatal neurons. To evaluate whether 376 

presynaptic changes in M2-CS inputs were present, we calculated PPR. No genotype 377 

differences in PPR were observed in either FSIs or SPNs (Table 2), suggesting a postsynaptic 378 

alteration in glutamate receptor number or composition. The decay kinetics of EPSCs were also 379 

similar in WTs and KOs (Table 2), suggesting no change in subunit composition of AMPA 380 

receptors. 381 

To investigate whether strengthened M2-CS synapses were a consequence of a 382 

postsynaptic alteration in the number of AMPA receptors, M2-evoked asynchronous EPSCs 383 

(aEPSCs) were recorded in SPNs in the presence of 2mM strontium chloride and 0mM calcium 384 

chloride (Fig. 5H) to measure the strength of quantal release events. aEPSC amplitudes were 385 

significantly greater in Sapap3-KOs (20.48pA, IQR = 8.59pA) relative to WTs (13.25pA, IQR = 386 

2.27pA, p <  .05, WRST; Fig. 5I), indicating that M2 synapses are strengthened in part by an 387 

upregulation in postsynaptic AMPA receptors. 388 
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 389 

Increases in NMDA-mediated currents are also present at M2 synapses 390 

Sapap3-KO mice have been shown to have alterations in NMDA signaling that can 391 

impact synaptic strength, including differential expression of NMDA receptor subunits, increased 392 

NMDA-mediated currents in dorsolateral striatum, and reduced AMPA/NMDA ratios in 393 

dorsolateral striatum ((Wan et al., 2011; Welch et al., 2007)). We therefore also assessed 394 

AMPA/NMDA ratios at M2 synapses in central striatum. AMPA-mediated currents were 395 

measured at a holding potential of -80 mV; neurons were then voltage clamped to +40mV to 396 

remove the Mg2+ block from NMDA channels and EPSCs were measured again (Fig. 6A,B). 397 

NMDA currents were estimated by taking the peak EPSC amplitude measured 60ms after 398 

onset, a time when the majority of AMPA receptors have closed. In SPNs, AMPA/NMDA ratios 399 

were significantly lower in KOs (1.95, IQR =2.22) relative to WTs (4.09, IQR = 4.34, p < .001, 400 

WRST; Fig. 6C). In contrast, there were no detectable differences in the FSI AMPA/NMDA ratio 401 

in KOs (11.79, IQR = 14.14) and WTs (16.67, IQR = 14.28, p = .39, WRST; Fig. 6D). 402 

The fact that AMPA/NMDA ratios were decreased in KO SPNs despite the strong 403 

increase in AMPA currents (Fig. 5) suggested that NMDA currents are increased even more 404 

than AMPA currents. To better isolate NMDA currents by eliminating the possibility of AMPA 405 

current contamination, light-evoked currents were measured at Vhold = +40mV in the presence of 406 

DNQX in a separate experiment (Fig. 6E,F). Increased NMDA-mediated currents in SPNs were 407 

observed in Sapap3-KOs (174.77pA, IQR = 268.43pA) relative to WTs (95.99, IQR = 111.69pA, 408 

p < .05, WRST; Fig. 6G). These data are consistent with the idea that SPN NMDA currents are 409 

increased proportionately more than AMPA currents in KOs. We observed similar findings in 410 

FSIs: KOs had significantly greater NMDA-mediated currents (108.61, IQR = 79.91pA) relative 411 

to WTs (27.56, IQR = 75.81pA, p < .05, WRST, Fig. 6H). To account for the lack of change in 412 

FSI AMPA/NMDA ratio, this suggests that, in contrast to SPN findings, AMPA- and NMDA-413 

mediated currents in FSIs are increased similarly in Sapap3-KOs. Together, these data suggest 414 
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that strengthened M2 inputs in central striatum of Sapap3-KOs are caused by an increase in 415 

both AMPA and NMDA receptor-mediated currents at these synapses. 416 

 417 

Discussion 418 

Our data reveal an unexpected contribution of M2 projections to corticostriatal 419 

dysfunction in a transgenic mouse model that exhibits OCD-relevant compulsive behavior, 420 

