
5HT2A receptor blockade in dorsomedial striatum reduces 
repetitive behaviors in BTBR mice

Dionisio A. Amodeo, Ph.Da, Elaine Riveraa, Edwin H. HCook Jr, M.D.b, John A. Sweeney, 
Ph.Dc, and Michael E. Ragozzino, Ph.Da

aDepartment of Psychology, University of Illinois at Chicago, Chicago, IL 1007 West Harrison 
Street, Chicago, IL 60607-7137

bInstitute of Juvenile Research, University of Illinois at Chicago, Chicago, IL 1747 West Roosevelt 
Road, Chicago, IL 60608

cUniversity of Texas Southwestern Medical Center, 5323 Harry Hines Blvd., Dallas, TX 
75390-9086

Abstract

Restricted and repetitive behaviors are a defining feature of autism which can be expressed as a 

cognitive flexibility deficit or stereotyped, motor behaviors. There is limited knowledge about the 

underlying neuropathophysiology contributing to these behaviors. Previous findings suggest that 

central 5HT2A receptor activity is altered in autism, while recent work indicates that systemic 

5HT2A receptor antagonist treatment reduces repetitive behaviors in an idiopathic model of 

autism. 5HT2A receptors are expressed in the orbitofrontal cortex and striatum. These two regions 

have been shown to be altered in autism. The present studies investigated whether 5HT2A receptor 

blockade in the dorsomedial striatum or orbitofrontal cortex in the BTBR mouse strain, an 

idiopathic model of autism, affects the phenotype related to restricted and repetitive behaviors. 

Microinfusion of the 5HT2A receptor antagonist, M100907 into the dorsomedial striatum 

alleviated a reversal learning impairment and attenuated grooming behavior. M100907 infusion 

into the orbitofrontal cortex increased perseveration during reversal learning and potentiated 

grooming. These findings suggest that increased 5HT2A receptor activity in the dorsomedial 

striatum may contribute to behavioral inflexibility and stereotyped behaviors in the BTBR mouse. 

5HT2A receptor signaling in the orbitofrontal cortex may be critical for inhibiting a previously 

learned response during reversal learning and expression of stereotyped behavior. The present 

results suggest which brain areas exhibit abnormalities underlying repetitive behaviors in an 

idiopathic mouse model of autism, as well as which brain areas systemic treatment with M100907 

may principally act on in BTBR mice to attenuate repetitive behaviors.

Keywords

Caudate; Orbitofrontal Cortex; M100907; Reversal Learning; Grooming; Autism

Address all correspondence to: Michael E. Ragozzino, Department of Psychology, 1007 West Harrison Street, University of Illinois at 
Chicago, Chicago, IL 60607, mrago@uic.edu, Phone: [312] 413-7302. 

HHS Public Access
Author manuscript
Genes Brain Behav. Author manuscript; available in PMC 2018 March 01.

Published in final edited form as:
Genes Brain Behav. 2017 March ; 16(3): 342–351. doi:10.1111/gbb.12343.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Autism spectrum disorder (ASD) is defined by persistent deficits in social communication 

and interaction along with restricted interests and repetitive behaviors (RRBs) [American 

Psychiatric Association, 2013]. RRBs range from motor stereotypies to circumscribed 

interests, compulsions, and cognitive inflexibility (D'Cruz et al., 2013; Gabriels et al., 2005; 

Lewis & Bodfish, 1998; Miller et al., 2015). Repetitive behaviors frequently interfere with 

daily functioning and are particularly challenging for families of affected individuals 

(Bishop et al., 2007). At present, there are no FDA-approved pharmacotherapies to treat 

RRBs in ASD, and thus understanding the neurochemical mechanisms in brain circuitry 

contributing to RRBs can aid in developing effective pharmacotherapies. Findings from 

several studies suggest that RRBs in ASD occur due to prefrontal cortical and striatal 

abnormalities (Delmonte et al., 2013; DiMartino et al., 2011; Hollander et al., 2005; Rojas et 
al., 2006). Specifically, the orbitofrontal cortex and striatum are reported to be altered in 

ASD and other disorders that are marked by repetitive behaviors (Delmonte et al., 2013; 

Langen et al., 2012). Although these studies identify brain region abnormalities associated 

with repetitive behaviors, they do not clarify the neurochemical alterations in these regions 

related to the expression of RRBs.

The serotonergic system has long been implicated in the etiology of ASD (Schain & 

Freedman, 1961). In particular, altered serotonin (5HT)2A receptor signaling is suggested to 

contribute to ASD symptoms based on clinical (McBride et al., 1989) and preclinical 

(Veenstra-Vanderweele et al., 2012) findings. Related, systemic treatment with a 5HT2A 

receptor antagonist facilitates set-shifting in rats and alleviates both a reversal learning 

deficit and elevated grooming behavior in the BTBR mouse model of autism (Baker et al., 
2011; Amodeo et al., 2014; Amodeo et al., 2016). The BTBR mouse is an inbred mouse 

strain that serves as an idiopathic model of ASD. A benefit of using the BTBR mouse to 

model ASD is that it displays comparable behavioral features in social deficits, 

communication impairments, as well as RRBs including cognitive inflexibility and elevated 

grooming behavior (Amodeo et al., 2012; McFarlane et al., 2008; Moy et al., 2008). The 

results demonstrating that 5HT2A receptor blockade reduces a reversal learning deficit and 

grooming behavior in BTBR mice suggest that increased 5HT2A receptor activity in certain 

brain regions may contribute to repetitive behaviors as observed in the BTBR mouse.

