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Abstract
Background—Perseveration and sensorimotor gating deficits are core features of obsessive-
compulsive disorder (OCD). Serotonin 1B receptor (5-HT1BR) agonists exacerbate OCD
symptoms in patients, and induce perseveration and sensorimotor gating deficits in mice.
Serotonin reuptake inhibitors (SRIs), but not noradrenaline reuptake inhibitors (NRIs), reduce
OCD symptoms following 4–8 weeks of treatment. Using mice, we compared the effects of
chronic SRI versus NRI treatment on 5-HT1BR-induced OCD-like behavior, and 5-HT1BR
sensitivity in orbitofrontal-subcortical “OCD circuits”. Furthermore, we localized the 5-HT1BR
population that mediates OCD-like behavior.

Methods—Mice chronically received the SRI clomipramine or the NRI desipramine and were
examined for 5-HT1BR-induced OCD-like behavior, or 5-HT1BR binding and G-protein-coupling
in caudate-putamen, nucleus accumbens, and orbitofrontal cortex. Separate mice were tested for
OCD- or depression-like behavior following 4, 14, 21, 28 or 56 days of SRI treatment. Finally,
OCD-like behavior was assessed following intra-orbitofrontal 5-HT1BR agonist infusion, or intra-
orbitofrontal 5-HT1BR antagonist infusion coupled with systemic 5-HT1BR agonist treatment.

Results—Effective, but not ineffective, OCD treatments reduced OCD-like behavior in mice
with a time-course that parallels the delayed therapeutic onset in OCD patients, and downregulated
5-HT1BR expression in the orbitofrontal cortex. Intra-orbitofrontal 5-HT1BR agonist infusion
induced OCD-like behavior, and intra-orbitofrontal 5-HT1BR antagonist infusion blocked OCD-
like effects of systemic 5-HT1BR agonist treatment.

Conclusions—These results indicate that orbitofrontal 5-HT1BRs are necessary and sufficient to
induce OCD-like behavior in mice, and that SRI pharmacotherapy reduces OCD-like behavior by
desensitizing orbitofrontal 5-HT1BRs. Our findings suggest an essential role for orbitofrontal 5-
HT1BRs in OCD pathophysiology and treatment.
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INTRODUCTION
Obsessive-Compulsive Disorder (OCD) is characterized by intrusive thoughts, images, or
impulses, and/or repetitive compulsive behaviors. Abnormalities in brain serotonergic
systems have been implicated in the pathophysiology of OCD due in part to the efficacy of
serotonin reuptake inhibitors (SRIs) in OCD treatment (1–3). SRIs include selective
serotonin reuptake inhibitors (SSRIs) and clomipramine, a tricyclic antidepressant that
potently blocks the serotonin transporter. Other classes of antidepressants, including
norepinepherine reuptake inhibitors (NRIs) and monoamine oxidase inhibitors (MAOIs), are
ineffective in OCD (1, 4). OCD is the only anxiety disorder showing selective response to
SRI antidepressants (5). Furthermore, the mechanisms by which SRIs produce therapeutic
effects in OCD remain poorly understood.

Several putative biomarkers have been identified in OCD. First, OCD is associated with
deficits in sensorimotor gating (6, 7), a neural mechanism that inhibits extraneous sensory,
cognitive and motor information to permit mental integration. Prepulse inhibition (PPI) is an
operational measure of sensorimotor gating and refers to the reduction in startle magnitude
that occurs when an abrupt startling stimulus is preceded 30–500 msec by a barely
detectable stimulus (8), and is reduced in OCD (6, 7). Second, pharmacological challenge
with serotonin 1B receptor (5-HT1BR) agonists exacerbates symptoms in OCD patients (9–
11) (however, see (12)). Third, OCD patients exhibit overactivity of the orbitofrontal cortex
(OFC) at rest (13–15) and following symptom provocation (16, 17) that is reversed by
successful treatment (18–20).

Interestingly, 5-HT1BR agonist treatment produces several OCD-like behaviors in rodents,
including PPI deficits (21, 22) and highly perseverative hyperlocomotion (23–25)
characterized by repetitive circling of the perimeter of the open field to the near exclusion of
other species-typical behaviors. These 5-HT1BR-induced behaviors are blocked by chronic
treatment with the SRI fluoxetine (26), and therefore could model aspects of OCD.
However, behaviors reduced by SRIs might not be OCD-like, since SRIs also effectively
treat additional psychiatric conditions including depression and other anxiety disorders. To
determine whether 5-HT1BR-induced behavior specifically models aspects of OCD in mice,
we assessed the ability of effective (SRI) versus ineffective (NRI) treatments for OCD to
block 5-HT1BR-induced behavior. We also compared the time-course for SRIs to reduce
OCD-like versus depression-like behavior in mice, since a longer course of SRI treatment is
required for therapeutic effects to emerge in OCD patients (4–8 weeks) (27) compared to
depressed patients (2–4 weeks) (28).

