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Abstract

BACKGROUND—Development of treatments for obsessive-compulsive disorder (OCD) is 

hampered by a lack of mechanistic understanding about this prevalent neuropsychiatric condition. 

Although circuit changes such as elevated frontostriatal activity are linked to OCD, the underlying 

molecular signaling that drives OCD-related behaviors remains largely unknown. Here, we 

examine the significance of type 5 metabotropic glutamate receptors (mGluR5s) for behavioral 

and circuit abnormalities relevant to OCD.

METHODS—Sapap3 knockout (KO) mice treated acutely with an mGluR5 antagonist were 

evaluated for OCD-relevant phenotypes of self-grooming, anxiety-like behaviors, and increased 

striatal activity. The role of mGluR5 in the striatal circuit abnormalities of Sapap3 KO mice was 

further explored using two-photon calcium imaging to monitor striatal output from the direct and 

indirect pathways. A contribution of constitutive signaling to increased striatal mGluR5 activity in 

Sapap3 KO mice was investigated using pharmacologic and biochemical approaches. Finally, 

sufficiency of mGluR5 to drive OCD-like behavior in wild-type mice was tested by potentiating 

mGluR5 with a positive allosteric modulator.

RESULTS—Excessive mGluR5 signaling underlies OCD-like behaviors and striatal circuit 

abnormalities in Sapap3 KO mice. Accordingly, enhancing mGluR5 activity acutely recapitulates 

these behavioral phenotypes in wild-type mice. In Sapap3 KO mice, elevated mGluR5 signaling is 

associated with constitutively active receptors and increased and imbalanced striatal output that is 

acutely corrected by antagonizing striatal mGluR5.
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CONCLUSIONS—These findings demonstrate a causal role for increased mGluR5 signaling in 

driving striatal output abnormalities and behaviors with relevance to OCD and show the 

tractability of acute mGluR5 inhibition to remedy circuit and behavioral abnormalities.
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modulator; Striatum

Obsessive-compulsive disorder (OCD) is a debilitating neuropsychiatric disorder affecting 

1%–3% of the population worldwide (1,2). Numerous studies in both patient populations 

and mouse models indicate that corticostriatothalamocortical circuit dysfunction, 

particularly increased activity in the striatum (3–7), drives the behavioral manifestations of 

OCD. However, the molecular mechanisms underlying this disorder remain largely 

unknown.

Mice with genetic deletion of Sapap3 (a postsynaptic scaffold protein gene, also known as 

DLGAP3/GKAP3) provide a relatively unique opportunity to study the molecular 

mechanisms underlying OCD-relevant behaviors. Sapap3 knockout (KO) mice demonstrate 

several OCD-like phenotypes, including increased striatal activity (4), increased anxiety-like 

behaviors (8), and excessive and pathologic self-grooming that persists despite causing 

harmful facial lesions (8). OCD-like behaviors in Sapap3 KO mice are treated by chronic 

fluoxetine (8), a first-line treatment for OCD, and several human genetic studies provide 

additional, although modest, support for construct validity (9–11). Finally, selective 

restoration of Sapap3 expression in the striatum prevents the self-grooming and anxiety 

phenotypes of Sapap3 KO mice (8), a finding that connects brain regions implicated by 

human studies (5–7) to the expression of OCD-like behaviors in this mouse model.

Previously, we demonstrated that a number of excitatory synaptic abnormalities in the 

dorsolateral striatum of Sapap3 KO mice arise from overactive type 5 metabotropic 

glutamate receptor (mGluR5) signaling (12,13), leading us to hypothesize that excessive 

mGluR5 signaling drives OCD-like behavioral and circuit phenotypes. Indeed, mGluR5 

antagonists are efficacious in reducing anxiety-like and repetitive behaviors in mouse models 

(14–16). However, the diversity of signaling pathways targeted by drugs with demonstrated 

efficacy [e.g., selective serotonin reuptake inhibitors (3,8), N-methyl-D-aspartate–type 

glutamate receptor antagonists (17), mGluR4 positive allosteric modulators (18), 

benzodiazepines and gamma-aminobutyric acid type A receptor agonists (19), as well as a 

number of treatments with unspecified or atypical mechanisms of action (20–22)] highlights 

the complexity of inferring molecular mechanism from treatment response, especially when 

the mechanism of the behavioral mouse model itself is unknown (14,15). In this study, we 

sought to establish whether increased mGluR5 signaling plays a causal role in driving OCD-

relevant phenotypes.
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METHODS AND MATERIALS

Animals

All animal procedures were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee of Duke University. Generation of Sapap3 
KO, Grm5 KO, and line 6 Drd1a-tdTomato transgenic mice has been previously described 

(8,23,24).