The prefrontal cortex and striatum are two brain regions in which 5HT2A receptors are found 

in moderate to high density (Ito et al., 1998; Xu & Pandey, 2000). Further, the orbitofrontal 

cortex and dorsomedial striatum have been shown to be involved in the expression of 

repetitive behaviors (Boulougouris & Robbins, 2010; Burguière et al., 2013; Chudasama & 

Robbins, 2003; Kim & Ragozzino, 2005; Palencia & Ragozzino, 2006). Therefore, we 

hypothesize that altered 5HT2A receptor activity in one or both of these brain regions may 

affect elevated grooming and reversal learning deficits.

To better understand where in the brain a 5HT2A receptor antagonist may be acting to reduce 

repetitive behaviors in BTBR mice, the present study determined whether the highly 

selective 5HT2A receptor antagonist M100907 infused into the dorsomedial striatum or 

orbitofrontal cortex of BTBR mice could reduce elevated grooming behavior and/or a 
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reversal learning deficit. M100907 is a highly selective and potent antagonist for 5HT2A 

receptors (Hall et al. 2000; Herth et al., 2009; Kehne et al., 1996; Knauer et al., 2008). 

Previous studies have demonstrated that M100907 has at least a 100-fold separation from 

D1-5, alpha1 adrenergic and 5-HT2C receptors (Kehne et al., 1996). An earlier study 

demonstrated that M100907 is highly selective for the 5HT2A receptor with almost no 

appreciable affinity for D2 or other 5HT receptor sites (Sorensen et al., 1993). Past 

experiments have compared BTBR mice with C57BL/6J (B6) mice, a commonly used 

inbred mouse strain (Pearson et al., 2012; Silverman et al., 2015). To determine whether 

localized M100907 infusions in BTBR mice alter behavior to a level comparable to B6 

controls, we compared different BTBR treatment groups with vehicle-injected B6 mice.

Materials and Methods

Subjects

BTBR T+ Itpr3tf/J and B6 male mice were attained from Jackson Laboratory (Bar Harbor, 

ME). Mice were singly housed in plastic cages (28 cm wide × 17 cm long × 12 cm high) in 

an humidity (30%) and temperature (22°C) controlled room. In the housing room, lights 

turned on at 7:00 am and lights went off at 7:00 pm. All behavioral testing occurred during 

the light phase. Animal care and use was approved by the Institutional Laboratory Animal 

Care and Use Committee at the University of Illinois at Chicago.

Surgical Methods

Each mouse (8-12 weeks of age) received stereotaxic surgery to bilaterally implant cannulae 

aimed at either the dorsomedial striatum or ventral orbitofrontal cortex. Before surgery each 

mouse received an i.p. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). A 5 

millimeter stainless steel guide cannulae (Plastics One, Roanoke, VA) was implanted at an 

8° angle aimed medially. The stereotaxic coordinates for the dorsomedial striatum were the 

following: 0.4 mm anterior to bregma; ± 1.8 mm lateral; 2.4 mm below the skull. The 

stereotaxic coordinates for the ventral orbitofrontal cortex were the following: 2.8 mm 

anterior to bregma; ± 1.2 mm lateral; 1.2 mm below the skull. To minimize pain or 

discomfort, mice received subcutaneous administration of the anti-inflammatory carprofen 

immediately after surgery. After 5 days of recovery all mice were food restricted to 85% of 

their ad libitum body weight. Each mouse had free access to water in their home cage 

throughout the study. Behavioral training began once mice reached 85% of their ad libitum 
body weight, which occurred in 4 to 6 days.

Spatial Discrimination Training

Mice were trained for 2–4 days before testing. Training and testing was conducted in a 

rectangle-shaped maze as described previously (Amodeo et al., 2014). The maze was 

divided into a start and choice area by a guillotine door. A door opened up at the bottom 

center of the guillotine door. In the choice area, a piece extended from the back wall, which 

divided the area into two equally sized and distinct spatial locations. Both choice locations 

were adorned with distinct visuospatial cues attached to the back and side walls. In each 

location, a food well was centered and located 3 cm away from the back wall. At the 

beginning of each training session, mice were placed into the start area. The start door was 
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opened 1 min following placement into the holding chamber, allowing the mouse to freely 

navigate in the choice area and consume a ½ piece of Fruity Pebbles cereal (Post Foods, St. 

Louis, MO) from each food well. After cereal pieces were consumed from both choice 

locations, the guillotine door was raised to allow a mouse to enter the start area. After a 

mouse had returned to the start area, the guillotine door was closed and the food wells re-

baited. The start door was subsequently reopened to begin a new trial. This procedure was 

repeated until 15 min had elapsed. Mice were considered trained once they successfully 

completed six trials in a 15 min session across two consecutive days.

