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Abstract
Restricted repetitive behaviors are core symptoms of autism spectrum disorders (ASDs). The
range of symptoms encompassed by the repetitive behavior domain includes lower-order
stereotypy and self-injury, and higher-order indices of circumscribed interests and cognitive
rigidity. Heterogeneity in clinical ASD profiles suggests that specific manifestations of repetitive
behavior reflect differential neuropathology. The present studies utilized a set of phenotyping
tasks to determine a repetitive behavior profile for the C58/J mouse strain, a model of ASD core
symptoms. In an observational screen, C58/J demonstrated overt motor stereotypy, but not over-
grooming, a commonly-used measure for mouse repetitive behavior. Amphetamine did not
exacerbate motor stereotypy, but had enhanced stimulant effects on locomotion and rearing in
C58/J, compared to C57BL/6J. Both C58/J and Grin1 knockdown mice, another model of ASD-
like behavior, had marked deficits in marble-burying. In a nose poke task for higher-order
repetitive behavior, C58/J had reduced holeboard exploration and preference for non-social, versus
social, olfactory stimuli, but did not demonstrate cognitive rigidity following familiarization to an
appetitive stimulus. Analysis of available high-density genotype data indicated specific regions of
divergence between C58/J and two highly-sociable strains with common genetic lineage. Strain
genome comparisons identified autism candidate genes, including Cntnap2 and Slc6a4, located
within regions divergent in C58/J. However, Grin1, Nlgn1, Sapap3, and Slitrk5, genes linked to
repetitive over-grooming, were not in regions of divergence. These studies suggest that specific
repetitive phenotypes can be used to distinguish ASD mouse models, with implications for
divergent underlying mechanisms for different repetitive behavior profiles.
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1. Introduction
The autism diagnostic profile includes three core symptoms: aberrant reciprocal social
behavior, communication deficits, and restricted repetitive behaviors [1]. Within these core
symptoms, there can be a high level of diversity in clinical presentation of autism spectrum
disorders (ASDs). In particular, the range of defining characteristics for repetitive behavior
spans lower-order symptoms, such as motor stereotypy and self-injurious responses, and
higher-order symptoms that reflect cognitive rigidity, including an implacable resistance to
change and deficits in flexible learning processes [2]. Dissection of the repetitive behavior
domain using factor analysis has identified motor stereotypy, insistence on sameness, and
narrow, circumscribed interests as three separate components [3], suggesting that subtypes
of repetitive behavior could indicate different underlying genetic and brain abnormalities. In
line with this premise, divergent profiles of repetitive behavior have been reported across
genetic syndromes with ASD features [4,5].

The C58/J inbred mouse strain has a behavioral profile that reflects core symptoms in
autism, including deficits in sociability, impaired communication, and overt motor
stereotypy [6–10]. Abnormal repetitive behaviors include persistent cage-lid backflipping,
jackhammer-like jumping, and wall climbing. In line with the emergence of ASD symptoms
in early childhood, aberrant phenotypes can be observed in C58/J during the neonatal and
weanling periods [7]. Previous reports have utilized the C57BL/6J inbred strain as a
comparison group, based on close physical similarity to C58/J, and a genetic lineage
overlapping with C58/J through the paternal founder of the progenitor stock [11]. The
present studies used a set of mouse tasks for lower-order and higher-order phenotypes to
determine a repetitive behavior profile for C58/J. Since repetitive motor behavior is
associated with abnormal activation of dopaminergic cortical-basal ganglia circuitry [12–
14], the studies investigated whether amphetamine could exacerbate stereotypy or have
other divergent effects in C58/J, in comparison to C57BL/6J. In a subset of tasks, behavioral
profiles in C58/J were compared with phenotypes in another model of aberrant repetitive
responses, Grin1 knockdown mice, which have constitutive disruption of NMDA-receptor
function [15].

The marble-burying task has typically been used as a measure for anxiety in rodent models
[16,17]. However, Thomas and colleagues [18] found that digging responses in this assay
did not correlate with performance in the elevated plus maze or open field, two standard
approaches to evaluate anxiety-like behavior in mice. The researchers suggested that, rather
than a test for anxiogenic effects of novelty, marble-burying was an index for perseverative
digging behavior. Supporting this premise, increased rates of marble-burying have been
reported in the BTBR T+ tf/J strain, a model for autism-like behavior [19], Slitrk5-null mice,
which exhibit over-grooming and self-lesioning [20], and, dependent upon background
strain, in Fmr1-null mice, a model of fragile X syndrome [21]. Thus, we predicted that C58/
J would demonstrate impulsive digging responses in this test, in line with the high rates of
motor stereotypy observed in other experimental settings.

To further investigate marble-burying as an index of repetitive behavior, the present studies
also assessed Grin1neo/neo (Grin1 knockdown) mice in this task. Grin1neo/neo mice, which
have reduced NMDA receptor function, demonstrate spontaneous motor stereotypy,
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including over-grooming to the point of self-injury [22,23]. Similar to C58/J, Grin1neo/neo

mice exhibit a range of deficient social responses [15,24,25]. In addition, the Grin1
knockdown mice show overt abnormalities in extended open field tests and acoustic startle
assays, including deficits in habituation, exaggerated startle responses, and impaired
sensorimotor gating [24,26,27], with aberrant phenotypes present during the neonatal period
[28]. In children with autism, levels of repetitive behavior are positively correlated with
general hyperactivity [29] and hyper-responsivity to sensory stimuli [30]. The present
studies utilized open field and acoustic startle assays to examine whether C58/J was
characterized by hyperactivity and altered sensory reactivity, similar to the Grin1neo/neo

model.

