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Abstract
Translational research is needed to discover pharmacological targets and treatments for the
diagnostic behavioral domains of autism spectrum disorders. Animal models with phenotypic
relevance to diagnostic criteria offer clear experimental strategies to test the efficacy and safety of
novel treatments. Antagonists of mGluR5 receptors are in clinical trials for Fragile X syndrome
and under investigation for the treatment of autism spectrum disorders. However, in preclinical
studies of mGluR5 compounds tested in our laboratory and others, increased locomotion following
mGluR5 modulation has been observed. Understanding the influence of general activity on
sociability and repetitive behaviors will increase the accuracy of interpretations of positive
outcomes measured from pharmacological treatment that produces locomotor activating or
sedating effects. In the present studies, dose-response curves for d-amphetamine (AMPH)-induced
hyperlocomotion were similar in standard B6 mice and in the BTBR mouse model of autism.
AMPH produced significant, robust reductions in the high level of repetitive self-grooming that
characterizes BTBR, and also reduced the low baseline grooming in B6, indicating that AMPH-
induced hyperlocomotion competes with time spent engaged in self-grooming. We then tested
AMPH in B6 and BTBR on the 3-chambered social approach task. One component of sociability,
the time spent in the chamber with the novel mouse, in B6 mice was reduced, while the sniffing
time component of sociability in BTBR mice was enhanced. This finding replicated across
multiple cohorts treated with AMPH and saline vehicle. In-depth analysis revealed that AMPH
increased the number and decreased the duration of sniffing bouts in BTBR, suggesting BTBR
treated with AMPH mostly engaged in brief sniffs rather than true social interactions with the
novel mouse during the social approach task. Our data suggest that compounds with stimulant
properties may have some direct benefits on reducing repetitive behaviors in autism spectrum
disorders, particularly in the subset of autistic individuals with hyperactivity.

1. Introduction
Autism spectrum disorders (ASD) are defined by three diagnostic symptom domains: 1)
qualitative impairments in social interaction, 2) deficits in communication, and 3)
stereotyped repetitive behaviors with restricted interests (American Psychiatric Association.,
1994; Dawson et al., 2010; Krasny et al., 2003; Landa, 2008; Lord et al., 2000;
Zwaigenbaum et al., 2009). Recent genetic association investigations have identified a large
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number of autism susceptibility genes and copy number variants (Abrahams and Geschwind,
2008, 2010; Anney et al., 2010; Bucan et al., 2009; Happe and Ronald, 2008). At present,
behavioral intervention is the only effective form of treatment, with many positive outcome
measures reported (Dawson, 2008; Rogers and Vismara, 2008; Williams White et al., 2007).
The only approved pharmacological treatments for autism are Risperidone (Risperdal®) and
Aripiprazole (Abilify®), which target the associated symptoms of irritability that include
self-injury, tantrums and aggression (Marcus et al., 2011; McCracken et al., 2002;
McDougle et al., 2000; Varni et al., 2012). Translational research is needed to discover
pharmacological targets for the diagnostic domains (McPheeters et al., 2011; Veenstra-
VanderWeele and Blakely, 2012; Wink et al., 2010). Pursuing the discovery of effective
pharmacological interventions requires appropriate preclinical screens. Animal models
based on hypothesized causes of autism spectrum disorders, and/or with robust phenotypes
of high relevance to diagnostic symptoms, offer innovative experimental strategies to test
the efficacy and safety of proposed treatments.

Abnormal reciprocal social interactions include reduced interest in peers and difficulty
maintaining social interaction, failure to use eye gaze and an absence of facial expressions.
Communication deficits present as language delays, failure to respond to voices and lack of
prosody or intonation. Repetitive behaviors with restricted interests include motor
stereotypies (i.e. hand flapping or toe walking), repetitive use of the same objects, and
insistence on sameness American Psychiatric Association., 1994; DiCicco-Bloom et al.,
2006; Landa, 2008; Lord et al., 2000). Several inbred mouse strains display impaired social
affiliative behaviors despite normal levels of aggressive, reproductive, and maternal
behaviors (Bolivar et al., 2007; Brodkin, 2007; Brodkin et al., 2004; Defensor et al., 2011;
Moy et al., 2008; Panksepp et al., 2007; Pobbe et al., 2010; Ryan et al., 2010). BTBR T+tf/J
(BTBR) is a commercially available inbred strain of mice that displays multiple behavioral
phenotypes relevant to all three diagnostic symptoms of autism. Both male and female
BTBR engage in marked low levels of reciprocal social interactions at juvenile and adult
ages and lack species-typical sociability in the 3-chambered social approach task (Bolivar et
al., 2007; Defensor et al., 2011; Pobbe et al., 2011; Pobbe et al., 2010; Silverman et al.,
2010a; Yang et al., 2012a; Yang et al., 2009; Yang et al., 2007a; Yang et al., 2007b). BTBR
emit significantly fewer ultrasonic vocalizations in response to social olfactory cues and
during reciprocal social interactions, as compared to other standard inbred strains such as
C57BL/6J (B6) (Scattoni et al., 2008; Scattoni et al., 2011; Wohr et al., 2011). BTBR also
produce fewer scent marks in response to social olfactory pheromones, consistent with an
interpretation of impaired communication (Roullet et al., 2011). BTBR display significantly
higher levels of repetitive self-grooming throughout their lifespan as compared to control
strains, replicated in multiple cohorts and across several laboratory environments
(McFarlane et al., 2008; Pearson et al., 2011; Silverman et al., 2012; Silverman et al., 2010a;
Yang et al., 2007a; Yang et al., 2007b). Normal scores on measures of general health, motor
functions, stress reactivity, acoustic startle reflex, prepulse inhibition and olfactory abilities
(McFarlane et al., 2008; Silverman et al., 2010c; Yang et al., 2012a) support an
interpretation of remarkably specific autism-relevant abnormalities in BTBR. Investigation
into the background genes responsible for autism-relevant behavioral traits in inbred strains
of mice is ongoing (Bolivar et al., 2011; Bothe et al., 2011; Jones-Davis et al., 2011;
McFarlane et al., 2008). This genetically homogenous, commercially available strain
provides a useful model system for assessing pharmacological therapeutics, with particular
relevance to those individuals with autism whose genotypic variant is unknown. It is
important to note, however, that BTBR differs from the conventional models of autism that
are based on targeted mutations of candidate genes for autism. Despite their unknown
genetics, BTBR is among the best animal models of autism in terms of face validity to core
symptomatology, robustness and replicability of phenotypes.
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We and others have employed experimental interventions to evaluate genetic reversal and
pharmacological rescue in mouse models of neurodevelopmental disorders (Cobb et al.,
2010; Dolen et al., 2007; Ehninger et al., 2008a; Ehninger et al., 2008b; Guy et al., 2007;
Hayashi et al., 2007; Meikle et al., 2008; Ogier et al., 2007; Penagarikano et al., 2011;
Silverman et al., 2012; Silverman et al., 2010a; Yan et al., 2005; Zhou et al., 2009).
Discovery of elevated mGluR5-mediated signaling and protein synthesis in Fragile X
knockout mice provided the rationale for testing mGluR5 antagonists in Fragile X clinical
trials (Bear et al., 2004; Dolen et al., 2007; Jacquemont et al., 2011; Krueger and Bear,
2011). We recently reported beneficial actions of mGluR5 antagonists on reducing repetitive
self-grooming in BTBR (Silverman et al., 2012; Silverman et al., 2010a). Improvements in
some parameters of sociability were detected in BTBR mice treated with an mGluR5
negative allosteric modulator, GRN-529 (Silverman et al., 2012). However, a potential
confound was noted. Increased entries in social approach accompanied the improved
sociability in the automated 3-chambered apparatus. Similarly, in a novel open field test
conducted with the same BTBR and B6 mice, increased distance traversed after treatment
with mGluR5 antagonists was seen, consistent with other reports of mild hyperactivity after
mGluR5 antagonist treatments (Mehta et al., 2011; Montana et al., 2009; Thomas et al.,
2012).