Behavioral Experiments

Repetitive self-grooming and anxiety-like behaviors were assessed using open field (OF), 

light-dark emergence (LDE), and elevated zero maze (EZM) tests using methods previously 

described (25,26) (Supplement).

In Vivo Recordings

Mice were surgically implanted with microarray recording electrodes using previously 

described methods (27). Briefly, 32 electrodes were implanted bilaterally into the dorsal 

striatum. After a recovery period (minimum of 3 weeks), neurophysiologic recordings were 

performed in an empty cage similar to the home cage. Complete details are available in the 

Supplement.

Slice Electrophysiology

Acute coronal brain slices (300 µm) were obtained for electrophysiologic recordings as 

previously described (13). Drd1a-tdTomato transgene expression was used to distinguish 

between striatal projections belonging to the direct (fluorescent) and indirect 

(nonfluorescent) pathways (23). Whole-cell patch-clamp recordings obtained at 23°C–25°C 

were used to measure excitatory postsynaptic currents using methods described in the 

Supplement.

Calcium Imaging

Slices were prepared, and calcium imaging experiments were performed and analyzed as 

described in O’Hare et al. (28). Briefly, acute parasagittal (300 µm) slices, corresponding to 

tissue approximately 300–900 µm medial to the first visible lateral aspect of dorsal striatum, 

were bulk loaded with the calcium indicator dye, Fura-2 AM (F-1221; Thermo Fisher 

Scientific, Waltham, MA) (Supplement).

Slices were transferred to the microscope chamber and continuously perfused with imaging 

solution containing (in mmol/L) 124 NaCl, 4.5 KCl, 1.2 NaH2PO4, 4 CaCl2, 1 MgCl2, 26 

NaHCO3, and 10 D-glucose. Fluorescence images were acquired using a Ti:Sapphire laser 

(Chameleon Ultra I; Coherent) and Prairie View image acquisition software (Bruker Corp., 

Billerica, MA). To monitor action potentials (APs) with single-cell resolution, we performed 

vector line-scan imaging of the Fura-2 signal excited by 770 nm light. A concentric bipolar 

stimulating electrode (FHC, Inc., Bowdoin, ME) was placed on the cortical edge of the 

corpus callosum (Figure 2A), and slices were subjected to a series of extracellular stimuli 

ranging from subthreshold to suprathreshold intensities delivered in 10 single square pulses 

at 0.05 Hz. For additional image acquisition and analysis details, see the Supplement.
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Co-immunoprecipitation and Western Blotting

Striata were dissected from wild-type (WT) and Sapap3 KO mice and quickly frozen over 

dry ice. Tissue was solubilized in co-immunoprecipitation buffer (50 mmol/L Tris, pH 7.4, 

120 mmol/L NaCl, 1% Triton X-100), and the soluble lysate (200 µg of protein) was 

tumbled overnight at 4°C with 1 mg of anti-Homer antibody (D-3 sc-17842; Santa Cruz 

Biotechnology, Dallas, TX), which recognizes the long but not the short Homer 1a isoform 

(KM Huber, Ph.D., unpublished observations, June 2011) or mouse immunoglobulin G 

(sc-2025; Santa Cruz Biotechnology). Protein A/G agarose bead slurry (No. 20421; Thermo 

Scientific) was added for 1 additional hour, and the beads were washed with co-

immunoprecipitation buffer. Western blotting was performed using primary polyclonal 

antibodies that recognize either mGluR5 (AB5675; Millipore, Temecula, CA) or Homer 

(E-18 sc-8921; Santa Cruz Biotechnology).

Statistical Analysis

Two-way repeated-measures analysis of variance and unpaired t tests were used to determine 

statistical significance for behaviors in the OF, LDE, and EZM. Values outside three 

standard deviations were considered outliers and were excluded from analysis [one value for 

KO vehicle and two values for KO 3-((2-methyl-1,3-thiazol-4-yl)ethynyl)pyridine 

hydrochloride (MTEP) in the LDE test]. The effects of drug and vehicle on the in vivo 

striatal neuron firing rates were determined using one-sample and unpaired t tests. Unpaired 

Student t tests were used to evaluate drug effects on miniature excitatory postsynaptic 

currents (mEPSCs). Two-way analysis of variance was used to compare conditions for input-

output experiments. Unpaired Student t tests were used to determine statistical significance 

for the Western blot experiments.

RESULTS

mGluR5 Antagonism Reduces OCD-like Phenotypes of Sapap3 KO Mice

To determine the significance of mGluR5 signaling for the expression of OCD-relevant 

phenotypes, we first evaluated the effects of the short-acting mGluR5 negative allosteric 

modulator (NAM), MTEP, on the increased self-grooming and anxiety-like behaviors of 

Sapap3 KO mice. As previously reported (8), Sapap3 KO mice spent significantly more time 

grooming in the OF than WT control mice (WT: 10.7% 6 0.2%, n = 23; KO: 23.2% ± 1.5%, 

n = 24; F1,45 = 6.9, p = .01). A single intraperitoneal (i.p.) injection of MTEP rapidly 

reduced elevated Sapap3 KO grooming activity (F1,22 = 6.7; p = .02) but did not 

significantly modify basal grooming behavior of WT control mice, although there was a 

nonsignificant trend toward increased grooming after injection in the vehicle-treated cohort 

(Figure 1A, B).