We then examined the mechanisms underlying OCD-like behavior in mice and the
attenuation of this behavior by SRIs. We hypothesized that discrete populations of 5-
HT1BRs within the orbitofrontal-subcortical circuits implicated in OCD (13–20) mediate
OCD-like behavior. Furthermore, we posited that SRIs desensitize these 5-HT1BR
populations. We examined the effects of chronic SRI or NRI treatments on 5-HT1BR
expression and functional coupling in the dorsal striatum, nucleus accumbens and
orbitofrontal cortex. Finally, we performed local infusion studies to determine whether
orbitofrontal 5-HT1BRs are necessary and sufficient to produce OCD-like behavior in mice.
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METHODS AND MATERIALS
Animals

Female Balb/cJ mice (Jackson Laboratories, Bar Harbor, Maine) 8–12 weeks of age,
weighing 20–30 g, were used for all experiments. Balb/cJ mice were used because this strain
has been previously reported to respond behaviorally to chronic antidepressant treatment
(26, 29). Female mice were used because Balb/cJ males exhibit excessive home-cage
fighting. Prevalence rates have been reported to be approximately equal among males and
females, with females beings slightly more likely to have OCD; the female/male sex ratio
reported in OCD is 1 – 1.5 (30–32). Mice were housed in a temperature-controlled colony
room on a 12-hour light/dark schedule with food and water available ad libitum. Behavioral
testing occurred during the light phase. Animal testing was conducted in accord with the
National Institutes of Health laboratory animal care guidelines and with Institutional Animal
Care and Use Committee approval.

Chemicals
Clomipramine, fluoxetine, and desipramine were administered in the drinking water. Drug
concentrations required for delivery of desired doses were as follows: 80 mg/L for 10 mg/
kg/day fluoxetine; 90, 175, or 345 mg/L for 10, 20, or 40 mg/kg/day clomipramine, and 110,
215, or 385 mg/L for 10, 20, or 40 mg/kg/day desipramine (29). RU24969 and 8-OH-DPAT
were dissolved in 0.9% saline as salt doses and injected IP. GR127935 was dissolved in
distilled water and injected SC. Systemic drug injections were given at a volume of 5 mL/kg
bodyweight with 1-cc syringes and 27 gauge needles. Drug doses were selected based on
results of previous dose response studies (21, 29) and local infusion dose response studies
(data not shown).

Details regarding drugs and radiochemicals are described in Supplement 1.

Behavioral Experiments and Apparatus
Open Field Test—Mice were placed in a corner of the open field and activity was
monitored for 20 minutes. Locomotor activity was quantified using 42 × 42 × 30 cm
Plexiglas activity chambers (Accuscan, Columbus, OH). Chambers were equipped with
infrared beams (2.5 cm apart) along each wall. Paths taken by mice were recorded by breaks
in the infrared beams and stored as x-y coordinate sequences.

Prepulse Inhibition—Immediately following open field testing, mice were transferred to
PPI chambers. Sixty-five consecutive 1-ms readings were recorded beginning at startling
stimulus onset to obtain the amplitude of the animals’ startle response to each stimulus (33).
Sound levels were measured as described elsewhere using the A weighting scale (34). In
each test session, mice were exposed to five different types of discrete stimuli or “trials”: a
40-msec broadband 120 dB burst (Pulse Alone trial); three different Prepulse + Pulse trials
in which either 20-msec long 3 dB, 6 dB, or 12 dB above background stimuli preceded the
120 dB pulse by 100 msec (onset to onset); and a No Stimulus trial, in which only
background noise (65 dB) was presented. Trials were presented in a pseudo-random order
and separated by an average of 15 s (range: 9–20 s). The test session began with a 5-min
acclimation period, followed by four consecutive blocks of test trials. Blocks one and four
consisted of six consecutive Pulse Alone trials, while blocks two and three each contained
six Pulse Alone trials, five of each kind of Prepulse + Pulse trial, and four No Stimulus
trials. Startle chambers were nonrestrictive Plexiglas cylinders 5 cm in diameter resting on a
Plexiglas platform in a ventilated chamber (San Diego Instruments, San Diego, CA) as
described elsewhere (26).
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Chronic Forced Swim Test—In the chronic forced swim test (cFST), Balb/cJ and
several other mouse strains show reduced immobility following chronic, but not short-term,
treatment with antidepressants via the drinking water (29, 35). Mice were place in plastic
buckets 24 cm high and 19 cm in diameter filled 19 cm high with 23–25°C tap water
positioned directly below a tripod-mounted camera and videotaped for 6 min. Only the last 4
min were scored for four measures: swimming, immobility, climbing, or other (36). The
predominant behavior was recorded every 5 s. Mice were pre-exposed to the forced swim
test for 6 min 24 h before test day (37).