Understanding the influence of general activity levels on sociability and repetitive behaviors
will enhance the accurate interpretation of positive outcomes measured from any test
compound that produces locomotor activating or sedating effects. In the present study, we
tested the hypothesis that endogenous and drug-induced hyperactivity have direct effects on
social and repetitive behaviors in the BTBR mouse model of autism. Specifically, doses of
AMPH that increased open field locomotion were administered to BTBR and B6 mice in the
repetitive self-grooming assay, and in our automated 3-chambered social approach assay, to
evaluate the possibility that higher general exploration contributes to reduced repetitive and
enhanced social behaviors.

2. Materials and Methods
2.1. Mice

C57BL/6J (B6) and BTBR T+ tf/J (BTBR) mice were the offspring of breeding pairs
purchased from The Jackson Laboratory (JAX, Bar Harbor, ME). All mice were housed and
bred in a conventional mouse vivarium at the National Institute of Mental Health (NIMH),
Bethesda, Maryland, USA, using harem breeding trios. After two weeks with a male,
females were separated into individual cages (Tecniplast, USA) before parturition. Pups
were kept with the dam until weaning at postnatal day 21. After weaning, juveniles were
group housed by sex and strain in standard plastic cages in groups not exceeding four per
cage. Cages were maintained in ventilated racks in a temperature (20°C) and humidity
(~55%) controlled vivarium on a 12 hour circadian cycle, lights on from 0700 to 1900 hr.
Standard rodent chow and tap water were available ad libitum. In addition to standard
bedding, a Nestlet square, shredded brown paper and a cardboard tube were provided in
each cage. Light levels measured approximately 325 lux during the light phase. Background
noise measured approximately 50–60 dB. All procedures were approved by the National
Institute of Mental Health Animal Care and Use Committee.

2.2. Drug Treatment
d-amphetamine sulfate salt (AMPH; 1.0, 2.0 and 3.0 mg/kg, Sigma Aldrich, St. Louis, MO)
was dissolved in saline (0.9% NaCl). Adult male and female B6 and BTBR mice weighing
25–40 grams received an intraperitoneal (i.p.) injection of saline vehicle or AMPH 30
minutes before the start of behavioral test sessions for the social approach, self-grooming,
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and open field behavioral tasks. Dose response curves and post treatment interval in open
field locomotion were determined using previously published literature (Kelley et al., 1986;
Mueller et al., 1989; Papaleo et al., 2008; Sills et al., 1998; Stromberg and Svensson, 1975;
Yates et al., 2007).

2.3. Experimental Design for Behavioral Assays
Testing was conducted in dedicated behavioral testing rooms during the standard light
phase, usually between 0900 and 1600 hr. Prior to each behavioral test, mice were
acclimatized to the behavioral testing area for at least 60 continuous minutes. Testing began
at ages 6–8 weeks. Treatment groups consisted of 10–16 mice per strain for each dose of
drug or vehicle. Previous studies in our laboratory documented no sex differences on either
sociability or self-grooming in BTBR or B6 (Silverman et al., 2010a; Yang et al., 2009;
Yang et al., 2007a; Yang et al., 2007b). Therefore, male and female mice were used in all
studies in approximately equal proportions. A single cohort (Cohort 1) was utilized to
collect AMPH dose response curve data in the open field locomotion task. Each additional
cohort used a between treatment factor design with a one week washout period, such that
each mouse received an acute dose of AMPH or vehicle, and was tested in a behavioral task,
one task per week. For cohorts 2 and 3, each mouse was used for all three behavioral tests,
and received a total of three injections randomized across AMPH and vehicle. The
behavioral task order was social approach (week 1), self-groom (week 2) and open field
(week 3). For cohort 4, each mouse was used for two behavioral tests (social approach and
self-grooming), and received a total of two injections randomized across AMPH and
vehicle. The task order was social approach (week 1) followed by self-groom (week 2).
Drug doses, toe tattoo patterns, and digital videotapes were coded to ensure that the raters
were blind to the treatment condition. All procedures were conducted in strict compliance
with the NIH Guidelines for the Care and Use of Laboratory Animals and approved by the
Animal Care and Use Committees of the National Institute of Mental Health.