Recent studies in subjects with autism have measured higher-order symptoms of repetitive
behavior, such as restricted, circumscribed interests and unusual preoccupations, through
eye movements directed towards pictures of objects presented on a computer screen [31–
33]. By tracking visual attention, investigators have found that children with ASD have
generally reduced exploration of image arrays, increased preference for non-social, versus
social, stimuli, and perseverative, inflexible attention directed towards specific pictures. In
the present study, we used a nose poke test for mice, with arrays of floor holes and different
olfactory stimuli, to model the arrays of visual stimuli used in human eye-tracking
procedures [22]. The nose poke task provided measures of holeboard exploration and
responses directed towards social and non-social olfactory stimuli as indices of restricted
interests, atypical stimuli preference, and other features of higher-order repetitive behavior.
C58/J was compared to C57BL/6J and C57L/J, two inbred strains with overlapping genetic
lineage [11], but without behavioral characteristics reflecting ASD-like symptoms [6,7,34].
To explore the genetic basis of abnormal phenotypes in C58/J, a single-nucleotide
polymorphism (SNP) analysis was conducted, using published data on the genome of C58/J,
C57BL/6J, and C57/L [35]. Previous work has identified significant quantitative trait loci
for open field measures in C58/J × C57BL/6J intercross mice, supporting genetic divergence
related to behavioral phenotypes in these two strains [36,37].

2. Materials and methods
2.1. Animals

Sets of A/J, BALB/cByJ, C57BL/6J, C58/J, and C57L/J male mice, 3–4 weeks in age, were
purchased from the Jackson Laboratory (JAX; Bar Harbor, ME). Separate sets of male and
female C57BL/6J and C58/J mice were offspring of breeding pairs obtained from JAX.
Grin1neo/neo mice were generated by incorporating a neomycin resistance gene into intron
20 of the Grin1 (NR1) locus, as previously described [15]. The mutation is currently
maintained on an isogenic 129S6/SvEvTac (129S6) background and a C57BL/6J
background (14N). Subjects in the present studies were littermate Grin1+/+ (wild-type),
Grin1+/neo (heterozygous), and Grin1neo/neo (knockdown) F1 offspring of 129S6 and
C57BL/6 heterozygous animals. Experimenters conducted studies blind to Grin1 genotype.
All mice were group-housed in standard 20 cm × 30 cm ventilated polycarbonate cages with
food (LabDiet ProLab RMH 3000) and water available ad libitum. Animals were maintained
on a 12L:12D light schedule with lights on at 7AM. Behavioral tests were performed during
the light phase of the cycle. All procedures were designed to minimize pain and discomfort
in the animals, and conducted in strict compliance with the “Guide for the Care and Use of
Laboratory Animals” (Institute of Laboratory Animal Resources, National Research
Council, 1996) and approved by the Institutional Animal Care and Use Committee of the
University of North Carolina.
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2.3. Drugs
Amphetamine (D-amphetamine sulfate) and MK-801 ((+)-MK-801 hydrogen maleate) were
purchased from Sigma Chemicals (St. Louis, IL), and administered at a volume of 1 ml/100
g body weight by intraperitoneal (IP) injection, with saline vehicle. Dose concentration was
based on the salt weight of each compound. On the day of testing, drug solutions were coded
so that experimenters were blind to treatment.

2.4. Testing regimens
2.4.1. Amphetamine effects in an observational screen for repetitive behavior
—C57BL/6J (11 males and 10 females) and C58/J (10 males and 15 females) mice, bred in
the UNC animal facility, were evaluated for amphetamine (2.0 and 4.0 mg/kg) effects on
motor stereotypy during a 10-min screen (see below for detailed description). Mice were 8–
9 weeks in age at the beginning of testing. Each subject was given 3 tests, with 1 week
between each test, so that each mouse received 1 treatment with the low and high dose of
amphetamine, and with vehicle. The order of the 3 treatments was balanced across strain,
sex, and week. Amphetamine was administered 10 minutes before behavioral recording.

2.4.2. Comparison of C58/J with Grin1 knockdown mice—C57BL/6J and C58/J
mice (N=14 males and 13 females for each strain), Grin1+/+ (11 male and 11 female) and
Grin1neo/neo (16 male and 8 female) mice, bred at UNC, were tested in a 2-hr open field test,
a marble-burying assay, and an acoustic startle test, with 1 week between each procedure.
Mice were 2–5 months in age at the time of testing.

2.4.3. Amphetamine effects on locomotion in an open field—A separate set of
C57BL/6J (8 males and 8 females) and C58/J mice (11 males and 9 females), bred at UNC,
were evaluated for amphetamine (4.0 mg/kg) effects on locomotion in a 2-hr open field test.
Mice were 3–5 months in age at the time of testing. Each mouse was given 2 tests, with 1
week between each test. Either vehicle or amphetamine was administered immediately
before the start of the test, so that each mouse received 1 treatment with amphetamine and
with vehicle. Order of treatments was balanced across strain and sex.

2.4.4. Additional groups in the marble-burying assay
2.4.4.1. Effects of appetitive stimuli on reduced digging in C58/J: To further explore
striking genotype effects in marble-burying, additional experimentally naïve groups were
tested in this assay. Adolescent C57BL/6J and C58/J mice (6 weeks in age; 10 males and 10
females of each strain; bred at UNC) were evaluated for marble-burying with an appetitive
stimulus (Cheerios) underneath the bedding. A separate set of male C57BL/6J and C58/J
mice (4–6 months in age; bred at UNC) was tested for marble-burying in clean bedding,
versus bedding with social stimuli (female cage bedding), with 9–10 mice of each strain in
each condition.

2.4.4.2. Pharmacological disruption of NMDA receptor signaling: Results from the
Grin1 knockdown mice indicated that genetic reduction of NMDA receptor function led to
marked decreases in marble-burying. To investigate the effects of acute reduction in NMDA
receptor function on marble-burying, we administered an NMDA receptor antagonist,
MK-801 (0.2 mg/kg), to a separate set of heterozygous and wild-type Grin1 male mice.
Subject numbers were 16 Grin1+/neo (8 vehicle and 8 MK-801) and 7 Grin1+/+ (3 vehicle
and 4 MK-801) mice, with treatment 20 min before the test.

2.4.4.3. Marble-burying in two inbred strains with low social approach: Our research
group has previously reported that BALB/cByJ and A/J male mice do not have social
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preference in a 3-chamber choice task, and show low exploration in novel environments
[34]. In our final marble-burying study, BALB/cByJ (N=12; JAX) and A/J (N=12; JAX)
male mice were tested to determine whether these inbred strains would also exhibit deficits
in digging, similar to the C58/J and Grin1neo/neo models of ASD-like behavior.