In addition, consistent with prior observations (8), Sapap3 KO mice spent significantly less 

time in the center of the OF during the baseline period compared with WT littermates (WT: 

61.4% ± 0.6%; KO: 44.8% ± 1.6%; F1,45 = 8.3, p = .006), indicating an anxiety-like 

phenotype. MTEP treatment corrected this Sapap3 KO phenotype (Figure 1C, D), although 

in this case the effect was more transient than the grooming response (paired t test for 

minutes: 210 to 0 and 10–20; t11 = 2.6, p = .03). MTEP did not significantly affect center 
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time in WT mice. MTEP treatment did increase locomotion in the OF, although this effect 

was transient and observed in both genotypes (Figure 1E).

We further investigated the anxiolytic effects of MTEP using the EZM and LDE tests. 

Compared with Sapap3 KO mice treated with vehicle, MTEP-treated Sapap3 KO mice spent 

more time in the open arms of the EZM and emerged to the brightly lit chamber of the LDE 

with shorter latencies (Figure 1F, H). MTEP treatment had no significant effects on any 

measure of anxiety in WT mice (Supplemental Figure S1). These experiments demonstrate 

that mGluR5 activity contributes to the heightened anxiety-like phenotypes of Sapap3 KO 

mice.

We next examined whether mGluR5 signaling contributes to the elevated striatal activity of 

Sapap3 KO mice (4), a circuit property that correlates with OCD symptoms in both patients 

(5–7) and mouse models (3,4). We performed in vivo recordings of neurons in the dorsal 

striatum using multielectrode arrays (27) and evaluated how firing rates of striatal units in 

Sapap3 KO mice changed after i.p. injections of either vehicle or MTEP. Mice were exposed 

to either vehicle or drug on alternating consecutive days. Whereas vehicle injections had no 

significant effect, MTEP treatment significantly reduced striatal activity in Sapap3 KO mice 

(Figure 1K, L). Similar treatment of WT control mice also showed a statistically significant 

reduction (Supplemental Figure S1F); however, consistent with excessive mGluR5 signaling 

in the OCD model mice, Sapap3 KO mice showed a nearly twofold greater effect 

(Supplemental Figure S1G).

Striatal mGluR5 Signaling Increases and Unbalances Striatal Output

Given the robust effects of systemic mGluR5 NAM treatment for reducing striatal firing in 

vivo (Figure 1K, L) and the central role of striatal circuitry for the OCD-like behaviors of 

Sapap3 KO mice (8), we next sought to understand how the increased striatal mGluR5 

activity of Sapap3 KO mice (12,13) affects striatal circuit output. Previously, we found that 

mGluR5 signaling weakens excitatory corticostriatal synaptic strength at striatal projection 

neurons (SPNs) in the dorsolateral striatum (12,13). Although this finding is ostensibly at 

odds with the increased striatal firing rates observed in Sapap3 KO mice in vivo (4), 

mGluR5 signaling affects numerous cellular properties and cell types within the striatal 

microcircuit, making it difficult to predict its integrated effect on SPN firing rates. For 

example, in SPNs, mGluR5 signaling potentiates N-methyl-D-aspartate–type glutamate 

receptor currents (29), disinhibits gamma-aminobutyric acidergic synapses (30), increases 

intrinsic excitability (31), and mediates corticostriatal synaptic long-term depression (32). 

Moreover, two key striatal interneuron types that influence SPN activity—fast-spiking and 

cholinergic interneurons—are also modulated by mGluR5 (33,34).

To elucidate how the various consequences of elevated striatal mGluR5 signaling ultimately 

integrate within the striatal microcircuit to affect SPN firing, we used an approach we 

recently established that measures striatal output while preserving the influence of local 

circuit features (28). With the use of multiphoton laser vector-line scan microscopy of the 

calcium indicator dye, Fura-2, to visualize APs, we evoked SPN Firing by electrical 

stimulation of excitatory afferents (28) (Figure 2A–C). The acute slice preparation was used 

to isolate the striatum from ongoing activity in other brain regions, thereby allowing us to 
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specifically determine the local striatal contribution of elevated mGluR5 signaling. We 

further defined effects according to each of the two main classes of striatal projection 

neurons. The striatonigral or “direct” pathway and the striatopallidal or “indirect” pathway 

(dSPNs and iSPNs, respectively) can have opposing effects on behavior (35–39), and 

imbalance of these two basal ganglia pathways has long been hypothesized to underlie 

movement disorders (40–42) and OCD (43). By taking advantage of the high fidelity of the 

Drd1a-tdTomato reporter to assign SPN types (23), we were able to evaluate activity in both 

projection pathways simultaneously and with defined spatial relations (Figure 2D, E).