Sapap3-KOs. We found no abnormalities in intrinsic striatal properties in KOs, but found 421 

substantial alteration in cortical inputs to central striatum. First, we found a reduction of LOFC 422 

input specifically onto SPNs, in contrast to predictions that LOFC-SPN input would be 423 

upregulated. Even more strikingly, we found that M2 inputs are strengthened by at least ~6-fold 424 

onto both SPNs and FSIs in central striatum (Fig.7). These results suggest a model in which 425 

increased responsiveness of central striatum to input from M2 contributes to the generation of 426 

OCD-relevant striatal hyperactivity. 427 

 These findings are the first demonstration of increased strength of M2-striatal circuits in 428 

an OCD-relevant mouse model. Similar to SMA/pre-SMA in humans and primates (Isoda and 429 

Hikosaka, 2007), M2 in mice is involved in behavioral planning and movement preparation 430 

during behavioral selection (Barthas and Kwan, 2017; Cao et al., 2015; Gremel and Costa, 431 

2013; Guo et al., 2014; Li et al., 2015; Rothwell et al., 2015). Of particular interest, M2-striatal 432 

projections have been shown to be critical for initiation of behavioral sequences (Rothwell et al., 433 

2015). Our data indicate that increased strength of M2-central striatum projections in Sapap3-434 

KOs includes both increased amplitude and increased reliability of central striatal SPN 435 

responses to evoked M2 input. This heightened functional connectivity and increased response 436 

reliability could result in striatal neurons that are primed to respond to M2 activity, which in turn 437 

could increase the likelihood of initiating specific sequenced behaviors. Previous work has also 438 

shown that artificially increasing M2-dorsal striatum activity via ChR2 after a behavioral 439 

sequence was initiated led to decreased completion of the sequence (Rothwell et al., 2015). 440 
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This evidence supports the hypothesis that abnormally strengthened M2 input to central 441 

striatum leads to more initiations and fewer completions of grooming behavior sequences in 442 

Sapap3-KOs. 443 

The upregulation of M2 input to central striatum results from increased AMPA and 444 

NMDA currents, consistent with other ex vivo observations in striatum of Sapap3-KOs (Wan et 445 

al., 2011; Welch et al., 2007). Increased NMDA activity at M2 striatal synapses may lead to 446 

abnormal corticostriatal plasticity in an already-strengthened projection. For instance, it has 447 

been shown that KOs have higher levels of the NR2B subunit in the striatum relative to WTs 448 

(Welch et al., 2007), and increased NR2B expression in hippocampus has been associated with 449 

enhanced long-term potentiation and heightened learning (Cao et al., 2007; Xu et al., 2009). 450 

This suggests pathologically enhanced plasticity mechanisms may be present at M2 451 

corticostriatal synapses, which could contribute to abnormal learning phenotypes (Burguiere et 452 

al., 2013) and persistence of compulsive grooming behavior (Welch et al., 2007) observed in 453 

Sapap3-KOs. 454 

Coincident with increased strength and reliability of M2-striatal input in Sapap3-KOs, we 455 

observed weakened LOFC input to central striatal SPNs that may also play a role in the 456 

generation of OCD-relevant compulsive behaviors. Generally, LOFC is known to support 457 

functions essential for flexible selection of behaviors, including reversal learning (Bohn et al., 458 

2003; Schoenbaum et al., 2002; Sul et al., 2010). Consistent with this, Gremel and colleagues 459 

(2016) reported that activity in LOFC corticostriatal projections is essential for updating action-460 

value associations (Gremel et al., 2016). These findings suggest that our observed 461 

downregulation of LOFC corticostriatal inputs could further bias Sapap3-KOs towards 462 

decreased flexible action selection and increased compulsivity and/or habit formation.  463 

Taken together, this evidence supports a model in which normally balanced activity of 464 