Microinfusion procedure

Prior to a test session, mice were restrained and a 33-gauge injection cannula was inserted 

into each guide cannula. To restrain the subject a folded paper towel and experimenter's 

palm was placed over the dorsal region of the mouse, while holding the mouse's head with 

their thumb and index finger. After the injectors were placed into the guide cannula the 

mouse was allowed to freely move during the duration of the infusion. During infusions the 

experimenter directed a mouse by the tail to make certain the mouse did not tangle the 

tubing. Upon completion of the infusion, mice were similarly restrained for removal of 

injectors and insertion of dummy cannula.

The injection cannula extended 1 mm beyond the guide cannula tip. The injection cannulae 

were attached to polyethylene tubes (PE-20) connected to separate 10 μl syringes. The 

syringes were driven by a microinfusion pump with solutions infused in a volume of 0.2 μl 

per side for 2 min. The total volume infused was 0.2 μl per side. The injection cannulae were 

left in place for 1 min to allow drug diffusion around the injector tip. Mice were left 

undisturbed in their home cage for 5 min and behavioral testing began immediately 

thereafter.

Acquisition and Reversal learning

Acquisition and reversal learning each occurred in a single daily session across two 

consecutive days. Prior to acquisition, the injection cannulae were inserted into the guide 

cannulae and left in place for 3 minutes without injecting a solution. Acquisition testing 

commenced 5 minutes after cannulae removal. This mimicked the microinfusion procedure 

used in reversal learning. No drug infusion occurred for acquisition as BTBR mice do not 

exhibit an acquisition deficit (Amodeo et al., 2012, 2014). In testing, only one of the two 

food wells was baited with a ½ piece of cereal in each trial. One location was designated as 

the “correct” spatial location and contained a ½ piece of cereal on 80% of trials. On the 

other 20% of trials, the “incorrect” location was baited with a ½ piece of cereal. The first 

two trials of each test always contained a food reinforcement in the “correct” arm. Criterion 

was achieved when a mouse chose the “correct” location on six consecutive trials. If a 

mouse chose a location with cereal, it was allowed to eat the cereal; the guillotine door was 

raised and subsequently lowered after a mouse returned to the start area. If a mouse chose a 

location with no cereal, it was allowed to navigate to the unbaited food well. Subsequently, 

the guillotine door was raised, allowing a mouse to return to the start area. If a mouse chose 

an unbaited food well, the baited food well was temporarily removed to prevent a mouse 

from quickly navigating over to the correct spatial location and obtain a cereal reinforcer 
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after making an incorrect choice. Between trials, the choice area was cleaned with 2% 

ammonium chloride solution to minimize the use of odor cues.

The retention and reversal learning tests were conducted the day after acquisition. Prior to 

these tests, a BTBR mouse received an intracranial infusion of vehicle, 0.2μg or 0.6μg of 

M100907 into the dorsomedial striatum or ventral orbitofrontal cortex. B6 did not receive 

infusions of M100907 because systemic treatment did not affect probabilistic reversal 

learning (Amodeo et al., 2014). M100907 was dissolved in 0.01M phosphate buffer saline 

and 0.1M hydrochloric acid, pH was adjusted to 6.4 using 0.1M sodium hydroxide. Because 

the main goal of the studies was to determine whether M100907 treatment in dorsomedial 

striatum or orbitofrontal cortex of BTBR mice rescued the phenotype, each B6 mouse only 

received a vehicle injection. For the dorsomedial striatum experiment, the following groups 

were included: B6: vehicle (n = 9); BTBR: vehicle (n = 9), 0.2μg (n = 8), 0.6μg (n = 6). For 

the orbitofrontal cortex experiment, the following groups were included: B6: vehicle (n = 9); 

BTBR: vehicle (n = 8), 0.2μg (n = 6), 0.6μg (n = 7). A mouse first received a retention test as 

in previous experiments (Amodeo et al., 2012, 2014). In the retention test, a mouse was 

reinforced with 80% probability on trials for choosing the spatial location that was correct in 

acquisition. Criterion was achieved when a mouse successfully chose the “correct” spatial 

location (as in acquisition) on five out of six trials. Immediately after achieving retention 

criterion, reversal learning began. All aspects of the reversal learning test were identical to 

those in acquisition, except that the opposite spatial location was considered ‘correct’ and 

reinforced with 80% probability. Criterion was met when a mouse made six consecutive 

correct choices. All mice tested achieved both acquisition and reversal learning criterion. 

The time to achieve acquisition criterion ranged from 25-74 minutes. The time to achieve 

reversal learning criterion ranged from 26 to 124 minutes.

An error analysis of reversal learning was conducted as used previously in rodent models 

and patient-oriented ASD research (Brown et al., 2012; D'Cruz et al., 2013; Floresco et al., 
2006). The first reversal learning trial was not counted as a perseverative error, but served as 

initial negative feedback. On subsequent trials, if a mouse chose the previously correct 

spatial location, the choice was recorded as a perseverative error until a mouse first chose the 

new correct spatial location. After selecting the correct spatial location for the first time, all 

subsequent entries into the previously reinforced spatial location were scored as regressive 

errors.

Repetitive Grooming Behavior

Seven days after reversal learning, repetitive self-grooming was tested. In this test, a clear 

plastic testing chamber was used similar to past studies (McFarlane et al., 2008; Moy et al., 
2008). Mice were left undisturbed for 20 min and allowed to freely explore the cage for the 

entirety of the test. The first 10 min served as a habituation period. During the second 10 

min of testing a trained observer recorded cumulative time spent grooming all body regions. 