We first examined whether synaptically evoked dSPN and iSPN firing was altered in the 

dorsolateral striatum of Sapap3 KO mice. We found that spike probability was significantly 

increased in both dSPNs (F1,2564 = 110.2, p < .0001) and iSPNs (F1,2052 = 7.6, p = .006; 

Figure 2F, Supplemental Figure S2A) of Sapap3 KO mice. In addition, the amplitude of 

evoked events, an indicator of the number of APs fired per evoked response, was also 

increased (Figure 2G, Supplemental Figure S2B). However, this effect was only statistically 

significant in dSPNs (F1,2564 = 112.9, p < .0001 for dSPNs; F1,2052 = 2.4, p = .12 for 

iSPNs). For both spike probability and event amplitude, we found that the balance of activity 

between dSPNs and iSPNs in Sapap3 KO mice was markedly shifted to favor the action-

promoting, direct pathway. By comparison, in WT control mice, the balance of activity 

slightly favors the indirect pathway (Figure 2H, I, Supplemental Figure S3A, B), consistent 

with a previous report that demonstrated that iSPNs have a higher spontaneous rate of firing 

in vivo than dSPNs (44).

To determine the contribution of striatal mGluR5 signaling to the circuit disruptions of 

Sapap3 KO mice, we treated dorsolateral striatal slices acutely with either MTEP 

(concentration 20 µmol/L) or vehicle. MTEP significantly reduced spike probability (dSPNs: 

F1,2780 = 115.2, p < .0001; iSPNs: F1,1948 = 33.1, p < .0001)and event amplitude (dSPNs: 

F1,2780 = 263.4, p < .0001; iSPNs: F1,1948 = 41.7, p < .0001) in both projection pathways 

(Figure 3A–D, Supplemental Figure S2C, D) and restored pathway balance (Figure 3E, F). 

These results show that striatal output is increased and imbalanced toward the direct 

pathway in Sapap3 KO mice, and acute MTEP treatment normalizes the circuit 

abnormalities.

Constitutive Ligand-Independent Activity Mediates Ongoing mGluR5 Signaling in Sapap3 
KO Mice

Our findings of acute reversal of both the striatal output abnormalities (Figure 2) and OCD-

like behaviors (Figure 1) of Sapap3 KO mice by MTEP indicated a role for ongoing 

mGluR5 signaling. Ongoing mGluR5 signaling in Sapap3 KO mice could be driven by 

increased glutamate-dependent receptor activation and/or by ligand-independent, 

constitutive signaling that has been described for this receptor (45). Although we previously 

established that SPNs in Sapap3 KO mice exhibit increased functional responses to ligand-

dependent stimulation relative to WT SPNs (12), we hypothesized that constitutively active 

receptors might also contribute to elevated mGluR5 signaling in this model. For example, 

disruption of postsynaptic density scaffold protein interactions, specifically reduced mGluR5 

binding to the long isoform of Homer, has been associated with constitutive mGluR5 
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signaling (45). Because SAPAPs are part of the postsynaptic density scaffold (46), absence 

of SAPAP3 might functionally uncouple long Homer/mGluR5-dependent signaling and lead 

to constitutive mGluR5 activity.

To test whether loss of SAPAP3 reduced mGluR5/long Homer interactions, we subjected 

striatal brain extracts from Sapap3 KO and WT mice to immunoprecipitation using 

antibodies that recognize the long Homer isoform. Although no significant differences in 

total levels of mGluR5 or long Homer were identified in the striatal extracts, the amount of 

mGluR5 that co-immunoprecipitated with long Homer was significantly reduced in Sapap3 
KO relative to WT striata (Figure 4A – D). These data indicate that SAPAP3 deletion 

reduces long Homer association with mGluR5, a finding predicted to cause ligand-

independent constitutive mGluR5 signaling (45).

To test for constitutive mGluR5 activity, we compared effects of a competitive antagonist 

[(+)-alpha-methyl-4-car-boxyphenylglycine; MCPG] with those of a NAM (MTEP). We 

examined drug effects on mEPSCs to minimize activation of presynaptic autoreceptors 

(group II mGluRs) that are also MCPG targets. In agreement with our previous findings 

using another mGluR5 NAM (13), acute MTEP treatment increased mEPSC frequency of 

Sapap3 KO dSPNs (Figure 4E, F). By contrast, the competitive antagonist MCPG was 

ineffective (Figure 4G, H). In addition, as expected (13), MTEP did not alter WT responses 

(Figure 4I, J).