Quantitative Autoradiographic Binding Experiments
Tissue Preparation—Following 4 weeks of antidepressant treatment, mice were
sacrificed rapidly by decapitation. Brains were excised, frozen in dry ice, and stored at
−20°C. Twenty micron coronal sections were collected onto Superfrost slides (Fisher,
Pittsburgh, PA) and stored at −20°C. Before use, slides with brain sections were thawed
sequentially to 4°C and then to room temperature (RT) over 1 hour.

[125I]-CYP—Receptor autoradiography using [125I]-iodocyanopindolol ([125I]-CYP) was
based on the protocol by Waeber and Palacios (38). 5-HT1B receptor binding was evaluated
by assessing [125I]-CYP in the presence of 8-OH-DPAT to block 5-HT1A receptors, and
isoproterenol to block β adrenoreceptors. Nonspecific binding was determined in the
presence of the 5-HT1B/1D antagonist GR127935.

[35S]-GTPγS—Functional coupling was evaluated by assessing [35S]-GTPγS binding in
the presence or absence of the 5-HT1B agonist CP93129. Nonspecific binding was
determined in the presence of GR127935.

Image Analysis—Autoradiograms were analyzed using ImageJ software (Bethesda, MD).
Optical densities of images were converted to nCi/mg tissue with a calibration curve
generated from coexposed 3H microscale standards (American Radiolabeled Chemicals, St.
Louis, MO). For details regarding binding studies see Supplement 1.

Local Infusion Experiments
Surgery—Mice were anesthetized (100 mg/kg ketamine and 6 mg/kg xylazine, IP), placed
in a stereotaxic apparatus (Stoelting, Wood Dale, IL), and implanted with 22-gauge bilateral
guide cannulae (Plastics One, Roanoke, VA). Cannulae were aimed at the orbitofrontal
cortex (AP, +2.5mm from bregma; ML, ±1.0mm from midsaggital line; DV, −2.5mm from
dura mater) or the infralimbic cortex (AP, +1.6mm from bregma; ML, ±0.5mm from
midsaggital line; DV, −2.5mm from dura mater). Internal cannulae (Plastics One) extending
0.5mm beyond guide cannulae tips were inserted after surgery.

Behavioral Experiments—Following 1 week recovery from surgery, internal cannulae
were removed and injection cannulae extending 0.5mm beyond guide cannulae tips were
inserted. Mice were infused bilaterally and tested 10 minutes later for locomotion,
perseveration and PPI as described above. Drug solutions were infused at a rate of 0.5 μl/
min using a 5 μL syringe (Hamilton, Reno, NV) connected by polyethylene tubing (Plastics
One, Roanoke, VA) to the injection needle (Hamilton) which stayed in situ for 1 min
following the injection.

Cannula placement verification—At the end of each experiment, mice received an
overdose of ketamine/xylazine. Brains were excised, fixed with 4% paraformaldehyde
overnight, dehydrated with 30% sucrose, and snap frozen. Brains were stored at −20°C and
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later cut into 80μm coronal sections using a cryostat. The slices were stained with Cresyl
violet, and placements of cannula tracks were examined by light microscopy.

Statistical Analysis
For all experiments, dependent measures were analyzed using ANOVA. Significant
interactions were resolved using post-hoc ANOVAs for within-subjects factors and/or
Newman Keuls post-hoc tests for between-subjects factors. Significance was set at P<0.05,
and P values from post-hoc ANOVAs were adjusted using the Bonferroni correction.

Details of statistical analysis are described in Supplement 1.