The trained observer sat approximately 1.6 m from the test cage. After each mouse was 

tested, the cage was thoroughly cleaned with a 2% ammonium chloride solution. BTBR 

mice received a microinfusion of either vehicle, 0.2 or 0.6μg M100907 five minutes before 

being placed in the test chamber. In the dorsomedial striatum experiment, the following 
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groups were included: B6: vehicle (n = 9); BTBR: vehicle (n = 7), 0.2μg (n = 8), 0.6μg (n = 

8). In the orbitofrontal cortex experiment, the following groups were included: B6: vehicle 

(n = 7); BTBR: vehicle (n = 6), 0.2μg M100907 (n = 7), 0.6μg M100907 (n = 7); musicmol 

(n = 9). For the BTBR groups, mice were pseudorandomly assigned to a treatment group 

such that a mouse did not receive the same treatment on grooming as on reversal learning. 

This is the main reason why the sample sizes for the BTBR mice treatment groups do not 

match between the reversal learning and grooming tests. In the grooming test for 

orbitofrontal cortex cannulated mice, a guide cannula in two B6 mice and one BTBR mouse 

became occluded and thus 3 fewer mice were tested on self-grooming than in reversal 

learning. Seven days after testing M100907 infusions on repetitive grooming, mice with 

orbitofrontal cortex cannula received a second grooming test. In this test, mice received 

microinfusions of sterile saline or 0.2μg of the GABA-A agonist muscimol 5 minutes before 

measuring grooming duration. Approximately half of the mice in each treatment group from 

the first grooming test were randomly assigned to the saline group and the other half were 

assigned to the muscimol group. This experiment was conducted as a comparison to 

elucidate whether an effect by M100907 may preferentially result from a net increase or 

decrease in orbitofrontal cortex activity.

Histology

After completion of behavioral testing, mice were given an overdose of sodium 

pentobarbital. Mice were intracardially perfused with 0.9% saline followed by 4% 

formaldehyde solution. The brain was removed and stored in formaldehyde until sectioning. 

Brains were frozen and cut into 50-μm coronal sections on a cryostat. Sections were 

immediately mounted on slides, dried, and then stained with cresyl violet. Placements were 

then verified with reference to the stereotaxic atlas of Paxinos and Franklin (2001).

Statistical Analysis

Separate one-way ANOVAs were conducted to determine whether there was a significant 

difference in trials to criterion for acquisition, retention and reversal learning. Separate one 

way ANOVAs were conducted to determine differences for perseverative errors, regressive 

errors and repetitive grooming. Post-hoc Newman–Keuls tests were used to determine 

significant differences between groups.

Results

The location of cannula tips for mice included in the behavioral analyses are shown in 

Figure 1. Some mice were excluded from the behavioral analyses due to placements outside 

of the dorsomedial striatum or ventral orbitofrontal cortex. Six B6 (5 lateral ventricle and 1 

dorsolateral placement) and 9 BTBR (7 lateral ventricle and 2 nucleus accumbens 

placements) were excluded from analysis due to dorsomedial striatum misplacements. Five 

B6 (4 medial and 1 ventral placement) and 5 BTBR (3 medial and 2 ventral placements) 

mice were excluded from the analyses due to orbitofrontal cortex misplacements.
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Effect of M100907 Infusions into the Dorsomedial Striatum on Probabilistic Reversal 
Learning

Figure 2 illustrates the results from the dorsomedial striatum experiment on acquisition and 

reversal learning. The analysis on trials to criterion for acquisition showed that there was no 

significant difference among the groups (F3,31 = 0.45, p > 0.05). The analysis on retention 

trials (data not shown) indicated that there was not a significant difference in trials to 

criterion among the groups (F3,31 = 1.84, p > 0.05). In the reversal learning test (see Figure 

2A), there was a significant group effect (F3,31 = 6.45, p < 0.01). Post-hoc analyses revealed 

that vehicle-treated BTBR mice required significantly more trials to reach criterion 

compared to that of vehicle-treated B6 mice (p < 0.01). BTBR mice receiving an infusion of 

M100907 at 0.2μg or 0.6μg into the dorsomedial striatum significantly reduced reversal 

learning trials to criterion compared to that of vehicle-treated BTBR mice (p's < 0.05) and to 

a level that was not significantly different from that of vehicle-treated B6 mice (p's > 0.05).

The different errors committed during reversal learning are illustrated in Figure 2B. There 

was not a significant difference in perseverative errors among the groups (F3,31 = 2.60, p > 

0.05). An ANOVA on regressive errors showed that there was a significant group effect 

(F3,31 = 4.69, p < 0.05). Post-hoc analyses revealed vehicle-treated BTBR mice committed 

significantly more regressive errors than vehicle-treated B6 mice (p < 0.01). M100907 

infusions at 0.2μg and 0.6μg into the dorsomedial striatum of BTBR mice significantly 

reduced regressive errors compared to that of vehicle- treated BTBR mice (p's < 0.05) and to 

a level that was not significantly different from that of vehicle-treated B6 mice (p's > 0.05).