2.4.5. Higher-order repetitive behavior in C58/J—C57BL/6J, C58/J, and C57L/J
male mice (N=10 per strain; JAX) were first assessed in an elevated plus maze and 1-hr
open field test, with 1 day between each procedure. Mice were 4–5 weeks in age at the
beginning of testing. Starting the following week, mice were evaluated in a series of 1-hr
nose poke tests, using published procedures [22]: 2 tests of general exploration, 2 tests for
familiarization to novel appetitive stimuli (conducted 1 week after the first 2 tests), and a
test for preference for social olfactory stimuli (conducted at least 1 week following the
previous test).

2.5. Behavioral testing procedures
2.5.1. Repetitive behavior screen—Ten minutes after vehicle or amphetamine
injection, each mouse was removed from the home cage and placed singly into a clean,
standard 20 cm × 30 cm polycarbonate cage with bedding for a 10-min observation period.
The incidence and amount of time each mouse spent executing the following behaviors was
measured: cage-lid backflipping, jumping, rearing, grooming, digging, face-wiping, upright
scrabbling or wall-climbing, and chewing on bedding. Activity during the test was measured
by time spent locomoting. After the videos were first coded, each was re-scored with a new
category, “hyperlocomotion,” defined as rapid back-and-forth running. Video records were
coded using the Observer software (Noldus Information Technology, Wageningen, the
Netherlands) by experimenters blinded to drug treatment and strain.

2.5.2. Open field—Exploratory activity in a novel environment was assessed by 1 hr or 2
hr tests in a photocell-equipped automated open field (41 cm × 41 cm × 30 cm; Fusion
system or Versamax, Accuscan Instruments, Columbus, OH). Measures were taken of total
distance traveled, number of rearing movements, and time spent in the center during the test.
Activity chambers were contained inside sound-attenuating boxes, equipped with ceiling
lights and fans.

2.5.3. Marble-burying assay—Mice were tested in a Plexiglas cage located in a sound-
attenuating chamber with ceiling light and fan. The cage contained 5 cm deep clean corncob
bedding, with 20 black glass marbles (14 mm diameter) arranged in an equidistant 5 × 4 grid
on top of the bedding. Animals were given access to the marbles for 30 min. Measures were
taken of the number of buried marbles (2/3 of the marble covered by the bedding) by two
independent observers.

Two studies were conducted to investigate whether placement of food treats or social stimuli
(taken from a cage of female mice) underneath the bedding could elicit digging in the C58/J
strain. In the first study, mice were given 4–5 pieces of cereal (Frosted Cheerios; Kellogg
Co., Battle Creek, MI) in their home cage 2–3 days before the test, so that the food treat was
familiar. On the test day, 4 pieces of cereal were placed 2–3 cm underneath the bedding, and
the marble-burying assay was conducted as described above. In the second study, 0.5 L of
soiled bedding from a cage housing 3–4 female C57BL/6J mice was distributed in the
bottom of the test cage, and then covered with 2.5 L of clean bedding (for an overall depth
of 5 cm). The marble-burying assay was then conducted as described above.

2.5.4. Acoustic startle procedure—The acoustic startle measure was based on the
reflexive whole-body flinch, or startle response, following exposure to a sudden noise.
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Animals were tested with a San Diego Instruments SR-Lab system, using published
procedures [38,39]. Briefly, mice were placed in a small Plexiglas cylinder within a larger,
sound-attenuating chamber. The cylinder was seated upon a piezoelectric transducer, which
allowed vibrations to be quantified. The chamber included a ceiling light, fan, and a
loudspeaker for the acoustic stimuli (bursts of white noise). Background sound levels (70
dB) and calibration of the acoustic stimuli were confirmed with a digital sound level meter.
Each test session consisted of 42 trials, presented following a 5-min habituation period.
There were 7 types of trials: no-stimulus trials, trials with the acoustic startle stimulus (40
ms; 120 dB) alone, and trials in which a prepulse stimulus (20 ms; 74, 78, 82, 86, or 90 dB)
had onset 100 ms before the onset of the startle stimulus. The different trial types were
presented in blocks of 7, in randomized order within each block, with an average intertrial
interval of 15 sec (range: 10 to 20 sec). Measures were taken of the startle amplitude for
each trial, defined as the peak response during a 65-ms sampling window that began with
the onset of the startle stimulus. Levels of PPI at each prepulse sound level were calculated
as 100 − [(response amplitude for prepulse stimulus and startle stimulus together/response
amplitude for startle stimulus alone) × 100].

2.5.5. Elevated plus-maze test—Mice were given one 5-min trial on a metal plus-maze,
which had two closed arms, with walls 20 cm in height, and two open arms. The maze was
elevated 50 cm from the floor, and the arms were 30 cm long. Animals were placed on the
center section (8 cm × 8 cm), and allowed to freely explore the maze. Entries and time in
each arm were recorded during the trial by a human observer.

2.5.6. Nose poke tests for repetitive behavior
2.5.6.1. Hole-board apparatus and olfactory stimuli: Nose poke responses were assessed
during 1-hr tests in an open field chamber (41 cm × 41 cm × 30 cm) containing a floor-board
with 16 equidistant holes. Nose pokes directed into the holes were counted by photobeams
crossing each aperture (Pokemon system, Accuscan Instruments). Wire-mesh screens
prevented mice from touching objects placed in the holes during the olfactory preference
tests. Holeboards were removed after each test, washed with hot soapy water, and dried
between subjects. Items for olfactory preference tests were placed in scintillation vial caps
(Fisher Scientific, Pittsburgh, PA) and presented in one of the 4 center holes of the
holeboard. New sets of olfactory stimuli were used for each mouse. Stimuli, described
below, were selected for familiarity or possible appetitive or social valence. For each test,
one center hole was left empty as a control for baseline nose poke levels.