RESULTS
Reduction of OCD-like behavior with chronic SRI, but not NRI, treatment

SRIs, but not NRIs provide effective treatment for OCD. We assessed whether chronic
treatment with the SRI clomipramine or the NRI desipramine attenuates OCD-like behaviors
in mice. Clomipramine attenuated 5-HT1BR-induced behavior following 4 weeks (Figure 1A
– 1C), but not 1 week (Figure S1 in Supplement 1) of treatment. Planned comparisons
showed that the 5-HT1BR agonist RU24969 induced hyperlocomotion in vehicle-
[F(1,37)=8.35; P<0.05] but not clomipramine-pretreated mice (Figure 1A). Following
RU24969, controls exhibited higher locomotion than clomipramine-pretreated mice. We
quantified 5-HT1BR-induced perseverative hyperlocomotion using the total distance traveled
and the spatial scaling exponent d. Spatial d quantifies the extent to which a sequence of
movements falls along a straight line (d ≈ 1) or is characterized by many directional changes
(d ≈ 2), and is independent of total distance traveled (39). 5-HT1BR agonist treatment
induces highly perseverative locomotor paths reflected by reductions in spatial d (26, 40). A
strong trend for RU24969 to induce perseveration in controls [F(1,10)=6.07; P=0.068] was
found, whereas no effect of RU24969 was seen in clomipramine-pretreated mice (Figure
1B). Finally, a significant drug × pretreatment interaction [F(2,27)=4.07; P<0.05] and post
hoc analyses revealed that RU24969 decreased PPI in vehicle- [F(1,12)=36.54; P<0.001] but
not clompiramine-pretreated mice. Furthermore, Newman-Keuls post hoc tests revealed that
the clomipramine-pretreated groups exhibited higher PPI than controls following RU24969
treatment (Figure 1C).

Desipramine did not affect any OCD-like behaviors (Figure 1D – 1F), but fluoxetine
attenuated these behaviors. RU24969 increased locomotion across vehicle- and desipramine-
pretreated groups [F(1,42)=154.62; P<0.001]. A significant drug × pretreatment interaction
[F(1,28)=4.70; P<0.05] and post hoc tests showed that RU24969 increased locomotion in
vehicle- [F(1,14)=33.61; P<0.001] and fluoxetine-pretreated mice [F(1,14)=10.45; P<0.01],
although fluoxetine-pretreated mice had reduced locomotion compared to controls after
RU24969 treatment (Figure 1D). RU24969 reduced spatial d scores across vehicle- and
desiprmaine-pretreated groups [F(1,41)=20.39; P<0.001]. RU24969 also decreased spatial d
across vehicle- and fluoxetine-pretreated groups [F(1,28)=11.43; P<0.01]. However,
fluoxetine-pretreated mice exhibited higher spatial d scores than controls following
RU24969 treatment (Figure 1E). The perseverative locomotor paths induced by RU24969
treatment which were blocked by clomipramine and fluoxetine, but not desipramine, are
shown in Figure 2. RU24969 decreased PPI across vehicle- and desipramine-pretreated
groups [F(1,42)=182.46; P<0.001]. A significant drug × pretreatment interaction
[F(1,28)=6.48; P<0.05] and post hoc tests indicated that RU24969 decreased PPI in vehicle-
[F(1,14)=62.63; P<0.001] and fluoxetine-pretreated mice [F(1,14)=8.58; P<0.05], although
fluoxetine-pretreated mice exhibited higher PPI than controls following RU24969 treatment
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(Figure 1F). In sum, 5-HT1BR-induced OCD-like behavior is attenuated by effective, but not
ineffective, pharmacological treatments for OCD.

Time-course for fluoxetine to reduce OCD-like behavior versus depression-like behavior
A longer course of SRI treatment is required for therapeutic effects to emerge in OCD
patients (4–8 weeks) (27) compared to depressed patients (2–4 weeks) (28). We assessed the
effect of 4, 14, 21, 28, or 56 days of fluoxetine treatment on 5-HT1BR-induced OCD-like
behavior or on depression-like behavior in separate groups of mice.

Only 2 weeks of fluoxetine pretreatment were required to reduce depression-related
behavior in the chronic forced swim test (cFST). Thus, fluoxetine had no effect in the cFST
on day 4. However, by day 14, fluoxetine reduced immobility in the cFST [F(1,24)=7.86;
P<0.01] (Figure 3A).

In contrast, three weeks of fluoxetine pretreatment were required to prevent 5-HT1BR-
induced hyperlocomotion. Thus, RU24969 induced hyperlocomotion across pretreatment
groups on days 4 [F(1,22)=31.23; P<0.001] and 14 [F(1,24)=23.10; P<0.001]. However, on
day 21 of fluoxetine pretreatment, a significant drug × pretreatment interaction
[F(1,23)=19.76; P<0.001] and post hoc analyses revealed that RU24969 increased
locomotion in vehicle- [F(1,12)=45.70; P<0.001] but not fluoxetine-pretreated mice.
Furthermore, fluoxetine-pretreated mice exhibited less locomotion compared to controls
following RU24969 treatment (Figure 3B).