2.4. Social Approach
Social approach was tested in an automated 3-chambered apparatus from a design originally
developed by our group (Nadler et al., 2004), using improved methods as recently described
(Brielmaier et al., 2012; Papaleo et al., 2011; Silverman et al., 2012; Silverman et al., 2010a;
Silverman et al., 2011; Silverman et al., 2010b; Yang et al., 2012b; Yang et al., 2011a; Yang
et al., 2011b). Briefly, the apparatus was a rectangular, 3-chambered box made from clear
polycarbonate. Retractable doorways within the two dividing walls allowed access to the
side chambers. Number of entries and time spent in the chambers were automatically
recorded from photocells embedded in the doorways. A top mounted CCTV camera
(Security Cameras Direct, Luling, TX, USA) placed over the boxes recorded the session for
subsequent scoring. The apparatus was cleaned with 70% ethanol and water between
subjects. At least five minutes elapsed between cleaning and the start of the next test session,
to allow for ethanol evaporation and clearance of ethanol vapor odors. To increase
throughput, four mice were run simultaneously, in four adjacent chambers. Mice used as the
novel stimulus target were 129Sv/ImJ, aged 12–20 weeks old, bred and maintained in the
NIMH vivarium from breeding pairs originally purchased from JAX, and matched to the
subject mice by sex and age. A different target mouse was used for each subject. Target
mice are re-used throughout other experiments on different days, but each target mouse is
used only once per day. Time spent in each chamber and number of entries into each
chamber were calculated by the automated software, based on the movements of the subject
mouse in sequentially breaking and unbreaking a series of photocell beams embedded in the
openings between chambers for a 10 minute habituation session, followed by the 10 minute
sociability session (Yang et al., 2011). Number of entries served as a within-task control for
levels of general exploratory locomotion. An observer blind to the drug treatments scored
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the videos with a stopwatch for cumulative time in which the subject mouse sniffed the
novel target mouse and the novel object. For further in-depth analysis of bouts, a highly
trained observer blind to the drug treatments manually scored the videos obtained with the
Noldus Observer 8.0XT software (Noldus Information Technology, Leesburg, VA). A bout
of sniffing was defined as a state event measured by duration and occurrence. Number of
bouts of sniffing the novel mouse, novel object and the summed total of these events were
scored. Videos for these samples were selected blindly and at random, by choosing four
videos from Cohort 2, three videos from Cohort 3, and three videos from Cohort 4, for each
strain. At the end of each testing day, test chambers were thoroughly cleansed with Alconox
detergent (Alconox, White Plains, NY, USA) diluted with warm water, followed by
extensive rinsing with hot water and air drying.

2.5. Self-grooming assay
Mice were scored for spontaneous repetitive self-grooming behavior as previously described
(Silverman et al., 2012; Silverman et al., 2010b). Briefly, each mouse was placed
individually into a standard mouse cage, (46 cm length × 23.5 cm wide × 20 cm high) for a
10 minute habituation period, followed by 10 minutes of behavioral recording. Cages were
empty, to eliminate digging in the bedding, a potentially competing behavior. The room was
illuminated at ~15 lux. A trained observer uninformed of the drug treatment scored the
videos. Cumulative time spent self-grooming was scored from the videos using a high-
accuracy Traceable© stopwatch (Thomas Scientific, Swedesboro, NJ) with the auditory
component silenced.

2.6. Open field locomotion
General exploratory locomotion in a novel open field environment was assayed as
previously described (Bailey et al., 2007; Chadman et al., 2008; McFarlane et al., 2008;
Silverman et al., 2010a; Silverman et al., 2011; Silverman et al., 2010b). Individual mice
were placed in a standard Accuscan open field (AccuScan Instruments, Columbus, OH,
USA) for 30 minutes. Illumination in the testing room measured ~ 15 lux. Test chambers
consisted of clear Plexiglas sides and floor, approximately 40 × 40 × 30.5 cm. Mice were
placed in the center of the open field at the initiation of the testing session. Photocells at
standard heights for recording activity were aligned 8 to a side, dividing the chamber into 64
equal squares. Total distance, horizontal activity, vertical activity, and center time were
automatically collected using the Versamax activity monitor and analyzer software system.
Test chambers were cleaned with 70% ethanol between test subjects. At least five minutes
between cleaning and the start of the next session was allowed for ethanol evaporation and
odor dissipation.

2.7. Statistical analysis
Open field dose response effects of AMPH in Cohort 1 were analyzed with a Repeated
Measures ANOVA using a between groups factor of drug within strain, and a within group
factor of time course, for the parameters of total distance, horizontal activity, vertical
activity or center time. Dose response experiments were followed by a Dunnett’s post hoc
analysis, using SigmaPlot version 11.0 (Systat Inc., San Jose, CA) that compared individual
means in cases where the ANOVA was significant at p < 0.05. AMPH effects on open field
locomotion in Cohorts 2 and 3 were analyzed with a Repeated Measures ANOVA using a
between groups factor of drug within strain, and a within group factor of time course, for the
parameters of total distance, horizontal activity, vertical activity or center time
(Supplementary Materials). Self-grooming was analyzed for drug effect using a within strain
unpaired Student’s t-test for treatment, using StatView statistical software (Citewise.com,
Acton, MA, USA). For social approach, a Repeated Measures ANOVA was conducted
within each drug dose group and for the vehicle group, for each strain. Since times spent in
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each of the three chambers added to 10 minutes, and therefore were not independent, the test
condition factor compared time spent only in the right versus left chambers. Center chamber
times are shown in the graphs for illustrative purposes. Time spent sniffing the novel object
versus the novel mouse was similarly analyzed within each dose for each strain. For number
of entries during social approach, drug effects were compared within each strain by a
separate between groups drug by entries Repeated Measures ANOVA. In cases where the
overall ANOVA for entries was significant, the treatment factor for each strain was further
analyzed with a Dunnett’s posthoc test to compare each drug dose group to its vehicle
control group. For number of bouts and mean average duration of a sniffing bout, a within
strain unpaired Student’s t-test for treatment was employed, using StatView statistical
software.