As described above, there were multiple mice that had cannula misplacements and were not 

included in the final behavioral analyses. To better understand whether a bilateral injection 

of M100907 into the dorsomedial striatum was critical for the reversal learning effect, we 

were particularly interested in BTBR mice with cannula misplacements that received either 

dose of M100907. There were 3 BTBR mice that received either the 0.2 or 0.6 μg dose of 

M100907 and had a cannula misplacement. These mice had a unilateral cannula placement 

in the lateral ventricle. The mean trials to criterion for these mice was 122.3 ± 21.4 SEM in 

reversal learning. Further, the mean number of perseverative errors was 1.7 ± 0.9 and 

regressive errors was 74.3 ± 20.5.

Effect of M100907 Infusions into the Dorsomedial Striatum on Grooming Behavior

M100907 infusions into the dorsomedial striatum were also found to reduce grooming in 

BTBR mice (see Figure 3). There was a significant difference in grooming duration among 

the groups (F3,31 = 11.16, p < 0.01). Vehicle-treated BTBR mice spent significantly more 

time grooming compared to that of vehicle-treated B6 mice (p < 0.01). M100907 into the 

dorsomedial striatum significantly reduced grooming behavior at the 0.6μg dose (p < 0.01), 

but not at the 0.2 μg dose (p > 0.05) compared to that of vehicle-treated BTBR mice. The 

difference in grooming behavior duration in vehicle-treated B6 mice and BTBR mice 

receiving M100907 at 0.6μg was not significant (p > 0.05).
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There was one BTBR mouse that received the 0.6μg dose of M100907 that also had a 

unilateral cannula placement in the lateral ventricle. This mouse had a grooming duration of 

184 seconds.

Effect of M100907 Infusions into the Orbitofrontal Cortex on Probabilistic Reversal 
Learning

The findings on spatial acquisition and reversal learning are shown in Figure 4. There was 

no significant group effect for acquisition performance, (F3,25 = 0.38, p> 0.05). The analysis 

on retention trials (data not shown) indicated that there was not a significant difference 

among the groups (F3,29 = 0.89, p > 0.05). There was a significant group effect for reversal 

learning (F3,29 = 30.13, p < 0.01). Post-hoc analyses revealed that all BTBR treatment 

groups required significantly more trials to reach criterion compared to that of vehicle-

treated B6 mice (p's < 0.01). M100907 infusions at 0.2μg or 0.6μg into the orbitofrontal 

cortex led to reversal learning performance that was not significantly different from that of 

BTBR controls (p's > 0.05).

Analysis of perseverative errors during reversal learning indicated that there was a 

significant difference among the groups (F3,29 = 6.80, p < 0.01). M100907 infusions into the 

orbitofrontal cortex at 0.2 μg and 0.6 μg significantly increased perseverative errors 

compared to that of vehicle injections in both BTBR and B6 mice (p's < 0.05). In contrast, 

the difference in perseverative errors between B6 and BTBR controls was not significant (p 
> 0.05). There was also a significant difference among the groups for regressive errors 

committed (F3,29 = 10.37, p < 0.01). A post-hoc analysis revealed that vehicle-treated BTBR 

mice committed significantly more regressive errors compared to that of vehicle-treated B6 

mice (p < 0.01). The number of regressive errors following M100907 treatment at 0.2μg and 

0.6μg was not significantly different from that of vehicle-treated BTBR mice (p's > 0.05), 

but was significantly greater than that of vehicle treatment in B6 mice (p's < 0.05).

None of the mice receiving M100907 during reversal learning were found to have cannula 

misplacements.

Effect of M100907 Infusions into the Orbitofrontal Cortex on Grooming Behavior

The duration of grooming behavior is illustrated in Figure 5. A one-way ANOVA revealed 

that there was a significant difference among the groups (F4,34 = 16.75, p < 0.01). All BTBR 

treatment groups demonstrated increased grooming compared to that of B6 mice (p's < 

0.01). BTBR mice receiving M100907 0.2μg or vehicle treatment displayed comparable 

durations of grooming (p > 0.05). However, BTBR mice receiving the M100907 0.6μg 

infusion in the orbitofrontal cortex exhibited significantly increased grooming compared to 

that of BTBR mice receiving vehicle or the M100907 0.2μg dose (p's < 0.01).

None of the mice receiving M100907 during reversal learning were found to have cannula 

misplacements.

Unclear is whether enhanced grooming behavior following an orbitofrontal cortex infusion 

of M100907 at 0.6μg may result from a net increase or decrease in orbitofrontal cortex 

activity. As a comparison, a subset of BTBR mice received a second grooming test seven 
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days later with an orbitofrontal cortex infusion of the GABA-A agonist, muscimol (0.2μg). 

A muscimol infusion into the orbitofrontal cortex significantly attenuated repetitive 

grooming in BTBR mice compared to that of all other BTBR groups (p's < 0.05), but 

showed comparable grooming duration to that of vehicle-treated B6 mice (p > 0.05). Thus, 

orbitofrontal cortex inactivation with muscimol decreased grooming while M100907 

injection into the orbitofrontal cortex enhanced grooming behavior.

One BTBR mouse that received muscimol had a bilateral cannula misplacement with the 

cannulas located in the forceps minor of the corpus callosum. This mouse had a grooming 

duration of 140 seconds following an infusion of muscimol.