M2 and LOFC is necessary to properly select goal-directed and habitual actions, and 465 

strengthened M2 drive and/or reduced LOFC input to central striatum could play a role in 466 
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generating compulsive grooming behavior in Sapap3-KO mice. These findings highlight central 467 

striatum as a potential critical node for behavioral selection. We propose that mouse central 468 

striatum corresponds to the human caudate head because this region receives input from both 469 

LOFC and anterior pre-SMA in humans, but in depth studies by neuroanatomists and in vivo 470 

functional assessments in rodents are needed to accurately define the human homologue of 471 

central striatum in rodents, including tracing studies in mice, rats, and non-human primates. In 472 

Sapap3-KO mice, the shift towards M2 motor control and away from LOFC associative control 473 

of central striatum may particularly interfere with flexible switching between habitual and goal-474 

directed behaviors, which has been implicated in OCD symptomatology (Gillan and Robbins, 475 

2014). For instance, reduced activity in LOFC corticostriatal terminals is necessary for habit 476 

expression, and habit expression is dependent on endocannabinoid-mediated LTD (Gremel et 477 

al., 2016); since both phenomena are enhanced in Sapap3-KOs (Chen et al., 2011), KOs could 478 

display enhanced habit expression.  479 

 While the synaptic data presented here describe an intriguing shift to M2-cortical 480 

influence over central striatum in Sapap3-KOs, our ex vivo data do not directly explain baseline 481 

SPN hyperactivity in vivo. However, there are several possibilities for how the described circuit 482 

abnormalities may lead to increased SPN firing rates in vivo. While we observed no difference in 483 

overall presynaptic excitatory drive to SPNs in KOs vs. WTs, we did observe a substantial 484 

increase in M2 reliability. This increased reliability may cause increased drive of SPNs that we 485 

cannot capture with ex vivo physiology, especially if M2 itself is hyperactive or 486 

hypersynchronous in vivo. In addition, SPN hyperactivity has been described during compulsive 487 

grooming as well as at baseline (Burguiere et al., 2013). If M2-central striatum circuits are 488 

specifically engaged during sequenced behaviors like grooming, this could lead to behavior-489 

specific generation of larger evoked post-synaptic responses, resulting in striatal hyperactivity. 490 

Increased drive to FSIs could also play a role in SPN hyperactivity. While FSIs are canonically 491 

thought to strongly inhibit SPN firing (Owen et al., 2018), other reports show that FSI firing can 492 
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potentiate activity in a subset of SPNs (O'Hare et al., 2017). It has also been suggested that 493 

FSIs can tune SPN firing to task-relevant events (Lee et al., 2017; O'Hare et al., 2017; Owen et 494 

al., 2018). Increased FSI drive could therefore contribute to enhanced neural activity specifically 495 

during performance of sequenced motor behaviors such as grooming in Sapap3-KOs. It is 496 

important to note that we did not measure FSI-SPN synapses in our study; changes in FSI-SPN 497 

synaptic strength in KOs could affect interpretation of our findings. Future studies investigating 498 

the in vivo activity of M2 and central striatal SPNs are needed to understand how our observed 499 

ex vivo dysfunction leads to compulsive behaviors.  500 

 Our findings of increased reliability of M2-central striatum synapses are intriguing in light 501 

of functional imaging studies that have identified hyperactivity in pre-SMA in OCD subjects 502 

relative to healthy controls (de Wit et al., 2012a; Grützmann et al., 2016; Yücel et al., 2007). In 503 

addition, pre-SMA activity has been associated with the “urge” to move in both Tourette 504 