Cage bedding stimuli: familiar clean cage bedding, the type used in the home cages of the
subjects (approximately 1.5 g per sample, Bed-o-Cobs, The Andersons, Maumee, OH), or
novel cage bedding (Paperchip, Shepherd Specialty Papers, Plainwell, MI).

Appetitive stimuli: chocolate chips (Nestle, Vevey, Switzerland) and cereal (Froot Loops,
Kellogg Co., Battle Creek, MI).

Social stimuli: male mouse urine (0.05 ml; CD1; Bioreclamation, Hicksville, NY),
purchased as frozen 1-ml samples and stored at −20°C until the day of the test.

2.5.6.2. Tests for general exploration: One week after the plus maze and open field tests,
mice were given 2 tests, on subsequent days, with no olfactory stimuli placed in the holes.
Measures were taken of nose pokes into each hole, and duration of each nose poke, for each
subject.

2.5.6.3. Familiarization tests: In the first 1-hr test, mice were presented with 3 olfactory
stimuli in the center holes (familiar cage bedding, novel cage bedding, and a novel chocolate
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chip). Mice were then familiarized with the novel appetitive item by having 4–5 chocolate
chips added to the home cages for the next 2 days. Following familiarization, mice were re-
tested with the same 3 olfactory stimuli, including the familiar cage bedding and the now-
familiar appetitive stimulus.

2.5.6.4. Appetitive versus social olfactory preference: In a final 1-hr test, mice were given
a choice between a novel cereal (a Froot Loop) and a social olfactory stimulus (urine from
an unfamiliar male mouse), as well as clean familiar cage bedding and an empty hole.

2.5.6.5. Criterion for hole preference in the nose poke task: To control for strain
differences in total number of responses, the data for nose pokes per hole per subject were
transformed to percent of total nose pokes per hole for each mouse. Criterion for preference
for a particular hole was based on the expected frequency; i.e. if nose poke responses are
evenly distributed across the 16 holes, percent of nose pokes per hole will average 6.25%.
Based on previous work [22], we have set a criterion of 12.5%, or twice the expected
average percent (2 × 6.25%), as an indication of high preference, and a criterion of 18.75%,
or three times the expected average percent (3 × 6.25%), as extreme preference. Low
preference for a particular hole would be indicated by a percent of half the expected
frequency (3.125%).

2.6. Statistical and genetic analyses
2.6.1. Behavioral data analyses—Data were analyzed using 1-way, 2-way, or repeated
measures ANOVAs, using Statview software (SAS, Cary, NC). In the repetitive behavior
screen, within-strain repeated measures ANOVAs were used to determine effects of
amphetamine. For the nose poke tests, within-strain repeated measures ANOVAs were used
to determine significant hole preference. Fisher’s protected least-significant difference
(PLSD) tests were used for comparing group means only when a significant F value was
determined in the ANOVAs. For all comparisons, significance was set at p < 0.05.

2.6.2. Single-nucleotide polymorphism (SNP) analysis—A SNP analysis was
conducted, using published data on the genome of the C58/J, C57BL/6J, and C57L/J inbred
strains [35], to identify regions of divergence between C58/J and strains with high
sociability and low rates of repetitive behavior. Published genotype data, containing both
experimentally determined and imputed SNPs for inbred strains (Mouse Genome Build 37)
[35], were used to identify mouse homologs of autism candidate genes divergent in C58/J, in
comparison to C57BL/6J and C57L/J. Identical-by-state (IBS) analysis was performed using
the Center for Genome Dynamics (CGD) Strain Comparison Tool (Jackson Laboratory;
http://cgd.jax.org/straincomparison). IBS regions were defined as genetic intervals where at
least 10 contiguous SNPs were equivalent between the strains being compared. Regions
identified as divergent between the 3 strains were further analyzed for overlap with genetic
intervals containing 667 genes implicated in autism spectrum disorder (ASD) [40,41], using
the CGD Genome Interval Overlap Calculator (http://cgd.jax.org/intervaloverlapcalculator).
Identification and classification of variant SNPs within selected genes were determined
using the CGD SNP Database (http://cgd.jax.org/cgdsnpdb/).

3. Results
3.1. Amphetamine effects in an observational screen for repetitive behavior

Work in animal models has implicated over-active dopaminergic transmission in abnormal
repetitive behavior [12–14]. The present study investigated whether amphetamine (2 and 4
mg/kg) would exacerbate abnormal repetitive behavior in C58/J (Figure 1). Repeated
measures ANOVAs did not indicate significant effects of sex on repetitive behavior, rearing,
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or locomotion, so data from males and females were combined. As previously reported,
mice from the C58/J strain exhibited significantly higher levels of stereotyped responses
(repeated cage-lid backflipping or “jackhammer” jumping; Figure 1A) than C57BL/6J [main
effect of strain, F(1,44)=9.77, p=0.0031]. Surprisingly, neither dose of amphetamine had
significant effects on overt repetitive behavior [treatment, F(2,88)=0.54, p=0.5867]. As
shown in Figure 1B, amphetamine significantly increased number of rearing movements in
C58/J, but not C57BL/6J, at both doses [main effect of strain, F(1,44)=43.7, p<0.0001;
treatment, F(2,88)=14.73, p<0.0001; strain × treatment interaction, F(2,88)=7.88, p=0.0007].

As expected, amphetamine increased time spent in locomotion (Figure 1C), although
activity was higher in C58/J mice [main effect of strain, F(1,44)=8.24, p=0.0063, and
treatment, F(2,88)=23.03, p<0.0001]. During the first blinded coding of video records, the
observers noted that some mice showed bouts of very rapid back-and-forth running in the
cage. Therefore, the videos were re-coded to measure time spent in “hyperlocomotion”
(Figure 1D). Interestingly, more than half of the C58/J mice (16/25), but none of the C57BL/
6J mice, showed bursts of rapid running during the observational screen.