3. Results
3.1. Amphetamine-induced hyperlocomotion in the open field in BTBR and B6 mice,
Cohort 1

Figure 1 illustrates the dose-response curves on four parameters assessed in the Accuscan
open field arena for exploratory locomotion in B6 and BTBR, beginning 30 minutes after
AMPH (1.0 mg/kg, 2.0 mg/kg or 3.0 mg/kg) or saline vehicle injection. Across the 30
minute session, the time course for total distance traversed by both B6 and BTBR declined
as expected, representing habituation to the novel open field (Main effect of time: Panel A,
B6: F(5,150) = 15.2, p < 0.0001; Panel B, BTBR: F(5,145) = 47.8, p < 0.0001). Total distance
scores were increased by AMPH in both strains as expected (Main effect of dose: Panel A,
B6: F(3,30) = 9.17, p < 0.0002, Dunnett’s p < 0.05 for doses of 2mg/kg and 3mg/kg as
compared to vehicle; Panel B, BTBR: F(3,29) = 23.8, p < 0.0001, Dunnett’s p < 0.05 for
doses of 2mg/kg and 3mg/kg as compared to vehicle). A significant interaction between
dose and distance traveled over time for both strains revealed that only the saline and 1mg/
kg groups decreased total distance traveled over time (Panel A, B6: F(15,150) = 1.981, p =.
020; Panel B, BTBR: F(15,150) = 2.468, p =.003). A two factor ANOVA, with strain and
dose as the between subject factors, was conducted to determine if B6 and BTBR
differentially responded to AMPH treatment. BTBR traversed a greater distance than B6
over the course of the 30-minute session (F(1,59) = 58.244, p < 0.0001). A significant strain
by dose interaction (F(3,59) = 4.097, p < 0.05) revealed that BTBR traveled significantly
greater distances than B6 following vehicle and each AMPH dose tested (vehicle: F(1,14) =
12.718, p < 0.05; AMPH 1mg/kg: F(1,14) = 19.544, p < 0.001; AMPH 2mg/kg: F(1,14) =
7.616, p < 0.05; AMPH 3mg/kg: F(1,14) = 34.272, p < 0.0001).

The time course showing declining horizontal activity by both B6 and BTBR also
represented normal habituation (Main effect of time: Panel C, B6: F(5,150) = 29.6, p <
0.0001; Panel D, BTBR: F(5,145) = 30.8, p < 0.0001). Horizontal activity was significantly
increased by AMPH treatment in both strains of mice (Main effect of dose: Panel C, B6:
F(3,30) = 8.78, p < 0.0002, Dunnett’s p < 0.05 for doses of 2mg/kg and 3mg/kg as compared
to vehicle; Panel D, BTBR: F(3,29) = 13.6, p < 0.0001, Dunnett’s p < 0.05 for doses of 2mg/
kg and 3mg/kg as compared to vehicle). A significant strain by dose interaction revealed that
horizontal activity reduced over time in the saline and 1mg/kg groups (Panel C, B6: F(15,150)
= 2.717, p =.001; Panel D, BTBR: F(15,150) = 1.876, p =.030) and that similar to distance
scores BTBR exhibited higher horizontal activity counts (F(1,59) = 5.454, p < 0.05).

Vertical activity over the 30 minute test period declined as expected in both strains (Main
effect of time: Panel E, B6: F(5,150) = 5.24, p < 0.0002; Panel F, BTBR: F(5,145) = 16.2, p <
0.0001). Vertical activity was lower in B6 treated with AMPH as compared to saline vehicle
(Main effect of dose: Panel E, F(3, 30) = 3.23, p < 0.05, Dunnett’s p < 0.05 for each dose 1
mg/kg, 2mg/kg and 3mg/kg as compared to vehicle). Vertical activity did not differ across
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BTBR groups treated with AMPH, at any dose (F(3,29) = 1.6, p > 0.05). There was no
significant dose by vertical activity interaction for either strain (B6: F(15,150) = 1.620, p =
0.07; BTBR: F(15,150) = 1.335, p = 0.19). B6 spent more time vertically active as compared
to BTBR during the 30-minute assessment (F(1,59) = 6.02, p < 0.05). No significant strain by
dose interaction was observed (F(3,59) = 1.984, p > 0.05).

Time spent in the center of the test arena increased, representing acclimation to the arena,
over the time course in B6 (Main effect of time: Panel G, B6: F(5,150) = 9.34, p < 0.0001)
but did not differ in BTBR (Panel H, BTBR: F(5,145) = 0.58, p > 0.05). Time in the center of
the arena did not differ between vehicle and any dose of AMPH tested in B6 (Dose: F(3,30) =
2.06, p > 0.05) or BTBR (Dose: F(3,29) = 0.9, p > 0.05). There was no significant dose by
center time interaction for either strain (B6: F(15,150) = 1.155, p > 0.05; BTBR: F(15,150) = .
448, p > 0.05). No significant strain difference was observed on the amount of time spent in
the center of the apparatus (F(1,59) = 2.411, p = 0.100), nor was there a significant strain by
dose interaction for center time in the open field (F(3,59) = 1.531, p > 0.05). Open field
results for Cohorts 2 and 3 appear in Supplementary Materials.

3.2. Effects of amphetamine on social approach in B6 and BTBR mice, Cohort 2
Figure 2 illustrates the sociability scores from the automated 3-chambered social approach
task following a single acute intraperitoneal injection of 2.0 mg/kg AMPH as compared to
saline vehicle in B6 and BTBR. Sociability, defined as spending more time in the chamber
with the novel mouse than in the chamber with the novel object, was significant in the saline
treated group of B6 mice, as expected (Panel A, F(1,12) = 10.8, p < 0.01). However, time
spent in the chamber with the novel mouse did not differ from time spent in the chamber
with the novel object in AMPH treated B6 mice (F(1,15) = 0.41, p > 0.05). In contrast, time
spent sniffing the novel mouse, a more direct, sensitive measure of sociability (Fairless et
al., 2011; Yang et al., 2011b) remained greater than time spent sniffing the novel object in
both the saline treated (Panel C, F(1,12) = 44.8, p < 0.001) and AMPH treated B6 mice
(F(1,15) = 11.9, p < 0.01). Entries into the side chambers were increased by AMPH in B6
mice, indicating a direct effect on exploratory locomotion during the social approach task
(Panel E, F(1,27) = 7.3, p < 0.01).