Syndrome patients and healthy subjects (Bohlhalter et al., 2006; Neuner et al., 2014). Together 505 

with our findings, these studies suggest that hyperactivity in pre-SMA-striatal circuits could 506 

promote compulsive behaviors through increased responsiveness of striatal SPNs, and that 507 

decreasing pre-SMA activity through low frequency rTMS could be therapeutic. However, it is 508 

important to note evidence suggesting that pre-SMA hyperactivity in OCD patients is 509 

compensatory, with higher pre-SMA activity correlating with lower YBOCS scores (van Velzen 510 

et al., 2014). This would suggest that the appropriate therapeutic intervention would be to use 511 

high-frequency rTMS to enhance compensation in OCD subjects whose pre-SMA activity is in 512 

the lower range. These discrepancies highlight the fact that the ideal treatment intervention 513 

would involve closed-loop technology that could tune neural activity up or down depending on 514 

specific context, task requirements, and individuals’ symptom levels. However, it is important to 515 

cautiously interpret our results with respect to the human OCD literature. While we believe it is 516 

critical to further explore the role of M2-striatal circuits in compulsivity using preclinical models, 517 
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our findings should be translated with caution, and should not be used as the basis for treatment 518 

recommendations. 519 

Our data highlight M2-striatal pathology in an OCD-relevant mouse model, and support a 520 

novel conceptual model in which Sapap3-KO mice display a shift towards increased motor 521 

control and decreased associative control over central striatum. In vivo investigations of these 522 

circuits will be essential to determine if the observed alterations in synaptic weights result in an 523 

imbalance of corticostriatal activity that leads to aberrant behavioral selection, with a bias 524 

towards repeating sequenced motor programs associated with compulsive grooming. In 525 

addition, these findings support the potential clinical importance of further investigations of pre-526 

SMA/ SMA function in OCD patients. Our data raise the intriguing possibility that pre-SMA is a 527 

more important treatment target for decreasing compulsive behaviors in OCD and related 528 

disorders than previously suspected.  529 

  530 
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Table and Figure Legends 724 

Table 1. Intrinsic properties of FSIs and SPNs in Sapap3-KOs and WT littermates. WT and KO 725 

groups were compared using Wilcoxon Rank Sums Test. No significant differences were 726 

observed. IQR: Interquartile range; I-O: input-output. 727 

 728 

Table 2. Paired-pulse ratio and decay constant obtained from all stimulation experiments in 729 

Sapap3-KOs and WT littermates. Medians and SEM reported for each value. WT and KO 730 

groups were compared using Wilcoxon Rank Sums Test. P-values are reported for each 731 

comparison. No significant differences were observed. IQR: Interquartile range; PPR: Paired-732 

pulse ratio. 733 

 734 

Figure 1. Central striatum cell types were interrogated using ex vivo electrophysiology in double 735 

transgenic Sapap3-KO//PV-cre mice. (A) Double transgenic mice were generated to investigate 736 

functional properties of FSIs. Sapap3-KO mice were bred with PV-cre mice to generate mice 737 

with one Sapap3-KO allele and one PV-cre allele (Sapap3-het//PV-Cre). Sapap3-het//PV-Cre 738 

mice were then used as breeders to generate Sapap3-KO//PV-cre and Sapap3-WT//PV-cre 739 

progeny. (B) (top) AAV5-DIO-mCherry was injected in central striatum; resulting infection of cre-740 

positive PV cells led to fluorescent labeling for targeted slice electrophysiology recordings (inset 741 

top: scale bar = 200μm, inset bottom: scale bar = 10μm). (bottom) Examples of evoked spiking 742 

traces in KO SPNs and FSIs (right) (scale bars = 50ms, 10mV). (C) No differences were 743 

observed between SPN input-output curves in Sapap3-KOs (4 animals, 25 cells) and WTs (4 744 

animals, 14 cells). (D) No differences were observed between FSI input-output curves in 745 

Sapap3-KOs (3 animals, 23 cells) and WTs (5 animals, 18 cells).  (E) Tissue sections from 746 

Sapap3-KO (N=5) and WT (N=8) mice were immunohistochemically stained for PV to perform 747 
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FSI cell counts in central striatum (box); scale bar = 500μm. (Inset) There was no difference 748 

observed in the number of FSIs in WTs vs KOs (ranksum = 44, p = 0.21, WRST).  749 