No strain differences were found for grooming (Figure 1E), which was markedly decreased
by amphetamine at either the high or low dose [treatment, F(2,88)=13.55, p<0.0001]. C58/J
had very low levels of digging during the observational screen (Figure 1F). Amphetamine
almost completely attenuated the higher rates of digging in the C57BL/6J mice [main effect
of strain, F(1,44)=46.15, p<0.0001, and treatment, F(2,88)=69.27, p<0.0001; strain ×
treatment interaction, F(2,88)=47.19, p<0.0001]. There were no significant effects of strain
or amphetamine on face-wiping (data not shown). Two responses, wall-climbing and
chewing on bedding, had very low incidence during the test (data not shown).

3.2. Activity in a novel open field
3.2.1. Total distance traveled in two models of repetitive behavior—In a novel
open field, both the C58/J and the Grin1neo/neo mice showed hyperlocomotion across almost
all of the 2-hr activity test (Figure 2A, B). Data for male and female mice were combined,
since overall repeated measure ANOVAs for distance traveled and rearing movements did
not indicate significant main effects or interactions for sex in either the inbred strains or
mutant lines. C58/J mice had significantly reduced distance traveled in the first 5 min, and
overt increases over most of the remaining intervals [post-hoc tests following repeated
measures ANOVA; main effect of strain, F(1,51)=11.5, p=0.0013; strain × time interaction,
F(23,1173)=4.0, p<0.0001]. In addition, C58/J exhibited a striking degree of variability in
distance traveled, due to a subset of mice with extremely high levels of locomotion, and
another subset with very low activity. In the Grin1 lines, increased locomotion was found in
the mutant mice for all but the first 5-min interval [main effect of genotype, F(1,44)=27.4,
p<0.0001; genotype × time interaction, F(23,1012)=2.5, p<0.0001]. Despite the large group
differences in locomotion, there were no significant effects of either strain or genotype on
time spent in the center regions (data not shown).

3.2.2. Rearing movements in two models of repetitive behavior—A different
pattern was observed in the two inbred strains for the measure of rearing movements (Figure
2C). C58/J mice made fewer rears, in comparison to C57BL/6J, although the differences
were only significant at three time points [post-hoc tests following repeated measures
ANOVA; strain × time interaction, F(23,1173)=3.09, p<0.0001]. In contrast, the Grin1
knockdown mice had robust hyperactivity by the rearing measure (Figure 2D) [main effect
of genotype, F(1,44)=23.91, p<0.0001; genotype × time interaction, F(23,1012)=4.03,
p<0.0001], with a pattern very similar to the locomotion measure.
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3.2.3. Amphetamine effects on activity in C58/J—A separate set of C57BL/6J and
C58/J mice were tested with amphetamine (4 mg/kg) in the open field, to further explore the
hyperlocomotion phenotype and selective changes in rearing movements exhibited by C58/J
in the observational screen. As shown in Figure 3B and C, mice from the C58/J strain had
supersensitive responses to the stimulant effects of amphetamine. Increased levels of
amphetamine-induced hyperlocomotion were clearly evident in C58/J across almost every
time point. A repeated measures ANOVA indicated a significant 3-way interaction between
strain, amphetamine treatment, and time [F(23,782)=5.49, p<0.0001], a 2-way interaction
between strain and treatment [F(1,34)=18.53, p<0.0001], and significant main effects of
strain [F(1,34)=43.13, p<0.0001] and treatment [F(1,34)=124.68, p<0.0001]. In addition,
although the two strains had similar levels of rearing movements following vehicle, levels of
amphetamine-induced rearing were markedly higher in the C58/J mice [3-way interaction
between strain, amphetamine treatment, and time, F(23,782)=4.99, p<0.0001; 2-way
interaction between strain and time, F(23,782)=7.34, p<0.0001; and main effect of
treatment, F(1,34)=22.56, p<0.0001].

The amphetamine study was conducted using a reversal treatment design, with each subject
having two tests, separated by one week. Because the non-treated C58/J mice showed
deficits in habituation (Figure 2A), the data for the amphetamine test were re-analyzed to
investigate possible effects of order of treatment. Repeated measures ANOVAs revealed
significant 3-way interactions between strain, treatment, and week of testing for distance
traveled [F(1,32)=10.58, p=0.0027] and for rearing [F(1,32)=8.26, p=0.0071]. Overall, the
C58/J mice in both the vehicle- and amphetamine- treated groups had higher levels of
locomotor activity (Figure S1) and rearing (Figure S2) during the second test, in comparison
to the first test. Although this study did not include a comparison group treated with vehicle
for both tests, making it difficult to draw conclusions concerning order-of-treatment effects,
the findings suggest that repeated testing in C58/J can exacerbate hyperactivity and
supersensitive responses to amphetamine (see Supplemental Data for detailed results).

3.3. Marble-burying assay
3.3.1. Reduced digging in C58/J—In contrast to our prediction, C58/J did not
demonstrate perseverative digging in the marble-burying assay (Figure 4A). Both male and
female C58/J mice exhibited highly significant decreases in the number of marbles buried
[2-way ANOVA; main effect of strain, F(1,49)=129.3, p<0.0001]. Although no sex
differences were found, data are presented for both males and females to highlight the
consistency of the unexpected findings.

3.3.2. Effects of appetitive and social stimuli—As shown in Figure 4B and C, the
striking strain differences in digging were still present with the addition of buried food treats
[main effect of strain, F(1,36)=130.29, p<0.0001] or an underlying layer of female cage
bedding [main effect of strain, F(1,34)=94.00, p<0.0001]. When Cheerios were buried under
the bedding, both C57BL/6J and C58/J mice were observed eating the cereal at the end of
the test, indicating that at least some digging occurred in both strains. Overall, 2-way
ANOVAs did not reveal any significant effects of either the buried food treat or female cage
bedding on levels of marble-burying.

3.3.3. Genetic and pharmacological disruption of NMDA signaling—A similar
pattern of deficient marble-burying (Figure 4D) was observed in the Grin1 knockdown mice
[main effect of genotype, F(1,42)=47.2, p<0.0001]. Although the 2-way ANOVA did not
indicate any significant effects of sex, data from male and female groups are shown
separately, to allow comparison to C58/J. As shown in Figure 4E, acute reduction in NMDA
receptor function by a low dose of MK-801 (0.2 mg/kg) led to marked decreases in digging
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by Grin1 wild-type and heterozygous mice [main effect of treatment, F(1,19)=66.36,
p<0.0001]. Thus, both constitutive and acute disruption of NMDA receptor function had
similar effects in the marble-burying assay.