Four weeks of fluoxetine pretreatment were required to reduce 5-HT1BR-induced
perseverative behavior. RU24969 reduced spatial d across pretreatment groups on days 4
[F(1,22)=25.59; P<0.001], 14 [F(1,23)=9.39; P<0.01] and 21 [F(1,22)=12.55; P<0.01].
However, on day 28 of fluoxetine pretreatment, planned comparisons revealed that
RU24969 decreased spatial d scores in vehicle- [F(1,12)=9.01; P<0.05] but not fluoxetine-
pretreated mice [F(1,12)=1.72; P=0.42]. In addition, fluoxetine-pretreated animals exhibited
higher spatial d values than controls following RU24969 treatment (Figure 3C).

Four weeks of fluoxetine pretreatment were also required to reduce 5-HT1BR-induced PPI
deficits. RU24969 reduced PPI across pretreatment groups on days 4 [F(1,23)=26.79;
P<0.001], 14 [F(1,24)=33.79; P<0.001] and 21 [F(1,24)=58.50; P<0.001]. However, on day
28 a significant drug × pretreatment interaction [F(24)=20.47; P<0.001] and post hoc
analyses revealed that RU24969 decreased PPI in vehicle- [F(1,12)=66.07; P<0.001] and
fluoxetine-pretreated mice [F(1,12)=15.39; P<0.01], although fluoxetine-pretreated mice
exhibited higher PPI than controls following RU24969 treatment (Figure 3D). Therefore,
approximately twice the duration of SRI treatment is required to reduce 5-HT1BR-induced
OCD-like behavior than depression-like behavior.

RU24969-induced behavior is mediated by 5-HT1BRs
5-HT1BR agonist-induced PPI deficits and perseverative hyperlocomotion are mediated by
5-HT1BRs and not 5-HT1ARs, for which the agonist used here, RU24969, has some affinity
(22, 26, 41, 42). We assessed the effects of 5-HT1AR agonist 8-OH-DPAT on behavior. 8-
OH-DPAT treatment produced effects that were opposite to those of RU24969 (Figures S2
and S3 in Supplement 1). Furthermore, effects of pretreatments on RU24969-induced
behavior were not confounded by effects of pretreatments on 5-HT1AR sensitivity.
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Chronic SRI, but not NRI, treatment downregulates 5-HT1BR expression in the orbitofrontal
cortex

Next, we investigated the mechanisms by which chronic SRI treatment reduces 5-HT1BR-
induced OCD-like behavior. We assessed 5-HT1BR expression and G-protein coupling in
brain regions within the orbitofronto-subcortical circuits implicated in OCD (13–20) in mice
receiving 4 weeks of treatment with fluoxetine, clomipramine, or desipramine. Fluoxetine
treatment resulted in decreased 5-HT1BR expression in the OFC [F(1,24)=6.04; P<0.05], but
not in the dorsofrontal cortex (DFC), caudate-putamen (CPu) or nucleus accumbens (NAc)
(Figures 4A and 4B). Treatment with clomipramine also reduced 5-HT1BR expression in the
OFC [F(1,22)=5.59; P<0.05], but not the DFC, CPu or NAc (Figure 4C). However,
desipramine treatment had no effect on 5-HT1BR expression in any brain region studied
(Figure 4D). No treatment altered 5-HT1BR-induced G-protein coupling in any brain region
studied (Figure S4 in Supplement 1). In sum, SRIs, but not NRIs, selectively downregulate
orbitofrontal 5-HT1BRs, the brain region most consistently implicated in OCD by
neuroimaging studies(43).

Orbitofrontal 5-HT1BR activation is necessary and sufficient for the expression of OCD-like
behaviors

To determine whether activating orbitofrontal 5-HT1BRs is necessary for generating OCD-
like behavior, we antagonized orbitofrontal 5-HT1BRs and administered 5-HT1BR agonist
systemically in mice. Local infusion of the 5-HT1BR antagonist GR127935 into the OFC
blocked the hyperlocomotion, perseveration, and PPI deficits induced by systemic injection
of RU24969 (Figure 5). A significant drug × pretreatment interaction [F(1,36)=5.31;
P<0.05] and post hoc analyses revealed that RU24969 increased locomotion in vehicle-
[F(1,20)=13.24; P<0.01] but not GR127935-pretreated mice. Furthermore, controls showed
more locomotion than GR127935-pretreated mice following RU24969 treatment (Figure
5A). Likewise, a significant drug × pretreatment interaction [F(1,35)=8.64; P<0.01] and post
hoc analyses revealed a trend for RU24969 to decrease spatial d scores in vehicle-
[F(1,18)=2.86; P=0.1] but not GR127935-pretreated animals. Furthermore, GR127935-
pretreated mice exhibited higher spatial d scores than controls following RU24969 treatment
(Figure 5B). Finally, RU24969 decreased PPI across groups [F(1,38)=14.96; P<0.001].
However, planned comparisons showed that RU24969 decreased PPI in vehicle-
[F(1,20)=12.44; P<0.01] but not GR127935-pretreated mice. Additionally, GR127935-
pretreated mice displayed higher PPI than controls following RU24969 treatment (Figure
5C).