As expected, BTBR did not exhibit significant sociability on the chamber time parameter,
defined as no difference between time spent in the side chamber with the novel mouse as
compared to time spent in the side chamber with the novel object in either the saline group
(Panel B, F(1,13) = 0.29, p > 0.05) or the AMPH group (F(1,11) = 0.80, p > 0.05). Similarly,
time spent sniffing the novel mouse versus the novel object was not significant in the BTBR
for the saline vehicle treated group (Panel D, F(1,13) = 2.59, p > 0.05), consistent with earlier
publications (Moy et al., 2007; Pobbe et al., 2011; Silverman et al., 2010a; Yang et al.,
2012a). However, time spent sniffing the novel mouse was greater than time spent sniffing
the novel object in the BTBR treated with AMPH (F(1,11) = 15.5, p < 0.01). Entries into the
side chambers were increased by AMPH in BTBR mice, indicating a direct effect on
exploratory locomotion during the social approach task (Panel F, F(1,21) = 4.19, p < 0.05).

No innate side preference for either the right or left side chamber was present in B6 (F(1,28)
= 1.13, p > 0.05) or BTBR (F(1,22) = 1.32, p > 0.05), as shown by similar amounts of time in
the left and right side chambers during the 10 minute habituation session before the start of
social testing. No sex differences were exhibited for sociability chamber time or sniff time,
respectively, in B6 (F(1,26) = 0.29, p > 0.05; F(1,26) = 0.85, p > 0.05) or BTBR (F(1, 24) =
1.47, p > 0.05; F(1,24) = 1.51, p > 0.05) in the social approach task at any drug dose
treatment in Cohort 2.
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3.3. Effects of amphetamine on social approach in B6 and BTBR mice, Cohort 3
Figure 3 illustrates sociability scores in a second independent cohort treated with AMPH 2.0
mg/kg or saline vehicle, conducted by a second investigator. Sociability was significant in
the saline treated B6 (Panel A, F(1,12) = 4.1, p < 0.05). However, as seen in Cohort 2, time
spent in the chamber with the novel mouse did not differ from time spent in the chamber
with the novel object in AMPH treated B6 mice (F(1,11) = 0.91, p > 0.05). The more
sensitive parameter, time spent sniffing the novel mouse versus the novel object, again
remained significantly higher than time spent sniffing the novel object in both saline treated
(Panel C, F(1,12) = 12.3, p < 0.01) and AMPH treated B6 mice (F(1,11) = 5.65, p < 0.05).
Entries into the side chambers were again increased by AMPH in B6 mice, indicating a
significant and direct effect on exploratory locomotion during the social approach task
(Panel E, F(1,22) = 4.0, p < 0.05).

BTBR did not exhibit chamber time sociability, as expected, showing no difference between
time spent in the side chamber with the novel mouse as compared to time spent in the side
chamber with the novel object in either the saline (Panel B, F(1,10) = 0.43, p > 0.05) or
AMPH treated groups (F(1,11) = 0.68, p > 0.05). Similarly, time spent sniffing the novel
mouse versus the novel object was not significant in BTBR treated with saline (Panel D,
F(1,10) = 3.3, p > 0.05). However, time spent sniffing the novel mouse was again greater than
time spent sniffing the novel object in BTBR treated with AMPH (F(1,11) = 20.0, p < 0.01).
Entries into the side chambers were again increased by AMPH in BTBR mice, indicating a
significant and direct effect on exploratory locomotion during the social approach task
(Panel F; F(1,21) = 5.1, p < 0.05).

No innate side preference was present in B6 (F(1,24) = 2.1, p > 0.05) or BTBR (F(1,22) =
0.04, p > 0.05), as shown by similar amounts of time in the left and right side chambers
during the 10 minute habituation session before the start of social testing in Cohort 3. No sex
differences were exhibited for sociability chamber time or sniff time in B6 (F(1,24) = 0.07, p
> 0.05; F(1,24) = 1.07, p > 0.05) or BTBR (F(1,20) = 0.29, p > 0.05; F(1,20) = 2.71, p > 0.05) in
the social approach task at any drug dose treatment in Cohort 3.

3.4. Effects of amphetamine on social approach in B6 and BTBR, Cohort 4
Figure 4 illustrates a third independent cohort tested by a third investigator, on social
approach in the automated 3-chambered task following a single dose of AMPH or saline in
B6 and BTBR mice. In Cohort 4, sociability was significant for chamber time in B6
administered saline (Panel A, F(1,9) = 36.8, p < 0.0002) and AMPH (F(1,9) = 6.5, p < 0.05).
As expected, time spent sniffing the novel mouse versus the novel object was significantly
higher than the time spent sniffing the novel object in both the saline treated (Panel C, F(1,9)
= 45.1, p < 0.0001) and AMPH treated B6 (F(1,9) = 22.3, p < 0.001). Entries into the side
chambers were again increased by AMPH in B6 (Panel E, F(1,17) = 9.5, p < 0.01).

As expected, BTBR did not exhibit sociability, showing no difference between time spent in
the side chamber with the novel mouse as compared to time spent in the side chamber with
the novel object in both the saline (Panel B, F(1,7) = 0.04, p > 0.05) and AMPH treated
groups (F(1,9) = 3.2, p > 0.05). Similarly, time spent sniffing the novel mouse versus the
novel object did not differ in the BTBR treated with saline (Panel D, F(1,7) = 2.1, p > 0.05).
In contrast, time spent sniffing the novel mouse was again greater than time spent sniffing
the novel object in BTBR treated with AMPH (F(1,9) = 22.9, p < 0.01). Entries into the side
chambers were again increased by AMPH in BTBR mice (Panel F, F(1,16) = 7.4, p < 0.02).

No innate side preference was present in B6 (F(1,18) = 2.9, p > 0.05) or BTBR (F(1,17) =
0.22, p > 0.05), as shown by similar amounts of time in the left and right side chambers
during the 10 minute habituation session before the start of social testing in cohort 4. No sex
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differences were exhibited for sociability chamber time or sniff time in B6 (F(1,18) = 0.49, p
> 0.05; F(1,18) = 0.40, p > 0.05) or BTBR (F(1,20) = 0.54, p > 0.05; F(1,20) = 0.27, p > 0.05) in
the social approach task at any drug dose treatment in Cohort 4.