3.3.4. Marble-burying in two inbred strains with low social approach—We have
found that the BALB/cByJ and A/J strains have a lack of social preference in a 3-chamber
task and low levels of exploration in novel settings [34]. In the present study, BALB/cByJ
mice showed robust marble-burying, while the A/J mice had more moderate digging (Figure
4F). These findings indicate that low rates of digging in the marble-burying task are not a
general characteristic of strains with social deficits and low activity in other types of novel
environments.

3.4. Acoustic startle test in two models of repetitive behavior
3.4.1. Amplitude of startle responses—Unlike the findings with the marble-burying
assay, the C58/J and Grin1neo/neo mice demonstrated opposite behavioral phenotypes in the
acoustic startle test. C58/J had decreased startle response amplitudes, in comparison to
C57BL/6J (Figure 5A), with more overt strain differences in the male mice [repeated
measures ANOVA, strain × decibel level × sex interaction, F(6,300)=3.5, p=0.0023; strain ×
decibel level interaction, F(6,300)=8.3, p<0.0001; and main effect of strain, F(1,50)=14.9,
p=0.0003]. An opposite pattern was observed in the Grin1 lines (Figure 5B), with highly
significant increases in startle amplitudes found at every sound level [post-hoc tests
following repeated measures ANOVA, genotype × decibel level interaction, F(6,252)=21.1,
p<0.0001; and main effect of genotype, F(1,42)=29.8, p<0.0001]. Although no effects of sex
were determined in the Grin1 lines, data from male and female mice are shown separately,
to allow comparison with C58/J.

3.4.2. Prepulse inhibition of acoustic startle—The contrasting profiles in the two
mouse models were also observed with the measure of prepulse inhibition, a commonly-
used index of sensorimotor gating (Figure 6). Enhanced prepulse inhibition was evident in
C58/J, with significant differences emerging in the female groups [repeated measures
ANOVA, strain × decibel level × sex interaction, F(4,200)=3.69, p=0.0063; strain × decibel
level interaction, F(4,200)=4.18, p=0.0028; and main effect of strain, F(1,50)=7.67,
p=0.0079]. In contrast, significant reductions in prepulse inhibition were found in the
Grin1neo/neo mice, with the most overt deficits in the female groups [main effect of
genotype, F(1,42)=10.59, p=0.0022; no effect of sex].

3.5. Higher-order repetitive behavior in C58/J: comparison with C57BL/6J and C57L/J
3.5.1. Anxiety-like behavior in an elevated plus maze—Before testing in the nose-
poke assay, adolescent mice from the three strains were evaluated for anxiety-like behavior
and activity. In line with previous findings [6], C58/J and C57BL/6J male mice had similar
levels of percent time spent on the open arms of the elevated plus maze (Table 1). However,
the C57L/J mice had significantly higher open arm preference than either of the other strains
[post-hoc tests following significant main effect of strain, F(2,27)=19.8, p<0.0001]. All
three strains differed on percent entries into the open arms, with the C58/J mice having the
lowest score, and C57L/J the highest [post-hoc tests following significant main effect of
strain, F(2,27)=17.1, p<0.0001]. Total number of entries, an index of overall activity, also
varied between the strains [F(2,27)=28.0, p<0.0001], with C57L/J having twice the number
of entries as C57BL/6J and C58/J.

3.5.2. Activity in a novel open field—Significant strain differences in locomotor
activity were observed in the adolescent mice [F(2,27)=6.84, p=0.0039]. C58/J had higher
levels of distance traveled than C57BL/6J during the 1-hr test (Table 1). The three strains
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also differed in the time spent exploring the center of the open field, another index of
anxiety-like behavior in a novel environment. In line with the findings from the elevated
plus maze, the C57L/J mice spent more time in the center than the other two strains
[F(2,27)=14.1, p<0.0001].

3.5.3 Nose poke task for exploration and olfactory preference
3.5.3.1. Exploration tests: Previous work has shown that adolescent C57BL/6J mice tend to
explore the entire hole-board, without overt hole preferences, during tests of general
exploration without olfactory stimuli [22]. In the present study, all three strains showed a
similar lack of hole preference during the first exploration test (Figure 7A). Percent total
nose pokes did not reach a criterion for high (12.5%) or low (3.125%) preference for any of
the holes. A lack of differential hole preference in all three strains was also observed in the
second test, with the single exception of one center hole, to which the C57BL/6J mice
directed only 3.01% of total nose pokes (data not shown).

3.5.3.2. Total number of nose poke responses: To investigate higher-order repetitive
behaviors, the three strains were tested in several nose poke assays, first for general
exploration without the addition of olfactory stimuli, and then for hole preference with
social or appetitive olfactory stimuli. As shown in Figure 7C, the total number of nose pokes
varied between the strains across the tests [repeated measures ANOVA on first 4 tests, main
effect of strain, F(2,27)=9.0, p=0.001, and strain × test interaction, F(6,81)=3.3, p=0.0058].
Unfortunately, at the time of the final test with social olfactory stimuli, only 7 mice
remained in the C58/J group, due to a malfunction of an automated cage watering system.
The C58/J mice showed fewer nose poke responses than either of the other strains on the
first day of testing, demonstrating less exploration of the novel hole-board.

3.5.3.3. Before familiarization to a novel appetitive stimulus: Olfactory preference was
investigated by presenting familiar and novel stimuli in three of the four center holes:
familiar clean cage bedding, novel clean paper chip cage bedding, and a novel chocolate
chip. The fourth center hole was left empty as a control (Figure 8A). All three strains
showed an expected pattern of high or extreme preference for the familiar cage bedding, as
previously reported for C57BL/6J, BTBR T+tf/J, and FVB/NJ, as well as wild-type Grin1
mice [22]. It is notable that, in this same task, Grin1neo/neo mice show similar preference for
both the familiar and novel cage bedding [22]. In the present study, an ANOVA conducted
on percent nose pokes directed towards the four center holes revealed a significant strain ×
hole interaction [F(6,81)=3.1, p=0.0097]. Post-hoc analyses indicated that the C57L/J mice
directed more nose pokes to the empty hole than the other two strains. An ANOVA
conducted on the non-center holes (the corner and wall holes) did not indicate any
differences between the strains. Further, the percent of total nose pokes did not reach the
criterion for a high level of preference for any of the corner or wall holes.