Infusion of GR127935 into a nearby but anatomically (44) and functionally (45) distinct
brain region, the infralimic cortex (ILC), had no effect on 5-HT1BR-induced behaviors.
RU24969 induced hyperlocomotion across groups [F(1,11)=4.86; P<0.05] (Figure 5A),
reduced spatial d overall, although this effect was not significant (Figure 5B), and reduced
PPI across groups [F(1,11)=5.76; P<0.05] (Figure 5C). GR137935 did not affect RU24969-
induced behavior.

We then tested whether activating orbitofrontal 5-HT1BRs is sufficient for generating OCD-
like behavior. We assessed OCD-like behavior following local infusion of 5-HT1BR agonist
into the OFC. Infusion of RU24969 into the OFC increased locomotion [F(1,20)=7.26;
P<0.05] (Figure 5D) and decreased spatial d [F(1,11)=5.11; P<0.05] (Figure 5E).
Furthermore, a significant drug × intensity interaction [F(2,22)=6.76; P<0.01] and post hoc
analyses revealed a trend for RU24969 to decrease PPI at the 3 dB prepulse intensity level
[F(1,11)=6.00; P=0.06] (Figure 5F). In contrast, infusion of 5-HT1BR agonist into the ILC
had no effect on these behaviors (Figure 5D – 5F). Overall, activation of orbitofrontal 5-
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HT1BRs is both necessary and sufficient to produce perseverative hyperlocomotion and PPI
deficits in mice.

DISCUSSION
Our present findings identify orbitofrontal 5-HT1BRs as a critical substrate for modulating
OCD-like behavior in mice. Activating 5-HT1BRs induces PPI deficits and perseverative
hyperlocomotion, which can be prevented by effective (SRI), but not ineffective (NRI),
treatments for OCD. The time-course for SRIs to prevent OCD-like behavior closely
parallels the time-course of the human therapeutic response to SRIs in OCD, and has not
been reported in any previous mouse model of OCD. Additionally, chronic treatment with
SRIs, but not NRIs, reduces the expression of 5-HT1BRs specifically in the OFC, the brain
region most consistently implicated in OCD by neuroimaging studies (13–20, 43). Finally,
we show that orbitofrontal 5-HT1BRs are both necessary and sufficient for the expression of
OCD-like behavior. In summary, our findings indicate that orbitofrontal 5-HT1BRs may play
a critical role in both the pathophysiology and SRI pharmacotherapy of OCD.

Predictive validity is the ability of an animal model to make accurate predictions about the
human phenomenon being modeled, and is the only necessary and sufficient criterion to
justify the use of a model (46). We used 5-HT1BR challenge to induce OCD-like behavior in
mice since this manipulation exacerbates symptoms in OCD patients. The sensorimotor
gating deficits and perseverative hyperlocomotion induced by the 5-HT1BR agonist
RU24969 show face validity for OCD, since OCD patients report intrusive thoughts,
impulses, and images, and exhibit repetitive stereotypical behaviors. But more importantly,
our mouse model of these aspects of OCD exhibits strong predictive validity for effective
treatments and their time-course of action. To our knowledge, the deer mouse model of
stereotypic behavior (Korff et al., 2008 (47)), and nest-building behavior in selectively-bred
house mice (Greene-Schloesser et al., 2011 (48)) are the only other models in which SRI,
but not NRI, treatment reduces OCD-like behavior. However, no other behavioral,
pharmacological, or genetic rodent model of OCD to date requires four or more weeks of
SRI treatment for reduction of OCD-like behavior (47–51). Moreover, our results show that
a longer period of SRI treatment (4 weeks) is required to reduce 5-HT1BR-induced OCD-
like behavior compared to depression-like behavior (2 weeks), which parallels the human
therapeutic response. Finally, we found that 5-HT1BRs modulate OCD-like behavior in the
OFC, the brain region most consistently implicated in OCD by neuroimaging studies.