Discussion

The present experiments investigated whether 5HT2A receptor mechanisms in the 

dorsomedial striatum and orbitofrontal cortex of the BTBR mouse play a role in repetitive 

behaviors. 5HT2A receptor blockade in these two areas led to distinct effects on probabilistic 

reversal learning and grooming behavior. A M100907 infusion into the dorsomedial striatum 

attenuated a probabilistic reversal learning deficit and self-grooming behavior in BTBR 

mice. M100907 injected into the orbitofrontal cortex increased perseveration during reversal 

learning and potentiated self-grooming behavior in BTBR mice. The findings suggest that 

increased 5HT2A receptor activity in the dorsomedial striatum may contribute to behavioral 

inflexibility and stereotyped behaviors in the BTBR mouse. In contrast, 5HT2A receptor 

activity in the orbitofrontal cortex of BTBR mice may be critical for stopping perseveration 

of a previous response in reversal learning and attenuating grooming behavior. Although 

infusion of the 5HT2A receptor antagonist had opposite behavioral effects when infused into 

the dorsomedial striatum versus the orbitofrontal cortex, the drug infusion did affect ASD-

like features when infused into either the dorsomedial striatum or orbitofrontal cortex. The 

reversal learning test has a significant cognitive component in which a subject must inhibit a 

previously learned choice pattern and acquire a new, choice pattern. Unlike the reversal 

learning test, grooming behavior does not have a significant cognitive component, but 

represents a highly stereotyped pattern of movements which may model obsessive, 

compulsive-like behaviors when elevated in rodents (Kalueff et al., 2016). Despite the 

distinctness of the two different behavioral measures used in the present investigation, 

manipulation of 5HT2A receptor activity in either the dorsomedial striatum or orbitofrontal 

cortex affected both probabilistic reversal learning and grooming behavior suggesting that 

similar mechanisms may contribute to these behaviors.

As described above, M100907 infusions into the dorsomedial striatum attenuated elevated 

grooming, as well as a probabilistic reversal learning deficit. Because the dorsomedial 

striatum is juxtaposed to the lateral ventricles one possibility is that the M100907 infusion 

into the dorsomedial striatum spread into the lateral ventricle producing behavioral effects 

due to actions outside of the dorsomedial striatum. This is unlikely as BTBR mice with a 

cannula located in the lateral ventricle and who received M100907 exhibited a behavioral 

pattern similar to BTBR mice that received a vehicle injection. In particular, BTBR mice 

with a unilateral placement in the lateral ventricle and receiving either 0.2 or 0.6μg of 

M100907 required a high number of trials to achieve criterion and also exhibited a large 
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number of regressive errors. In addition, a BTBR mouse that also had one cannula located in 

the lateral ventricle and received the 0.6μg of M100907 had a grooming duration similar to 

that of BTBR vehicle-injected mice. Thus, only a bilateral infusion of M100907 into the 

dorsomedial striatum was sufficient to attenuate grooming behavior and a reversal learning 

deficit in BTBR mice. This pattern of results is comparable to past studies in rats, in which 

drugs aimed at the dorsomedial striatum were only effective with accurate bilateral cannula 

placements while placements in the lateral ventricle did not lead to a behavioral effect 

(Baker & Ragozzino, 2014; McCool et al., 2008; Palencia & Ragozzino, 2004).

The effects of M100907 when infused into the dorsomedial striatum mimics those with a 

systemic injection of M100907 (Amodeo et al., 2014; Amodeo et al., 2016). This pattern 

suggests that systemic treatment with M100907 may be due, in part, to actions in the 

dorsomedial striatum. Attenuation of reversal learning and grooming behavior following 

5HT2A receptor blockade in the dorsomedial striatum unlikely results from altered 5HT2A 

receptor density because a previous study found no differences in 5HT2A receptor density in 

the striatum of BTBR mice compared to that of B6 mice (Gould et al., 2011). Although, one 

possibility is that 5HT2A receptor signaling and/or receptor density within a specific striatal 

cell population is altered in BTBR mice, which may lead to a reversal learning deficit and 

elevated grooming. Related to this point, earlier studies have found that systemic or striatal 

injections of a 5HT2A receptor agonist preferentially activate preprotachykinin mRNA 

expression in rats (Gresch & Walker, 1999). Preprotachykinin upregulation is associated 

with elevated activation of the direct basal ganglia pathway (Liste et al., 1999; Reiner & 

Anderson, 1990). Therefore, activation of 5HT2A receptors may preferentially activate 

striatal direct pathway neurons. One possibility is that over activation of the direct pathway 

in BTBR mice contributes to impaired reversal learning and elevated grooming behavior. 

Thus, infusion of a 5HT2A receptor antagonist directly into the dorsomedial striatum may 

regulate reversal learning and grooming behavior by reducing direct pathway activity and 

producing a greater balance between the basal ganglia direct and indirect pathways. An 

imbalance between these two pathways has been associated with increased stereotyped 

behaviors (Lewis et al., 2007; Tanimura et al., 2010). Furthermore, a 5HT2A receptor agonist 

infusion into the striatum can increase stereotyped behavior which is attenuated by a 5HT2A 

receptor antagonist (Bishop et al., 2004). These findings suggest that certain repetitive 

behaviors in ASD may result from increased 5HT2A receptor signaling in the striatum which 

then leads to over activation of the basal ganglia direct pathway.