To demonstrate the relation between uncoupling long Homer/mGluR5 scaffolds and SPN 

activity in Sapap3 KO mice, we examined the effect of a peptide containing the mGluR5 C-

terminal sequence that binds to Homer (mGluR5-CT) (47) on excitatory synaptic 

transmission in SPNs from Sapap3 KO and WT mice. We reasoned that if constitutive 

signaling in Sapap3 KO mice arose from disrupted mGluR5/ long Homer interactions, then 

the peptide’s effects of dissociating mGluR5 from long Homer might be occluded in Sapap3 
KO mice. As predicted, in WT control mice, the amplitude of evoked EPSCs was 

significantly reduced in SPNs exposed to mGluR5-CT compared with SPNs exposed to a 

mutated control peptide (F1,120 = 21.9, p < .0001). However, in Sapap3 KO mice, this effect 

was occluded (Figure 4K – M). Notably, KO mice responses were similar to the mGluR5-

CT–reduced WT responses. Together, this series of experiments provides biochemical and 

pharmacologic evidence that disrupted long Homer/mGluR5 scaffolds in Sapap3 KO mice 

alter SPN activity through constitutive mGluR5 receptor signaling.

Acute mGluR5 Potentiation Recapitulates Core Features of OCD-like Behaviors

Although our results thus far indicate the necessity of mGluR5 activity for the OCD-like 

behavioral and circuit abnormalities in Sapap3 KO mice, our finding of constitutive mGluR5 

signaling further suggests that increased mGluR5 signaling may be an underlying 

mechanism to drive OCD-like behaviors. To test this idea directly, we pharmacologically 

augmented endogenous mGluR5 activity in C57BL/6 mice using the highly selective 

mGluR5 positive allosteric modulator (PAM), VU 0360172 (48).

We found that a single i.p. injection of VU 0360172 caused robust and immediate grooming 

in C57BL/6 mice that was markedly greater than vehicle control levels (F1,20 = 17.0, p = .

Ade et al. Page 7

Biol Psychiatry. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0005; Figure 5B). This drug effect was not present in Grm5 KO mice (24), confirming 

mGluR5 target specificity (F1,20 = 174.1, p < .0001; Figure 5C). Although C57BL/6 mice 

treated with PAM exhibited more robust grooming behaviors than mice treated with vehicle, 

time spent grooming was also significantly increased by vehicle treatment alone. A similar 

trend was observed in vehicle treatment of WT littermates of Sapap3 KO mice (which were 

on a hybrid strain background) (Figure 1B). These findings are consistent with prior 

observations of grooming behaviors triggered by novelty or stressors and modulated by 

strain (49). Notably, acute injection-related increases in grooming were absent in C57BL/6 

mice that lacked Grm5 (Figure 5C), indicating a requirement for mGluR5 signaling.

In the OF, VU 0360172 treatment showed a trend to produce the anxiety-like phenotype of 

reduced center time (Figure 5D, E). However, a role for mGluR5 in this behavior was 

robustly supported when responses between WT and litter-mate Grm5 KO mice were 

compared (F1,16 = 48.0, p < .0001; Figure 5F, G). In addition, VU 0360172 had significant 

effects on other anxiety measures. VU 0360172 decreased the percentage of time spent in 

the open arms of the EZM (t33 = 3.8, p = .0006; Figure 5H) and increased the latency to 

enter (latency t41 = 2.6, p = .013), and it decreased the time spent in the brightly lit chamber 

of the LDE (t41 = 3.3, p = .002; Figure 5J, K). In summary, these experiments show that 

acute augmentation of endogenously driven mGluR5 activity in normal mice is sufficient to 

acutely recapitulate the core symptoms of grooming and anxiety-like behaviors that 

characterize the persistent OCD-like phenotype of the Sapap3 KO model.

DISCUSSION

In this study, we have identified excessive mGluR5 signaling as a novel molecular 

mechanism for OCD-like behaviors. We show that increased and ongoing mGluR5 activity 

drives OCD-relevant circuit and behavioral phenotypes in mice. Importantly, mGluR5 is a 

proposed therapeutic target for a number of neurologic and neuropsychiatric disorders (50–

53). Thus, a fuller understanding of the effects of mGluR5 signaling on the brain and 

behavior stands to benefit the successful implementation of this emerging therapy.

Surprisingly, although mGluR5 signaling in the striatum is well known for its role in 

inducing long-term synaptic plasticity (32), in this study we found that ongoing “real-time” 

signaling by mGluR5 was responsible for OCD-like behaviors. Behavioral responses 

occurred within minutes of acute, single treatments with either an mGluR5 NAM to inhibit 

symptoms in the Sapap3 KO model or an mGluR5 PAM to elicit symptoms in normal mice. 