3.5.3.4. Preference shift after familiarization to the appetitive stimulus: In the two days
following the first test with olfactory stimuli, mice were familiarized to the novel appetitive
stimulus by having several chocolate chips placed into their home cages, and then re-tested
using the same set of olfactory stimuli in the center holes. As shown in Figure 8B, both the
C57BL/6J and the C58/J mice had a striking shift in preference to the chocolate chip,
following familiarization. A similar shift was observed in the C57L/J mice, but to a
significantly lesser degree [main effect of strain, F(2,27)=6.3, p=0.0056; strain × hole
interaction, F(6,81)=11.2, p<0.0001]. We have previously found that Grin1neo/neo mice also
exhibit a mild shift in preference following familiarization [22]. Interestingly, the BTBR T
+tf/J strain, which is also characterized by repetitive over-grooming, fails to demonstrate
any shift in preference after familiarization to a chocolate chip stimulus [22]. Overall, these
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results indicate that the C58/J strain does not evidence cognitive rigidity following
familiarization to appetitive stimuli in the holeboard task.

3.5.3.5. Preference for social versus non-social olfactory stimuli: The final nose poke test
was used to determine preference for a novel social stimulus (urine from an unfamiliar CD-1
male mouse), in comparison to a novel food stimulus (Froot Loop breakfast cereal). An
ANOVA conducted on percent nose pokes directed towards the olfactory stimuli revealed a
significant strain × hole interaction [F(6,72)=5.2, p=0.0002]. The C57BL/6J and C57L/J
mice, but not the C58/J mice, had a high or extreme preference for the novel social stimuli
(Figure 8C). In contrast, C58/J had a significantly higher preference for the novel cereal, in
comparison to the other two strains. C58/J also had lower investigation of the social stimulus
and the empty hole, in comparison to C57L/J. No strain differences were found for the
familiar bedding stimulus.

3.5.3.6. Duration of time per nose poke: In addition to number of nose pokes, measures
were taken of duration of each nose poke during each holeboard test. As shown in Figures
S3 and S4 of Supplementary Data, C58/J and C57BL/6J had comparable nose poke
durations for almost every test. However, C57L/J had significantly increased duration, in
comparison to both other strains, during the first test of general exploration [F(2,27)=8.54,
p=0.0013], the olfactory test before familiarization [F(2,27)=5.27, p=0.0117], and the final
olfactory test with social stimuli [F(2,24)=6.66, p=0.005] (see Supplementary Data for
detailed results).

3.6. Genetic comparison of the three inbred strains
The present findings support the C58/J strain as a model for different aspects of repetitive
behavior, including overt motor stereotypy and reduced exploration in complex novel
environments. An identical-by-state (IBS) analysis was conducted to test the possibility that
autism-like phenotypes in C58/J could be associated with variation in genes proposed as
candidates for autism susceptibility. The IBS analysis identified genomic regions that were
either identical or divergent between C58/J and the two control strains (C57BL/6J and
C57L/J) with similar genetic lineage. These regions were further tested for overlap with the
mouse homologs of 667 ASD candidate genes, taken from a large-scale analysis of
haplotype homozygosity between ASD subjects [40], and from a broad review of heritable
factors linked to the ASDs [41]. In a comparison of all three strains, 426 of 667 ASD
candidate genes (64%) were located in genetic intervals identical between C57BL/6J, C57L/
J, and C58/J, suggesting that allelic variants of these genes did not contribute to observed
behavioral differences (Figure 9). Using pairwise IBS analyses, 97 ASD candidate genes
(15%) were determined to be identical between the control strains, but divergent in C58/J.
Another 25 ASD candidate genes (4%) overlapped with genetic intervals that were divergent
among all three strains. It is possible that SNPs in these regions of divergence could function
as heritable factors in strain-specific behavioral phenotypes.

4. Discussion
The restricted repetitive behavior domain in ASD symptomatology encompasses a wide
range of abnormal phenotypes, reflecting the heterogeneity and complexity of ASD etiology.
Clinical researchers have proposed that divergent profiles of repetitive behavior could serve
as diagnostic indicators for autism subtypes and specific genetic syndromes [3,4,42–45].
Mouse models of ASD can be used to elucidate the genetic underpinnings of repetitive
phenotypes, but require behavioral assays for lower-order and higher-order aspects of the
repetitive behavior domain, including circumscribed interests, unusual occupations, and
resistance to change. The present studies demonstrated that, in addition to spontaneous
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motor stereotypy [6–10], the C58/J mouse strain has a broader range of behavioral
abnormalities, including restricted exploration of a novel holeboard and an “extreme”
preference for a nonsocial, versus social, olfactory stimulus during the nose poke task.
However, C58/J did not evidence a resistance to change following familiarization to an
appetitive stimulus. The highly-significant alterations in open field locomotion and in
marble-burying exhibited by C58/J were similar in severity to phenotypes in Grin1neo/neo

mice, a model of repetitive behavior associated with profound NMDA receptor deficiency
[15]. However, the C58/J strain differed from Grin1neo/neo mice in rearing movements,
magnitude of acoustic startle responses, and changes in prepulse inhibition. These findings
of divergent profiles in the two models provide evidence for different etiologies and
underlying mechanisms in repetitive behavior phenotypes.