 750 

Figure 2. Excitatory drive to central striatum FSIs is increased in Sapap3-KOs. (A) Non-specific 751 

excitatory inputs from cortex were activated using intrastriatal stimulation while recording nearby 752 

cells in central striatum; scale bar = 200μm. (B,C) Synaptic responses were evoked by passing 753 

current pulses (0.1ms) through the stimulating electrode during whole-cell recordings of SPNs 754 

(B) or FSIs (C) in Sapap3-KOs and WT littermates. (D) Evoked response input-output curves in 755 

SPNs were not different in KOs vs WTs (WTs = 8 animals, 14 cells; KOs = 6 animals, 12 cells; 756 

F(1) = 0.016, p = .90, ANOVA). At maximum stimulation intensity (20μA), EPSC sizes were not 757 

different between WTs and KOs (Z = -0.75, p = .45, WRST). (E) Evoked responses in FSIs were 758 

significantly greater in KOs relative to WTs (WTs = 6 animals, 13 cells; KOs = 6 animals, 12 759 

cells; genotype F(1) = 8.11, p = .014, interaction F(7) = 4.05, p = .023, ANOVA). At maximum 760 

stimulation intensity (20μA), KOs displayed significantly larger EPSCs (ranksum = 57, p = .0057, 761 

WRST). 762 

 763 

Figure 3. Retrograde tracing shows that M2 and LOFC project to central striatum. (A) Fluoro-764 

Gold was injected into central striatum of Sapap3-KO (n = 6) and WT (n = 6) mice to 765 

retrogradely label cortical projection cells. (B) Example of a Fluoro-Gold injection into central 766 

striatum; scale bar = 1mm. (C) Labeled cortical cells were present throughout frontal cortex in 767 

M2, LOFC, MOFC, PL, and DLOFC; scale bar = 500μm. (D) No genotype difference in counted 768 

cells was observed (F(1) = 3.22, p = .10, ANOVA). However, there were differences in the 769 

proportions of labeled cells counted across regions (F(1) = 60.19, p = .000, ANOVA). Ipsilateral 770 

M2 showed the highest proportion of labeled cells (WT 44.3 ± 3.9%, KO 38.9 ± 4.8%), which 771 

was significantly greater than the proportions in LOFC (p < .05), MOFC (p < .001), PL (p < 772 
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.001), and DLOFC (p < .001, post-hoc contrasts). LOFC contained a significantly higher 773 

proportion of labeled cells (WT 17.3 ± 2.4%, KO 26.3 ± 3.9%, p < .001) than MOFC (WT 4.2 ± 774 

2.4%, KO 4.1 ± 1.3%, p < .001), PL (WT 5.0 ± 0.8%, KO 4.5 ± 1.3%, p < .001), and DLOFC (WT 775 

3.5 ± 0.8%, KO 9.0 ± 1.8%; p < .001, post-hoc contrasts). Data are reported as mean ±  SEM. 776 

(E) AAV2-hSyn-ChR2-EYFP was injected into M2 (5 WTs, 2 KOs) or LOFC (8 WTs, 3 KOs) to 777 

map anterograde projection fields in striatum (F) The fluorescence territories of terminals from 778 

M2 or LOFC were mapped onto a representative atlas image, demonstrating that M2 and LOFC 779 

have partially overlapping inputs in central striatum. 780 

 781 

Figure 4. LOFC inputs to SPNs have reduced amplitude in Sapap3-KOs, while inputs to FSIs 782 

are unchanged. (A) AAV2-hSyn-ChR2-EYFP was injected into LOFC to selectively identify 783 

LOFC projections in central striatum. (B) (top) Recordings were targeted to the EYFP-labeled 784 

LOFC projection zone in central striatum; scale bar = 200μm. (bottom) Whole-cell patch voltage-785 

clamp recordings (Vhold = -80mv) were conducted in FSIs (identified by the presence of 786 

mCherry) and nearby SPNs (white outline); scale bar = 25μm. (C,D) Brief pulses of light (1mW, 787 