These rapid response rates are in marked contrast to the prolonged treatments periods that 

are required (days to weeks) to either treat patients and mouse models with selective 

serotonin reuptake inhibitors (3,8,54), the current clinical treatment mainstay, or induce 

repetitive grooming activity in mice via optogenetic stimulation of corticostriatal afferents 

(3). Thus, our observations suggest that mGluR5 signaling is a proximal effector of OCD-

like behavior.

In this study, we also reveal that elevated striatal mGluR5 signaling in the Sapap3 KO model 

is associated with disruption of mGluR5/Homer-long complexes and constitutive signaling. 

Disrupted mGluR5/Homer-long interactions are well described in the fragile X mouse model 
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(55,56), a model that also has increased mGluR5 activity (50), as well as under 

circumstances with increased expression of short Homer isoforms or mGluR5-CT Homer 

binding motifs (55,56). Our findings presented here expand our understanding of the specific 

postsynaptic disruptions that can lead to increased mGluR5 activity.

Increased striatal activity has been associated with OCD behaviors in both clinical 

populations (5–7) and animal models (3,4). In this study, we found that acute mGluR5 

antagonism was sufficient to reduce elevated striatal SPN activity of Sapap3 KO mice both 

in vivo when delivered systemically and ex vivo when applied locally to acute slices. In 

addition to increasing SPN firing, we further found that activity between dSPNs and iSPNs 

was imbalanced in Sapap3 KO mice.

An overarching model for the contribution of the basal ganglia circuit to motor behavior 

emphasizes the mutually antagonistic roles of the direct and indirect pathways in promoting 

and inhibiting movement, respectively (40–42). Consistent with this, optogenetic 

manipulations of SPNs provide proof of principle that movement can be grossly influenced 

accordingly (36). In the present study, by imaging SPNs in both pathways simultaneously, 

we were able to directly examine balance and provide the first experimental evidence that 

OCD-like behaviors are associated with basal ganglia pathway imbalance (Figure 3, 

Supplemental Figure S3). Independent of the pathway imbalance, the observed change in 

gain (Figure 2C, D) is also predicted to have behaviorally significant effects. At least 

computationally, increased corticostriatal gain is predicted to lower the decision time 

threshold for motor responses and to come at a cost of reduced reward optimization (57). In 

addition, we recently found that increased striatal gain correlates with habitual behavior 

(28). Thus, although speculative, such effects could contribute to the increased, and 

ultimately deleterious, expression of routines in OCD. Of note, although our study focuses 

on dorsolateral striatal circuit abnormalities to reveal the effects of mGluR5 signaling, our 

findings do not rule out behavioral contributions from other striatal subregions, including 

ventral striatum or extrastriatal brain regions.

Interestingly, although an increase in SPN AP firing from elevated mGluR5 signaling is 

opposite to the prediction that would be derived based on the known effects of mGluR5 for 

weakening corticostriatal excitatory synaptic strength (12,13), our observation is concordant 

with recent findings in early striatal development, whereby increased evoked SPN firing 

rates and weaker corticostriatal synaptic strength coexist (58). In Sapap3 KO mice, mGluR5-

mediated increases in SPN activity could arise through a number of local circuit 

mechanisms, including, but not limited to, increased SPN intrinsic excitability (31) and 

endocannabinoid-mediated suppression of inhibitory synaptic tone (30,59). Importantly, 

given how any single isolated feature may fail to accurately predict the net circuit output, we 

show here the utility of an integrated measure of striatal output in that it accurately reflects 

the in vivo state (4) and can be used to identify therapies that act locally to normalize circuit 

output (Figure 3).

Clinically, obsessive-compulsive (O-C) behaviors occur in a wide variety of contexts. 

Furthermore, genetic studies and clinical observations indicate that OCD itself is a 

heterogeneous disorder (60). In this study, we provide proof of principle that increased 
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mGluR5 signaling may be a convergent end point driving O-C behaviors. We show that 

increasing mGluR5 signaling through two distinct mechanisms causes OCD-like behaviors; 

the first by loss of Sapap3 in KO mice and the second by pharmacologic mGluR5 

augmentation in normal mice. Of course, although we refer to the constellation of behaviors 

in the Sapap3 KO model as “OCD-like,” future studies in humans are necessary to 

determine whether related striatal mGluR5 pathophysiology will be identified in OCD per se 

or other behavioral disorders. Therefore, an important translational issue is to identify 

whether and which clinical populations have increased striatal mGluR5 activity. Fortunately, 

suitable mGluR5 radioligands have recently become available to aid in this endeavor (61–

63).