In contrast to the dorsomedial striatum, 5HT2A receptor blockade in the orbitofrontal cortex 

of BTBR mice did not improve reversal learning, but increased perseveration. This is 

somewhat comparable to studies showing M100907 infused into the rat orbitofrontal cortex 

impairs reversal learning (Boulougouris et al., 2010; Furr et al., 2012) and that 5HT 

depletion in the marmoset orbitofrontal cortex impairs reversal learning by increasing 

perseveration (Clarke et al., 2007). The increased perseveration observed in this study is 

similar to that observed with a systemic injection of 0.1 mg/kg M100907 which increased 

perseverative errors during reversal learning in BTBR mice (Amodeo et al., 2014). 

Therefore, the combined effects of M100907 infusions into the orbitofrontal cortex and 

dorsomedial striatum reproduce the effects observed with a peripheral injection of M100907 
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in which there is an initial increase in perseverative errors, but a subsequent decrease in 

regressive errors that improves reversal learning performance overall.

The results following 5HT2A receptor blockade in the orbitofrontal cortex on reversal 

learning contrasts those observed with a 5HT2C receptor antagonist when infused into the 

orbitofrontal cortex or injected systemically (Alsio et al., 2015). In particular, treatment with 

the selective 5HT2C receptor antagonist, SB 242084 reduced perseverative errors during 

reversal learning in rats. Unknown is whether treatment with a 5HT2C receptor antagonist 

would be effective in alleviating behavioral flexibility deficits in mouse models of autism. 

We previously reported that ASD individuals are impaired on probabilistic reversal learning 

due to a selective increase in regressive errors (D'Cruz et al., 2013). However, other studies 

have found that ASD individuals can preferentially exhibit perseverative errors or a deficit in 

initially shifting away from an originally learned strategy (Liss et al., 2001; Westwood et al., 

2016). ASD is known to express a heterogeneous phenotype. One possibility is that 

treatment with a 5HT2C receptor antagonist, but not a 5HT2A receptor antagonist, may be 

effective in reducing cognitive rigidity in a subgroup of ASD individuals who exhibit 

perseveration.

Besides increasing perseveration in reversal learning, M100907 infusion into the 

orbitofrontal cortex also exacerbated elevated grooming behavior in BTBR mice. In the 

cortex, 5HT2A receptors are expressed on pyramidal neurons and interneurons (Jakab & 

Goldman-Rakic, 2000; Puig & Gulledge, 2011), where 5HT or selective agonists produce a 

general depolarizing effect via Gq-type proteins (Marek & Aghajanian, 1999; Puig & 

Gulledge, 2011). In an attempt to clarify whether M100907 may be preferentially acting on 

output or interneurons in the orbitofrontal cortex, the effect of the GABA-A agonist, 

muscimol infused into the orbitofrontal cortex was examined. Muscimol infusions into the 

orbitofrontal cortex dramatically reduced grooming behavior in BTBR mice. Thus, 

muscimol had the opposite effect of M100907 on grooming when infused into the 

orbitofrontal cortex. This raises the possibility that 5HT2A receptor blockade in the 

orbitofrontal cortex may lead to a net increase in orbitofrontal cortex output by decreasing 

interneuron activity.

Comparison of the two experiments indicate that M100907 had opposite effects by 

attenuating repetitive behaviors when infused into the dorsomedial striatum, but potentiating 

repetitive behaviors when injected into the orbitofrontal cortex. This neuropharmacological 

approach to rescue a phenotype in a mouse model of autism has the advantage of better 

understanding what brain areas exhibit abnormalities underlying specific behaviors related 

to autism. By targeting specific neurotransmitter receptors this approach can also identify 

what receptor mechanisms in specific neural systems are altered that contribute to a 

particular phenotype.

Taken together, the effects of M100907 into the dorsomedial striatum and orbitofrontal 

cortex on reversal learning mimic results with systemic M100907 treatment. Because of this 

the systemic effect of M100907 at 0.1 mg/kg may have increased initial perseverative 

behavior by principally acting at the orbitofrontal cortex while facilitating the reliable 

execution of a new choice pattern due to actions in the dorsomedial striatum. The differential 
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effects on probabilistic reversal learning observed with M100907 when infused into the 

orbitofrontal cortex versus dorsomedial striatum also has implications about what brain 

circuitry may be altered that contributes to a reversal learning deficit in ASD. Similar to the 

BTBR mouse, ASD individuals are impaired on probabilistic reversal learning due to a 

selective increase in regressive errors (D'Cruz et al., 2013). This raises the possibility that 

similar 5HT mechanisms in the striatum of ASD individuals are altered that lead to a 

reversal learning deficit. At minimum, the findings suggest that the dorsomedial striatum 

exhibits enough plasticity such that infusion of a 5HT2A receptor antagonist can rescue the 

reversal learning deficit and elevated grooming. While previous studies have found 5HT2A 

receptor changes in ASD (Hranilovic et al., 2015; McBride et al., 1989), the present findings 

highlight how blocking 5HT2A receptor activity in specific brain systems can attenuate 

repetitive behaviors that are a core symptom domain in ASD.
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Figure 1. 
A) Cannula tip placements in the orbitofrontal cortex included in the behavioral analyses. B) 

Cannula tip placements in the dorsomedial striatum of mice included in behavioral analyses. 