10ms pulse, 100ms inter-pulse interval) filtered at 470nm and delivered through the 60x 788 

microscope objective evoked synaptic release from ChR2-infected LOFC terminals, and the 789 

resulting EPSCs were recorded in FSIs (C) and SPNs (D) and compared between Sapap3-KOs 790 

and WT littermates. (E) LOFC-evoked EPSCs in FSIs were no different in KOs and WTs (WT: 791 

563.38pA, IQR = 661.69pA, 5 animals, 10 cells; KO: 509.81pA, IQR = 680.86pA, 10 animals, 21 792 

cells; Z = 0.57, p = .57, WRST). (F) SPNs in central striatum had significantly smaller LOFC-793 

evoked EPSCs in KOs relative to WTs (WT: 444.84pA, IQR = 637.43pA, 12 animals, 33 cells; 794 

KO: 137.92pA, IQR = 110.20pA, 3 animals, 15 cells; Z = 3.43, p = 6.14x10-4, WRST).  795 

 796 

Figure 5. M2 input to CS is increased in Sapap3-KOs. (A) AAV2-hSyn-ChR2-EYFP was injected 797 

into M2 to selectively label M2 projections in central striatum. Recordings were targeted to the 798 
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central striatum region, which included the medial portion of the EYFP-labeled M2 projection 799 

zone; scale bar = 200μm. (B,C) Brief pulses of 470nm light (1mW, 10ms pulse, 100ms inter-800 

pulse interval) evoked synaptic release from ChR2-infected M2 terminals, and the resulting 801 

EPSCs were recorded in SPNs (B) and FSIs (C) in Sapap3-KOs and WT littermates. (D) SPNs 802 

in the central striatum of KOs had significantly greater EPSC amplitudes than WTs (WT: 803 

42.58pA, IQR = 136.36pA, 15 animals, 37 cells; KO: 254.28pA, IQR = 221.90pA, 7 animals, 22 804 

cells; Z = -3.87, p 1.11x10-4, WRST). (E) FSIs in central striatum of KOs had significantly greater 805 

EPSC amplitudes than WTs (WT: 85.81pA, IQR = 158.33pA, 15 animals, 34 cells; KO: 806 

564.65pA, IQR = 640.84pA, 8 animals, 24 cells; Z = -4.22, p = 2.44x10-5, WRST). (F) Response 807 

reliability for each cell was assessed by quantifying the number of optically evoked responses in 808 

five trials of stimulation. SPN mean response reliability was significantly increased in KOs 809 

relative to WTs (WT 65.41%, SEM = 7.17%; KO 100%; Z = -2.93, p = .0034, WRST). FSI mean 810 

response reliability was greater in KOs, but not significantly (WT 85.88%, SEM = 5.31%; KO 95, 811 

SEM = 4.21%; Z = -0.93, p = .22, WRST). (G) Average fluorescence intensity of ChR2-infected 812 

M2 projections was calculated and correlated with the overall average amplitude of EPSCs 813 

recorded in FSIs (10 WTs, 4 KOs) and SPNs (9 WTs, 4 KOs) in a given animal. There was not a 814 

significant correlation (r = -0.17, p = .45, Pearson’s R). (H) Example traces of strontium 815 

asynchronous EPSC (aEPSC) events in WT and KO SPNs. Asterisks denoted detected aEPSC 816 

events. (I) SPNs in KO mice showed significantly greater aEPSCs relative to WT mice (WT = 817 

13.25pA, IQR = 2.27pA, 2 mice, 9 cells; KO = 20.48pA, IQR = 8.59pA, 3 mice, 12 cells; Z = -818 

2.38, p = .02, WRST). 819 

 820 

Figure 6. Increased M2 input in central striatum is accompanied by increased NMDA currents. 821 