In summary, the results of this study provide preclinical support for overactive mGluR5 

signaling as a tractable mechanism-based target to develop new treatments for O-C 

behaviors. The alacrity of the mGluR5 NAM effects on behavior shown here are in marked 

contrast to the current clinical treatment mainstay and suggest that targeting mGluR5 or its 

proximate downstream signaling events may enable faster symptom relief and/or improved 

efficacy. Moreover, a fuller appreciation of the behavioral consequences of mGluR5 

signaling informs the development and monitoring of drugs targeting mGluR5, both PAMs 

and NAMs, as they are optimized for use in patients in a variety of clinical settings.
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Figure 1. 
Type 5 metabotropic glutamate receptor antagonism reduces obsessive-compulsive disorder–

like behaviors in Sapap3 knockout (KO) mice. (A) Experimental design for evaluating the 

effects of MTEP (20 mg/kg, i.p.) in wild-type (WT) and Sapap3 KO mice in the open field 

(OF) (B–E). Injections of either MTEP or vehicle control (Veh) were given at time = 0 

minutes. Drug modulation of behavior was evaluated for each genotype by comparing the 

30-minute interval before (pre) and after (post) injection. WT vehicle n = 9, WT MTEP n = 

14, KO vehicle n = 12, KO MTEP n = 12. (B) Grooming activity time course shows MTEP 
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reduces basal grooming levels in Sapap3 KO mice but not WT mice. (C) Locomotor 

trajectories of representative WT and Sapap3 KO mice in the OF during 10-minute periods 

before and after injections of vehicle or MTEP. Time courses showing (D) center time and 

(E) total distance traveled in the OF. Time course data are presented as means ± SEMs. (F–
J) Boxplots showing anxiolytic effects of MTEP in Sapap3 KO mice. For the elevated zero 

maze, (F) percentage of time spent in the open area and (G) locomotion (n = 17–18 per 

group). For the light-dark emergence, (H) latency to enter the brightly lit chamber, (I) 
percentage of time spent in the brightly lit chamber, and (J) locomotion (n = 15–17 per 

group). Boxplots showing (K) normalized change in striatal firing rate (FR) relative to 

preinjection period for striatal units recorded in vivo and (L) summary of units showing a 

change in firing rate during the postinjection period relative to the preinjection baseline with 

magnitudes >10%. Veh day 1, n = 201 units/4 mice; MTEP day 2, n = 231 units/4 mice; Veh 

day 3, n = 207 units/4 mice. Boxplots present median, upper, and lower quartiles, and upper 

and lower 90%. *p < .05, **p < .01. i.p., intraperitoneal.
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Figure 2. 
Striatal projection neuron (SPN) output is increased and imbalanced in Sapap3 knockout 

(KO) mice. (A) Representative image showing extracellular stimulating electrode placement 

in acute brain slice. Fields were imaged 600–650 µm from the tip of the electrode along the 

path of incoming cortical afferents. The box indicates the location of a typical field of view. 

(B) Representative raster scans showing fluorescence of Drd1a-tdTomato transgene (left), 

Fura-2 (middle), and overlay with vector path used for line-scan imaging (right). Scale bar = 

25 µm. (C) Kymograph showing that Fura-2 fluorescence decreases at the time of 
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extracellular stimulation (Stim.) (blue arrow). Scale bar = 15 µm. Heat maps of direct SPN 

(dSPN; “X”) and indirect SPN (iSPN; “O”) event amplitudes (amp.) in the X–Y space 

showing representative responses to stimulation of cortical afferents (0.6 mA) in brain slices 

from (D) wild-type (WT) and (E) Sapap3 KO mice demonstrate that the genotype effects on 

firing properties were broadly distributed in space. Summaries of (F) spike probability and 

(G) event amplitude demonstrate that SPN-evoked firing rates are increased in Sapap3 KO 

mice relative to their WT littermates. Summaries of dSPN/iSPN ratios for (H) spike 

probability and (I) event amplitude demonstrate that the relative balance of striatal output is 

shifted in favor of the direct pathway in Sapap3 KO mice relative to their WT littermates. 

WT = 262 dSPNs/197 iSPNs, 6 slices, 3 mice; Sapap3 KO = 381 dSPNs/318 iSPNs, 9 

slices, 6 mice. Data are presented as means ± SEMs.
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Figure 3. 
Striatal type 5 metabotropic glutamate receptor signaling increases and unbalances of striatal 

project neuron (SPN) output in Sapap3 knockout (KO) mice. Heat maps of direct SPN 

(dSPN; “X”) and indirect SPN (iSPN; “O”) event amplitudes (amp.) in the X–Y space 

showing representative responses to stimulation (Stim.) of cortical afferents (0.6 mA) in 

brain slices from Sapap3 KO mice treated with either (A) vehicle (Veh) or (B) MTEP. 