Mouse brain sections adapted from The Mouse Brain in Stereotaxic Coordinates (Paxinos 

and Franklin, 2001). ● = B6 and ★ = BTBR
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Figure 2. 
Microinfusions of M100907 into the dorsomedial striatum attenuates a probabilistic reversal 

learning deficit in BTBR mice by decreasing regressive errors. The treatments on the x-axis 

represent the treatment received prior to reversal learning. Mice did not receive infusions 

before acquisition learning. A) Mean (±SEM) trials to criterion on acquisition and reversal 

learning. This test included the following groups: B6: vehicle (n = 9); BTBR: vehicle (n = 

9), 0.2μg (n = 8), 0.6μg (n = 6). Vehicle-treated BTBR mice required significantly more 

reversal learning trials compared with that of B6 vehicle-treated mice. M100907 at 0.2 and 

0.6 μg infused into the dorsomedial striatum significantly attenuated trials needed to reach 

criterion. *p < 0.01 vs. B6-vehicle; #p < 0.01 vs. BTBR-vehicle. B) Mean (±SEM) 

perseverative and regressive errors committed during reversal learning. There was no overall 

group effect on perseverative errors despite vehicle-treated BTBR mice showing an increase 

in perseverative errors compared to vehicle-treated B6 mice. Vehicle-treated BTBR mice 

made significantly more regressive errors compared to vehicle-treated B6 mice. 

Microinfusions of M100907 at 0.2 and 0.6 μg into the dorsomedial striatum significantly 
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attenuated regressive errors in BTBR mice compared to vehicle-treated BTBR mice. *p < 

0.01 vs. B6-vehicle; #p < 0.01 vs. BTBR-vehicle.
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Figure 3. 
Intra-dorsomedial striatum M100907 attenuates repetitive grooming behavior in BTBR 

mice. Mean (±SEM) seconds spent grooming. This test included the following groups: B6: 

vehicle (n = 9); BTBR: vehicle (n = 7), 0.2μg (n = 8), 0.6μg (n = 8).Vehicle-treated BTBR 

mice spent significantly more time grooming compared to vehicle-treated B6 mice. Infusion 

of 0.6μg M100907 into dorsomedial striatum significantly attenuated grooming duration in 

BTBR mice compared to vehicle-treated BTBR mice. *p < 0.01 vs. B6-vehicle; #p < 0.01 

vs. BTBR-vehicle; ˆp < 0.01 vs. BTBR-0.6μg M100907.
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Figure 4. 
Intra-orbitofrontal cortex M100907 does not attenuate a probabilistic reversal learning 

deficit, but increases perseveration in BTBR mice. The treatments on the x-axis represent the 

treatment received prior to reversal learning. Mice did not receive infusions before 

acquisition. A) Mean (±SEM) trials to criterion on acquisition and reversal learning. This 

test included the following groups: B6: vehicle (n = 9); BTBR: vehicle (n = 8), 0.2μg (n = 

6), 0.6μg (n = 7). Vehicle-treated BTBR mice required significantly more reversal learning 

trials compared with that of B6 vehicle-treated mice. M100907 at 0.2μg or 0.6μg infused 

into the orbitofrontal cortex did not affect trials to criterion. *p < 0.01 vs. B6-vehicle. B) 

Mean (±SEM) perseverative and regressive errors committed during reversal learning. 

Infusions of M100907 at 0.2μg and 0.6μg into the orbitofrontal cortex significantly increased 

perseverative errors committed by BTBR mice compared to vehicle treated BTBR mice. B6: 

vehicle (n = 9); BTBR: vehicle (n = 9); 0.2μg (n = 8); 0.6μg (n = 7). *p < 0.05 vs. B6-

vehicle; #p < 0.05, **p < 0.01 vs. B6-vehicle; ##p < 0.01 vs. BTBR-vehicle. Vehicle-treated 

BTBR mice made significantly more regressive errors compared to vehicle-treated B6 mice. 
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Microinfusions of M100907 at 0.2μg or 0.6μg into the orbitofrontal cortex did not attenuate 

regressive errors in BTBR mice compared to vehicle-treated BTBR mice. *p < 0.05 vs. B6-

vehicle.
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Figure 5. 
Intra-orbitofrontal cortex M100907 increases repetitive self-grooming in BTBR mice. Mean 

(±SEM) seconds spent grooming. This included the following groups: B6: vehicle (n = 7); 

BTBR: vehicle (n = 6), 0.2μg M100907 (n = 7), 0.6μg M100907 (n = 7); musicmol (n = 9). 

Infusion of 0.6μg M100907 into the orbitofrontal cortex significantly elevated grooming 

duration in BTBR mice compared to vehicle-treated BTBR mice and 0.2 μg M100907 

treated mice. Muscimol treatment reduced grooming behavior in BTBR mice compared to 

vehicle, 0.2μg M100907 and 0.6μg M100907 treated BTBR mice. *p < 0 .01 vs. B6-vehicle; 

#p < 0.01 vs. BTBR-vehicle, BTBR-0.2μg M100907 and B6-vehicle; @p < 0.05 vs. BTBR-

vehicle, BTBR-0.2μg and BTBR-0.6μg M100907.
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