(A,B) After recording M2 light-evoked AMPA-mediated currents at Vhold = -80mV, cells were 822 

held at Vhold = +40mV to record NMDA-mediated currents. Amplitude of NMDA-mediated 823 

current was measured 60ms after the peak of the response, at which time the AMPA-mediated 824 
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portion of the current has decayed (gray = WT, pink = KO). (C) AMPA/NMDA ratios in SPNs 825 

were significantly lower in KOs relative to WTs (WT 4.09 ± 4.36, KO 1.94, IQR = 2.22; Z = 3.29, 826 

p = 9.89x10-4, WRST). (D) AMPA/NMDA ratios were not significantly different between 827 

genotypes in FSIs (WT 16.67, IQR = 14.28, KO 11.79, IQR = 14.14; Z = 0.86, p = .39, WRST). 828 

(E,F) Examples of isolated NMDA responses with pharmacological block of AMPA receptors 829 

with 5uM DNQX (gray = WT, pink = KO). (G) NMDA-mediated currents were significantly 830 

greater in SPNs in KO mice (174.77, IQR = 268.43pA, 3 mice, 18 cells) relative to WTs 831 

(95.99pA, IQR = 111.69pA, 5 mice, 19 cells; Z = -2.23, p = .02, WRST). (H) NMDA-mediated 832 

currents were significantly greater in FSIs in KO mice (108.61pA, IQR = 79.91pA, 3 mice, 16 833 

cells) relative to WT mice (27.56, IQR = 75.81pA, 4 mice, 11 cells; Z = -2.25, p = .02, WRST).  834 

 835 

Figure 7. Ex vivo synaptic physiology suggests a model of imbalanced cortical input to central 836 

striatum. In WT mice, the prominent input to central striatal cells is LOFC, and cells receive 837 

weak input from M2. In Sapap3-KO mice, the normally strong input from LOFC is reduced, and 838 

M2 input substantially increases.   839 
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Table 1. 840 

Median, IQR 
FSIs SPNs 

WT KO p WT KO p 

N (animals, 
cells) 5,18 3,25  4,14 4,25  

Resting potential 
(mV) -76.03, 9.03 -81.17, 9.33 .08 -82.98, 13.67 -86.18, 7.58 .33 

Rheobase  
(pA) 250, 150 300, 150 .79 325, 150 225, 100 .14 

Maximum firing 
rate (Hz) 209, 124 250, 96 .82 50, 9.50 44, 22 .39 

I-O curve linear 
slope 0.64, .64 0.56, .64 .87 0.17, 0.11 0.22, 0.18 .31 

Input Resistance 
(MΩ) 159.12,70.72 184.61, 108.91 .12 299.80, 162.38 298.28,120.76 .70 

 841 

  842 
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Table 2. 843 

Median, IQR 
FSI SPN 

WT KO p WT KO p 

Electrical 
Stim 

PPR 50ms 1.24,0.32 1.10,0.17 .83 0.77,0.16 0.86,0.24 .53 

N (animals, 
cells) 3,8 3,3  5,7 3,6  

PPR 100ms 0.99,0.25 1.15,0.07 .19 0.84,0.38 0.86,0.18 .95 

N (animals, 
cells) 3,5 3,9  5,7 3,6  

Decay constant 
(ms) 3.77,1.34 3.18,0.94 .07 6.49,1.50 6.19,2.14 .25 

N (animals, 
cells) 5,12 5,12  8,13 6,12  

LOFC Stim 

PPR 0.36,0.23 0.31,0.19 .39 0.27,0.21 0.29,0.11 .90 

N (animals, 
cells) 10,21 5,10  12,33 5,15  

Decay constant 
(ms) 4.17,1.71 4.63,1.61 .29 9.33,5.70 7.10,1.81 .12 

N (animals, 
cells) 10,19 5,9  12,32 5,10  

M2 Stim 

PPR 0.40,0.37 0.43,0.28 .37 0.32,0.11 0.33,0.27 .71 

N (animals, 
cells) 13,30 7,23  10,21 7,22  

Decay constant 
(ms) 4.08,1.72 4.02,2.26 .72 6.70,2.84 6.89,2.71 .95 

N (animals, 
cells) 11,16 7,22  8,14 7,17  

 844 
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