Our drug-induced model of OCD has several advantages and disadvantages compared to
genetic (49, 51, 52) and spontaneous behavioral (48, 53, 54) animal models of OCD.
Genetic and spontaneous models have the advantage of inducing permanent behavioral
phenotypes. Indeed, OCD is typically a life-long illness. Our mouse model induces OCD-
like behavior temporarily through a known neural substrate, 5-HT1BRs in the orbitofrontal
cortex. This phenotype is likely to be mechanistically similar to 5-HT1BR-induced
worsening of symptoms in OCD patients. In contrast, the neural substrates underlying
behavioral phenotypes are often unknown in spontaneous models, and can be difficult to
identify. Induced models acting at known substrates can lead more readily to the
identification of underlying mechanisms, as shown in the present studies.

OCD and autism spectrum disorder (ASD) exhibit considerable comorbidity (55, 56) and
may share some common genetic and neural substrates (57). The first-degree relatives of
individuals with ASD are significantly more likely to have OCD (58, 59), and ASD is more
common in first-degree relatives of individuals with OCD (60). Furthermore, OCD and ASD
share some common features, such as PPI deficits (61, 62) and symptom exacerbation
following 5-HT1BR agonist challenge (63–65). A further similarity is that only chronic
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treatment with SRIs reduces perseverative motor symptoms in ASD (66). Lastly,
abnormalities of orbitofrontal-subcortical circuits have also been implicated in ASD (67–
69). Therefore, our present findings may also have relevance to the pathophysiology and
treatment of ASD.

Our findings suggest that SRIs treat aspects of OCD by desensitizing orbitofrontal 5-
HT1BRs. Indeed, we show that SRIs, but not NRIs, reverse OCD-like behavior in mice
while downregulating orbitofrontal 5-HT1BRs. Interestingly, SRI treatment did not alter 5-
HT1BR G-protein coupling in the orbitofrontal cortex. Thus, SRI desensitization of
orbitofrontal 5-HT1BRs occured through downregulation and not decoupling of these
receptors from their G-proteins.

The specific population of orbitofrontal 5-HT1BRs that influence OCD-like behavior
remains to be identified. 5-HT1BRs are located presynaptically on the axon terminals of
serotonergic neurons (70, 71), and postsynaptically on the terminals of neurons containing
other neurotransmitters (72, 73). Presynaptic orbitofrontal 5-HT1B autoreceptors could
modulate OCD-like behavior, since these receptors require more than 3 weeks of SRI
treatment to desensitize according to electrophysiological and microdialysis studies (74, 75).
Indeed, SRI-induced enhancement of orbitofrontal serotonin release in rodents temporally
correlates with the onset of therapeutic effects in OCD (76, 77). However, orbitofrontal 5-
HT1B heteroreceptors on GABAergic, glutamatergic or other neuronal terminals might be
responsible for modulating OCD-like behavior. For example, activation of 5-HT1BRs on
GABAergic terminals could reduce inhibitory tone and underlie orbitofrontal overactivity in
OCD patients. Indeed, activation of 5-HT1BRs on GABAergic neurons in other brain
regions has been shown to reduce local levels of GABA and result in more excitable
postsynaptic neurons (78, 79). Furthermore, the ability of SRIs to reduce orbitofrontal
overactivity in OCD could result from a reduction in the expression of orbitofrontal
GABAergic 5-HT1BRs.

Our findings identify the 5-HT1B receptor pathway as a potential therapeutic target for novel
OCD treatments. Novel treatments are greatly needed because SRIs do not reduce symptoms
in approximately 65% of patients, and reduce symptoms only by 40% in responders (80).
Compounds that either block or downregulate 5-HT1BRs might be effective treatments for
OCD. Furthermore, such compounds might relieve OCD symptoms faster than SRIs, which
require weeks to induce therapeutic effects and downregulate orbitofrontal 5-HT1BRs. Our
present findings also suggest that OCD pathophysiology might involve an upregulation of
orbitofrontal 5-HT1BRs. Neuroimaging studies of orbitofrontal 5-HT1BRs in OCD patients
are needed to address this question.