Summaries of (C) spike probability and (D) event amplitude demonstrate that MTEP 

decreases the SPN-evoked firing rate in Sapap3 KO mice. Summaries of dSPN/iSPN ratios 
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for (E) spike probability and (F) event amplitude demonstrate that MTEP reverses the 

striatal pathway imbalance in Sapap3 KO mice. Veh: n= 313 dSPNs/205 iSPNs, 6 slices, 3 

mice; MTEP: n= 384 dSPNs/284 iSPNs, 8 slices, 4 mice. Data are presented as means ± 

SEMs.
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Figure 4. 
Constitutive signaling contributes to ongoing type 5 metabotropic glutamate receptor 

(mGluR5) activity in Sapap3 knockout (KO) mice. (A) Representative Western immunoblots 

(IBs) from a littermate pair showing that Sapap3 deletion reduces co-immunoprecipitation 

(IP) of mGluR5 (monomers approximately 130 kDa, dimers approximately 260 kDa) with 

the long Homer isoform. Boxplots showing (B) significantly less mGluR5 co-

immunoprecipitated with long Homer in KO relative to wild-type (WT) striatal extracts; 

however, input levels of (C) long Homer and (D) mGluR5 were not significantly different 
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between WT and Sapap3 KO striatal extracts (n = 7–8 per group). (E) Representative traces 

and (F) summary data showing that MCPG (500 µmol/L) does not affect miniature 

excitatory postsynaptic current (mEPSC) frequency (left) or amplitude (right) in direct 

striatal projection neurons (dSPNs) in Sapap3 KO mice (n= 11 for both groups). (G) 
Representative traces and (H) summary data showing that MTEP significantly increases 

mEPSC frequency (left) but not amplitude (amp.) (right) in dSPNs in Sapap3 KO mice (n = 

9 for both groups). (I) Representative traces and (J) summary data showing that MTEP 

(concentration 20 µmol/L) does not affect mEPSC frequency (left) or amplitude (right) in 

dSPNs in WT mice [vehicle (Veh), n= 7; MTEP, n= 9]. (E, G, and I) Scale bars = 25 pA, 

200 ms. Boxplots present median, upper and lower quartiles, and upper and lower 90%. *p 
< .05, **p < .01. (K) Schematic showing that peptide corresponding to C-terminus of 

mGluR5 (mGluR5-CT; pink) competitively interferes with mGluR5 (black) and Homer 

(yellow) interactions. (L) Representative responses to 0.2-mA stimulation and (M) summary 

data demonstrate that mGluR5-CT reduces evoked EPSC amplitude in WT but not KO 

dSPNs (WT mGluR5-CT, n = 8; WT mGluR5-MU, n = 6; KO mGluR5-CT, n = 6; KO 

mGluR5-MU, n = 5). Scale bar = 500 pA, 20 ms. MU, mutated; Stim., stimulation.
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Figure 5. 
Acute type 5 metabotropic glutamate receptor (mGluR5) potentiation induces obsessive-

compulsive disorder–like behaviors in C57BL/6 mice. (A) Experimental design for 

evaluating the effects of the mGluR5 positive allosteric modulator (PAM), VU 0360172 (20 

mg/kg, i.p.), or vehicle (Veh) on C57BL/6 mice (B, D, and E) and VU 0360172 (20 mg/kg, 

i.p.) on Grm5 knockout (KO) and wild-type (WT) littermates (C, F, and G) in the open field 

(OF). Injections were given at time = 0 minutes. Modulation of behavior by PAM was 

evaluated by comparing the 30-minute postinjection periods between groups. Grooming 
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activity time course data show (B) PAM significantly increases basal grooming levels in 

C57BL/6 mice (n = 11 for both conditions) and (C) that the grooming effects of PAM 

depend on mGluR5 signaling (Grm5 KO, n = 7; WT, n = 11). (D) Locomotor trajectories of 

representative C57BL/6 mice in the OF during 10-minute periods before and after injections 

of Veh (top) or PAM (bottom). (E) Time course showing the percentage of time C57BL/6 

mice spent in the center of the OF arena. (F) Locomotor trajectories of a representative 

Grm5 KO mouse (top) and WT mouse (bottom) in the OF during 10-minute periods before 

and after injections of PAM. (G) Time course showing the percentage of time WT and Grm5 
KO mice spent in the center of the OF arena. Time course data are presented as means ± 

SEMs. (H–L), Boxplots showing anxiolytic effects of PAM. For the elevated zero maze, (H) 
time spent in the open area and (I) locomotion (n = 17–18 per group). For the light-dark 

emergence, (J) latency to enter the brightly lit chamber, (K) time spent in the brightly lit 

chamber, and (L) locomotion (n = 21–22 per group). Boxplots present median, upper and 

lower quartiles, and upper and lower 90%. *p < .05, **p < .01. i.p., intraperitoneal.
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