3.5. In-depth analysis of sniffing events in B6 and BTBR mice
Figure 5 illustrates a representative cohort (using randomized sampling from each of the
independent cohorts) that was scored in greater depth, to calculate the number and duration
of bouts of sniffing the novel mouse and the novel object during the 3-chambered social
approach task. In B6, AMPH, 2.0 mg/kg, had no effect on the total number of bouts of
sniffing the novel mouse and novel object (Panel A, t(1,18) = 1.04, p > 0.05) nor the average
duration of those bouts in B6 (Panel C, t(1,18) = 1.00, p > 0.05) as compared to saline
treatment. In BTBR, AMPH, 2.0 mg/kg, produced a unique profile. AMPH significantly
increased the total number of bouts of sniffing the novel mouse and novel object (Panel B,
t(1,18) = −2.60, p < 0.02) and reduced the average duration of those bouts (Panel D, t(1,18)
=2.81, p < 0.02) as compared to saline treatment in BTBR, indicative of more quick sniffs in
passing, and fewer incidents of extended exploratory sniffs.

Additional comparisons were performed to determine if a change in total number of bouts
could be specifically attributed to bouts directed toward the novel mouse or novel object.
AMPH, 2.0 mg/kg, did not have a differential effect on the number of bouts of sniffing the
novel mouse (B6, t(1,18) = 1.26, p > 0.05; BTBR, t(1,18) = -1.69, p > 0.05) versus the novel
object (B6, t(1,18) = −0.25, p > 0.05; BTBR, t(1,18) = -1.73, p > 0.05) in B6 and BTBR.

Comparisons were also performed to determine whether or not the sniffs following saline or
amphetamine were directed toward the social stimulus in B6 and BTBR. Number of bouts of
sniffing in B6 directed toward the novel mouse was greater than number of bouts directed
toward the novel object in B6 administered saline (F(1,9) = 26.9, p < 0.001) but not B6
treated with AMPH (F(1,9) = 1.15, p > 0.05), paralleling the total time spent sniffing, as
shown in Figures 2–3A. Number of bouts of sniffing in BTBR directed toward the novel
mouse were similar to the number of bouts directed toward the novel object in BTBR
administered saline (F(1,9) = 2.10, p > 0.05) or AMPH (F(1,9) = 0.43, p > 0.05), suggesting
sniffing behavior that is less focused on the target.

3.6. Effects of amphetamine on repetitive self-grooming in B6 and BTBR, Cohorts 2, 3 and
4

Figure 6 illustrates self-grooming scores for B6 and BTBR mice treated with saline vehicle
or the moderate dose of AMPH, 2.0 mg/kg, in three independent cohorts run by three
different investigators under similar laboratory conditions. AMPH significantly reduced
repetitive self-grooming scores as compared to saline treatment in Cohort 1 B6 (Panel A,
t(1,19) = 4.92, p < 0.0001) and BTBR (Panel B, t(1,16) = 4.13, p < 0.001), in Cohort 2 B6
(Panel C, t(1,26) = 4.16, p < 0.001) and BTBR (Panel D, t(1,21) =2.72, p < 0.01), and in
Cohort 3 B6 (Panel E, t(1,18) = –2.13, p < 0.05) and BTBR (Panel F, t(1,16) = –2.7, p < 0.05).

4. Discussion
Effective pharmacological interventions in preclinical mouse model assays require a robust
signal-to-noise phenotype, to provide an easily replicable baseline for the detection of a
therapeutic response that has predictive validity specific to the human disorder. Model
systems with high replicability in a variety of laboratory settings offer distinct advantages
for discovering therapeutic benefits, and confirming their reliability. The inbred strain
mouse model, BTBR, differs from the conventional models of autism that are based on
targeted mutations of candidate genes for autism. Genes responsible for the autism-relevant
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behavioral abnormalities in BTBR have not yet been identified. BTBR therefore does not
model a known genetic mutation associated with autism spectrum disorder. However, at
present, BTBR is among the best animal models of autism in terms of robustness and
replicability of phenotypes, and was therefore employed in the present pharmacological
studies.

One promising target for treating symptoms of autism is the mGluR5 receptor. Antagonists
and negative allosteric modulators effectively reversed several autism-relevant behavioral
phenotypes in the Fmr1 mutant mouse, the valproic acid model of prenatal environmental
insult, and the BTBR inbred strain mouse model of autism, including repetitive self-
grooming and marble burying, seizures, and prepulse inhibition of acoustic startle, as well as
mood disorder-like phenotypes in the elevated plus-maze, stress induced hyperthermia,
forced swim task, conflict drinking test and four plate assessment (Bear et al., 2008; de Vrij
et al., 2008; Dolen and Bear, 2008; Dolen et al., 2007; Hughes et al., 2012; Mehta et al.,
2011; Nordquist et al., 2007; Pilc et al., 2002; Silverman et al., 2010a; Spooren et al., 2000;
Tatarczynska et al., 2001; Yan et al., 2005). Recently we discovered that an mGluR5
negative allosteric modulator improved some components of social behaviors in BTBR.
However, mGluR5 compounds appear to increase locomotor activity, (Mehta et al., 2011;
Montana et al., 2009; Silverman et al., 2012; Silverman et al., 2010a; Thomas et al., 2012).
In the present studies we addressed the extent to which hyperactivity induced by
pharmacological agents may compete with, or contribute to social and repetitive behaviors
in the BTBR mouse model of autism.

To directly test the hypothesis that drug-induced hyperlocomotion influences sociability in
BTBR mice, we selected a dose of AMPH that induces hyperactivity directly. AMPH
administration increased open field locomotion by ~ 2.0 fold in B6, replicated across three
cohorts, consistent with the extensive literature on amphetamine-induced hyperactivity in
mice (Moisset and Welch, 1973; Mueller et al., 1989; Yates et al., 2007). We found that
AMPH increased open field locomotion similarly in BTBR, ~ 2.0 fold. A moderate dose that
induced hyperlocomotion, 2.0 mg/kg, was then administered before the social approach task.
We found that AMPH abolished one component of sociability in B6 mice, and enhanced one
component of sociability in BTBR mice, consistently across three cohorts.

Specifically, AMPH-treated B6 did not display the normal sociability parameter of more
time in the chamber with the novel mouse than time in the chamber with the novel object,
although sociability on the more sensitive measure of time spent sniffing the novel mouse
versus the novel object remained intact. In BTBR, which usually do not display sociability
on either parameter, AMPH did not affect chamber time, but increased sociability on the
more sensitive sniffing parameter. The sniff time parameter is highly precise and susceptible
to change. Thus, it could be used as a read-out measure for drug treatment assays (Fairless et
al., 2011; Silverman et al., 2012; Silverman et al., 2010a; Yang et al., 2011b). However,
without corroboration of the chamber time parameter, this dichotomous profile is difficult to
interpret.