The present findings indicate that orbitofrontal 5-HT1BRs are both necessary and sufficient
for the expression of OCD-like behavior in mice. These findings link orbitofrontal 5-
HT1BRs to core features of OCD including perseverative behaviors and sensorimotor gating
deficits. These data also suggest that SRIs may induce therapeutic effects in OCD by
desensitizing orbitofrontal 5-HT1BRs. Lastly, our findings implicate the 5-HT1B receptor
pathway as a potential target for novel treatments for OCD.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Alleviation of OCD-like behavior with chronic clomipramine and fluoxetine, but not
desipramine, treatment. Following 4 weeks of treatment with 0 mg/kg/d (n=14), 20 mg/kg/d
(n=14), or 40 mg/kg/d (n=14) clomipramine, mice received injections of the 5-HT1BR
agonist RU24969 (0 or 10 mg/kg) on separate test days. Following injections, mice were
tested for total distance traveled (A) and perseveration (spatial d) (B) for 20 minutes in the
open field, and prepulse inhibition (C). Following 4 weeks of treatment with 0 mg/kg/d
(n=13), 20 mg/kg/d (n=15), or 40 mg/kg/d (n=15) desipramine or 10 mg/kg/d fluoxetine
(n=15), mice received injections of RU24969 (0 or 10 mg/kg) and were tested for total
distance traveled (D), perseveration (spatial d) (E), and prepulse inhibition (F) as above.
Results are presented as means ± s.e.m. Asterisk (*) indicates P<0.05 compared to saline.
Pound sign (#) indicates P<0.05 compared to chronic vehicle treatment. Plus sign (+)
indicates a strong trend (P =0.068).
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Figure 2.
Representative paths taken by mice in the open field following 4 weeks of treatment with
control, 20 mg/kg/d clomipramine, 10 mg/kg/d fluoxetine, or 20 mg/kg desipramine, and
acute injection with 0 mg/kg (left column) or 10 mg/kg (right column) RU24969.
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Figure 3.
Time-course for fluoxetine to reduce OCD-like behavior versus depression-like behavior.
Mice receiving fluoxetine treatment (0 or 10 mg/kg/d) and were tested for immobility in the
FST (A). Mice receiving the same fluoxetine treatment were injected with the 5-HT1BR
agonist RU24969 (0 or 10 mg/kg), and tested for total distance traveled (B) and
perseveration (C) in the open field, and prepulse inhibition (D). Separate groups of mice
(n=15/group for all experiments) were used for each time point (day 4, 14, 21, 28 and 56 of
fluoxetine treatment) and behavioral paradigm (FST, open field, PPI). Data are shown
through the first time-point at which SRI effects were observed. All effects remained
through day 56 (data not shown). Results are presented as means ± s.e.m. Asterisk (*)
indicates P <0.05 compared to saline. Pound sign (#) indicates P <0.05 compared to chronic
vehicle treatment.
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Figure 4.
Downregulation of 5-HT1BRs in the OFC following chronic treatment with SRIs. 5-HT1B
receptor autoradiography using [125I]-CYP was performed on coronal brain slices from mice
treated for 4 weeks with control (n= 13), 10 mg/kg/d fluoxetine (n=13) (B), 20 mg/kg/d
clomipramine (n=12) (C), or 20 mg/kg/d desipramine (n=12) (D). Representative
autoradiograms showing [125I]-CYP binding in OFC and DFC of control- and fluoxetine-
treated mice (A). Nonspecific [125I]-CYP binding was determined in the presence of the 5-
HT1B/1DR antagonist GR127935 (20 μm) and was subtracted from total binding to give
specific binding. All data are expressed as percent of control-treated specific binding. OFC,
orbitofrontal cortex; DFC, dorsofrontal cortex; CPu, caudate-putamen; NAc, nucleus
accumbens. Results are presented as means ± s.e.m. Asterisk (*) indicates P <0.05 compared
to saline.
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Figure 5.
5-HT1BRs in the OFC are necessary and sufficient for the generation of OCD-like
behaviors. Mice received bilateral local infusions of the 5-HT1B/1DR antagonist GR127935
(0 or 20 μg/side) into the ILC (n=7/group) or OFC (n=20/group) 30 min prior to a systemic
(i.p.) injection of the 5-HT1BR agonist RU24969 (0 or 10 mg/kg). Mice were then tested for
total distance traveled (A) and perseveration (spatial d) (B) in the open field, and prepulse
inhibition (C). Separate groups of mice received bilateral local infusions of RU24969 (0 or 5
μg/side) into the ILC (n=10) or OFC (n=12) and were tested for total distance traveled (D)
and perseveration (spatial d) (E) in the open field, and prepulse inhibition (F). Schematic
representation of successive coronal sections (rostral to caudal) of the mouse brain (G)
(adapted and reproduced with permission from (81)) and representative pictomicrograph (H)
showing the histological verification of cannula placements in the orbitofrontal cortex.
Black dots indicate cannula placement for animals infused with antagonist, and blue dots
indicate cannula placement for animals infused with agonist. For ILC cannula placement,
see Figure S3 in Supplement 1. Results are presented as means ± s.e.m. Asterisk (*)
indicates P <0.05 compared to saline. Pound sign (#) indicates P <0.05 compared to chronic
vehicle treatment. Plus sign (+) indicates a strong trend and P-values (in order of
appearance) are: P =0.1, P =0.06.
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