One potential interpretation involves hypothalamic-pituitary-adrenal axis neuroendocrine
factors. Circulating corticosterone is elevated in BTBR, as reported by three independent
laboratories (Benno et al., 2009; Frye and Llaneza, 2010; Silverman et al., 2010c), and
increased glucocorticoid receptor mRNA was detected in the BTBR hippocampal regions
(Silverman et al., 2010c). Repeated exposure to stressors, which increases circulating
corticosterone, is known to enhance the behavioral responses to AMPH (Kalivas and
Stewart, 1991). Further, AMPH-induced hyperactivity is reduced by adrenalectomy, and
dose-dependently increased by chronic corticosterone administration, actions that are
dependent on central glucocorticoid receptors (Cador et al., 1993; Cools, 1991; Rivet et al.,
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1989). The unusual basal neuroendocrine profile of BTBR may therefore underlie the
enhanced response to AMPH on sniffing in the social approach task. A second potential
contributing factor is the high baseline locomotor activity exhibited by BTBR in a novel
non-social environment (McFarlane et al., 2008; Pobbe et al., 2011; Silverman et al., 2010a).
An increase in the sensitive sniffing parameter in BTBR treated with AMPH may be the
result of a stimulant-induced reduction in dopaminergic transmission in the striatum (Nicola
et al., 1996). A third consideration is that d-AMPH and methylphenidate (Ritalin) are widely
used for treating the symptoms of attention deficit hyperactivity disorder (ADHD).
Hyperactivity and lack of cognitive control are symptoms that often appear in ASD and
Fragile X syndrome. (Farzin et al., 2006; Kochhar et al., 2011; Leyfer et al., 2006; Sullivan
et al., 2006). Further, d-AMPH was reported to improve some behavioral phenotypes in the
Fmr1 mutant mouse model of Fragile X syndrome (Ventura et al., 2004).

A fourth potential explanation for the BTBR sniffing reversal following AMPH
administration is that the effect is an artifact of stereotyped sniffing induced directly by
AMPH. AMPH administration elicits elevated frequencies of sniffing events, similar to
other stimulants, including cocaine and caffeine, as characterized by a large number of
sniffing bouts of short durations (Antoniou et al., 1998). We investigated this possibility by
measuring sniffing bouts in greater detail. Three independent raters watched the videos
again and observed qualitative differences in the type of exploratory and social behaviors
exhibited by B6 and BTBR in the 3-chambered apparatus after AMPH treatment. A subset
of randomly sampled videos was then recoded and scored on quantitative parameters of the
sniffing bouts. In B6 mice, AMPH did not affect the total number of sniffing bouts, or the
average duration of sniffing bouts. However in BTBR, AMPH increased the number and
decreased the duration of sniffing bouts. This quantitative analysis supported the qualitative
impressions that BTBR engaged in brief, cursory sniffs, mainly in passing, rather than
directed exploratory sniffing of the novel mouse and the novel object. Disruptions in the
normal balance between general locomotion and focused exploratory locomotion have been
described in AMPH-treated rodents (Robbins and Iverson 1973). The apparent increase in
sociability on the sniffing parameter in BTBR mice treated with AMPH may therefore be
caused by brief non-exploratory sniff movements during hyperlocomotion. This
interpretation is supported by lack of improvement in BTBR sociability on the chamber time
parameter, and the increased number of entries into the side chambers by BTBR during the
social approach task, indicative of AMPH-induced hyperlocomotion.

It is intriguing to speculate on the relevance of the present findings to the treatment of
repetitive behaviors in autism. Therapeutic benefits, including reductions in aberrant
behaviors and improvements in social communication, have been reported following
methylphenidate or amphetamine stimulants in children with autism or pervasive
developmental disorder who display hyperactivity (Jahromi et al., 2009; Network, 2005;
Nickels et al., 2008; Quintana et al., 1995). Our experiments with B6 and BTBR mice
indicate that a dose of AMPH which increases locomotion, decreased normal grooming
scores in B6 and decreased the high levels of repetitive self-grooming in BTBR. Our
previous reports that mGluR5 antagonism reduced self-grooming in BTBR (Silverman et al.,
2010, 2012) showed a profile with some similarities to AMPH treatment, however, the
hyperlocomotion induced by mGluR5 modulators was milder, and reductions in self-
grooming by mGluR5 modulators were specific to the high levels of repetitive self-
grooming displayed by BTBR. It will be important to compare mGluR5 compounds with the
present AMPH findings on social approach, using the detailed quantitative analysis of
sniffing time bout properties in BTBR and B6. These future studies would serve to evaluate
the possibility that mGluR5 receptors present a therapeutic target for treating symptoms of
autism, in concert with, or independent of, their less prominent activating actions on general
exploratory behaviors. Further, clinical studies with mGluR5 antagonists may be enhanced
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by stratifying subjects into subgroups with and without ADHD comorbidity, similar to
earlier research on therapeutic effects of methylphenidate (Handen et al., 2000).

In summary, our results may inform the experimental design for evaluating pharmacological
therapeutics for autism spectrum disorders, particularly in cases where the drug influences
general activity levels. The present findings could conceivably support the use of stimulant
compounds in a defined subset of autistic individuals with hyperactivity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

Amphetamine dose dependently induced hyperlocomotion in B6 and BTBR mice

• Amphetamine impaired sociability on one parameter of sociability in control B6
mice

• Amphetamine increased social sniffing in the BTBR mouse model of autism

• Amphetamine reduced low self-grooming in B6 and repetitive self-grooming in
BTBR
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Figure 1. Cohort 1. Initial dose-response curves were conducted to determine the optimal dose of
amphetamine for inducing hyperactivity in BTBR and B6 in a novel open field. Amphetamine
elevated parameters of exploratory locomotion in both strains
Parameters of total distance traversed, horizontal activity, vertical activity and time spent in
the center of the arena were measured across a 30 minute test session in an Accuscan open
field in BTBR and B6, following an intraperitoneal injection of amphetamine (AMPH) at
doses of 1.0 mg/kg, 2.0 mg/kg, 3.0 mg/kg, or saline vehicle (0.0). Data are shown in 5
minute time bins. B6 displayed significant increases in (A) total distance traversed and (C)
horizontal activity following AMPH administration at doses of 2.0 and 3.0 mg/kg, as
compared to saline vehicle. (E) Vertical activity in B6 was reduced by AMPH at each dose
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tested. BTBR displayed significant increases in (B) total distance traversed and (D)
horizontal activity following AMPH administration at each dose. (F) Vertical activity in
BTBR was not significantly affected by AMPH administration. Time spent in the center of
the arena did not differ in B6 (G) or BTBR (H) treated with any dose of AMPH compared to
vehicle. For all figures, data are shown as mean ± standard error of the mean (SEM). *p <
0.05 as compared to vehicle. N=10 per strain per dose in Cohort 1. See Supplementary
Material for the similar open field results in Cohorts 2 and 3.
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Figure 2. Cohort 2. Amphetamine impaired sociability on chamber time in control B6 mice and
increased social sniffing in BTBR
Social approach was assayed in an automated photocell-equipped 3-chambered arena, along
with observer scoring of direct sniffing interactions from videotapes of the social approach
session. (A) The B6 control strain displayed normal sociability, defined as spending more
time in the chamber with the novel mouse than in the chamber with the novel object, in the
saline vehicle treated group. AMPH impaired B6 sociability on the chamber time parameter.
(B) BTBR exhibited its characteristic lack of sociability, i.e. did not spend more time in the
novel mouse chamber than in the novel object chamber, after treatment with either saline or
AMPH. (C) B6 displayed normal sociability on the more sensitive parameter, time spent
sniffing the novel mouse as compared to time spent sniffing the novel object, after treatment
with both saline and AMPH 2.0 mg/kg. (D) BTBR exhibited its characteristic lack of
sociability on the sniff time parameter following saline vehicle administration. However,
BTBR treated with AMPH exhibited significant sociability on the more sensitive sniff time
parameter. *p < 0.05, novel mouse versus novel object. (E) B6 and (F) BTBR displayed a
greater number of entries into the side chambers after treatment with AMPH, indicating a
general increase in exploratory locomotion during the social approach task. *p < 0.05
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Amphetamine 2.0 mg/kg i.p. (AMPH) versus saline vehicle (SAL). N = 13–16 per dose for
each strain in Cohort 2.
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Figure 3. Cohort 3. Amphetamine impaired sociability on chamber time in control B6 mice and
increased social sniffing in BTBR
Replication was confirmed in a second independent cohort, tested by a different investigator.
(A) The B6 control strain displayed normal sociability after saline treatment, but again did
not show significant sociability after AMPH. (B) BTBR exhibited its characteristic lack of
sociability after treatment with saline or AMPH. (C) B6 displayed sociability on the more
sensitive parameter, time spent sniffing the novel mouse as compared to time spent sniffing
the novel object, after both saline and AMPH. (D) BTBR exhibited its characteristic lack of
sociability on the sniff parameter following saline vehicle administration. BTBR treated
with AMPH exhibited significant sociability on the more sensitive sniff time parameter. *p
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< 0.05, novel mouse versus novel object. (E) B6 and (F) BTBR displayed more entries into
the side chambers after treatment with AMPH than saline during the social approach task. *p
< 0.05 AMPH 2.0 mg/kg i.p. versus SAL. N = 10–13 per dose for each strain in Cohort 3.
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Figure 4. Cohort 4. Amphetamine increased social sniffing in BTBR
(A) The B6 control strain displayed normal sociability after saline vehicle treatment. In
Cohort 4, B6 treated with AMPH spent more time in the novel mouse chamber compared to
the time spent in the novel object chamber. (B) BTBR exhibited its characteristic lack of
sociability after both saline and AMPH. (C) B6 displayed sociability on the more sensitive
parameter, time spent sniffing the novel mouse as compared to time spent sniffing the novel
object, after both saline and AMPH. (D) BTBR exhibited its characteristic lack of sociability
on the sniff parameter following saline vehicle administration. BTBR treated with AMPH
exhibited significant sociability on the sensitive sniff time parameter. *p < 0.05, novel
mouse versus novel object. (E) B6 and (F) BTBR displayed more entries into the side
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chambers after AMPH, indicating a general increase in exploratory activity during the social
approach task. *p < 0.05 AMPH 2.0 mg/kg i.p. versus SAL. N = 8–10 per dose for each
strain in Cohort 4.
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Figure 5. Amphetamine increased the number of sniffing bout events and reduced the duration
of sniffing bouts in BTBR
To quantitate the apparent qualitative difference in sniffing by BTBR treated with AMPH,
which had been qualitatively apparent to observers, the number and duration of bout events
of sniffing the novel mouse and novel object were scored over the 10 minute sociability
session from videos of the social approach task. A representative sampling was created
using sessions from the three independent cohorts. Videos were independently scored by
three investigators, all uninformed of the drug treatment. For B6, (A) Number of discrete
sniffing bouts, and (C) average duration of sniffing bouts did not differ in the AMPH versus
saline treated groups. For BTBR, higher numbers of sniffing bouts occurred in mice treated
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with AMPH as compared to saline vehicle, and (D) the average duration of sniffing bouts
was less in mice treated with AMPH compared to saline, indicative of many short sniffs in
passing, rather than longer stationary exploratory sniffing of the novel mouse. *p < 0.02
AMPH 2.0 mg/kg i.p. as compared to SAL. N = 10 per dose for each strain.

Silverman et al. Page 29

Neuropharmacology. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Amphetamine reduced normal levels of self-grooming in B6 and reduced the
characteristically high levels of repetitive self-grooming in BTBR
Cumulative time spent engaged in self-grooming behavior was scored over a 10 minute
session, in three independent cohorts scored by three investigators blind to drug treatment.
Cohort 2: (A) Robust reductions in the normally low levels of self-grooming in B6 mice
were detected after AMPH as compared to saline vehicle. (B) BTBR displayed significant
reductions in their innately high levels of repetitive self-grooming after AMPH. Cohort 3:
AMPH significantly reduced self-grooming in (C) B6 and (D) BTBR. Cohort 4: AMPH
significantly reduced self-grooming in (E) B6 and (F) BTBR. *p < 0.05 AMPH 2.0 mg/kg
i.p. as compared to SAL. N = 9–14 per dose for each strain.
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