One measure that did not reveal abnormalities in C58/J was self-grooming, a response often
reported as an index of repetitive behavior in ASD mouse models, including Grin1neo/neo

mutant mice [22]. In line with these findings, SNP analyses did not identify Grin1, Nl1,
Sapap3, and Slitrk5, genes associated with mouse over-grooming phenotypes [20,22,46,47],
as divergent in C58/J. In a recent report, Muehlmann and colleagues [9] confirmed
spontaneous motor stereotypy in C58/J, without concomitant over-grooming. However, in
contrast to the present findings, these researchers did not observe deficits in marble-burying
by C58/J, and found increased numbers of nose-poke responses during general exploration
of a hole-board. Muehlmann et al. [9] also showed striking effects of enriched housing
conditions on stereotypy in C58/J, suggesting that this strain is particularly susceptible to
environmental factors in the emergence of abnormal phenotypes. Thus, it is possible that
differences in housing and laboratory environments could underlie the divergent results from
the marble-burying and nose-poke tasks between our two research groups.

4.1. Supersensitive responses to amphetamine in C58/J
An issue for treating comorbid symptoms of attention-deficit/hyperactivity disorder
(ADHD) in children with ASD is that stimulant compounds, such as methylphenidate, have
a higher frequency of detrimental effects in autism patients, and might not be advisable in
cases of stereotypy [48]. Work in animal models has implicated over-activation of
dopaminergic cortical-basal ganglia circuitry in abnormal stereotypy [12–14]. Treatment
with amphetamine, apomorphine, and other psychostimulant drugs can induce overt
repetitive behavior in mice, including intense sniffing restricted to one location, head-
weaving, wall-climbing, gnawing, and licking, as well as hyperlocomotion [49–52]. Further,
supersensitive responses to amphetamine challenge can reveal underlying abnormalities in
dopamine function induced by genetic vulnerability, environmental stressors, or repeated
exposure to psychostimulants [53–56]. Increased locomotor responses to amphetamine have
been observed in mouse models of neurodevelopmental disorders, such as the BTBR T+ tf/J
strain [57], and in mice with conditional expression of a human DISC1 mutation [58]. In
addition, we have previously reported supersensitivity to amphetamine effects on acoustic
startle amplitudes and prepulse inhibition in Grin1neo/neo mice [27]. In the present studies,
acute treatment with amphetamine did not exacerbate motor stereotypy in C58/J, or induce
unusual repetitive behavior in C57BL/6J. However, C58/J had markedly enhanced
sensitivity to amphetamine effects on locomotion and rearing responses, providing evidence
for intrinsic alterations in dopaminergic signaling pathways.

4.2. Behavioral phenotypes in C58/J and Grin1 knockdown mice
Increased self-grooming is frequently used as an index of repetitive behavior in mice
[20,46,47,59]. We have previously reported that Grin1neo/neo mice demonstrate compulsive
grooming, to the point of self injury [22]. C58/J mice can also show exaggerated grooming,
although the phenotype is not consistently observed across different ages [7], see also [9],
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and was not found in the present study. Thus, one question addressed by these studies was
whether the marble-burying task could be used as a common measure of repetitive behavior
for both C58/J and Grin1neo/neo mice. High rates of marble-burying have previously been
reported in two mouse models characterized by over-grooming, the BTBR T+ tf/J strain and
Slitrk5 knockout mice [19,20]. However, our results showed that both the C58/J and
Grin1neo/neo mice had overt reductions in numbers of marbles buried. Although Muehlmann
and colleagues [9] did not find significant reductions in marble-burying in C58/J, the
researchers did observe a negative correlation between repetitive behaviors and number of
marbles buried. Decreased marble-burying has been observed in other mouse models with
autism-like phenotypes [60–62], suggesting that marble-burying could serve as an index for
reduced exploration in a complex environment, relevant to symptoms in autism.

Both the C58/J and Grin1neo/neo mice demonstrated hyperlocomotion and deficits in
habituation during the two-hour open field test, but had different profiles for the measure of
rearing movements. In the C58/J mice, rearing was significantly decreased, while the
Grin1neo/neo mice exhibited robust increases in vertical activity. Different profiles were also
observed in the acoustic startle test. The Grin1neo/neo mice had increased levels of startle and
impaired prepulse inhibition, as previously reported [24,26,27]. In contrast, the C58/J mice
had lower startle amplitudes and, in the females, enhanced prepulse inhibition, which does
not recapitulate the impaired sensorimotor gating observed in autism and related
neurodevelopmental disorders [63–65]. However, similar lower startle amplitudes and
enhanced prepulse inhibition have been reported in heterozygous mice with deficient
function of Gabrb3, a candidate gene for autism susceptibility [62], and in Fmr1-null mice,
a model for fragile X syndrome [21,63,66,67]. Overall, our results demonstrate both
overlapping and divergent phenotypes in C58/J and Grin1neo/neo mice, indicating differential
pathophysiology underlying abnormal behaviors in the two mouse models.

4.3. Higher order repetitive behavior in a nose-poke task
In comparison to typically-developing controls, children with autism have reduced
exploration of novel objects or images, greater perseverative fixation on specific stimuli of
interest, and a relative preference for images of nonsocial, versus social, objects [31–33,68].
The attentional bias for non-social images emerges very early in childhood, thus setting the
stage for abnormal developmental trajectories relevant to restricted repetitive behavior in
ASD [33]. In the present study, C58/J demonstrated general increases in locomotor activity
in a novel open field, yet had significantly less exploration of the more complex holeboard
environment. In contrast to C57BL/6J and C57L/J, C58/J had a strong preference for a non-
social olfactory stimulus (cereal), rather than a social stimulus (mouse urine). Although C58/
J did not demonstrate cognitive rigidity following familiarization to a food stimulus, the bias
shown by this strain towards non-social stimuli could reflect the unusual and circumscribed
interests associated with ASD. It is notable that the BTBR T+tf/J strain also has reduced
holeboard exploration, and retains an extreme preference for familiar cage bedding after
familiarization, rather than showing the typical shift to the food stimulus [22]. Grin1neo/neo

mice, on the other hand, exhibit higher levels of holeboard exploration than wild-type mice,
and an atypical pattern of olfactory preference [22]. Thus, the nose poke task appears to be a
useful tool for identifying divergent phenotypes in models of repetitive behavior, but further
work is needed to determine whether resistance to shifts in preference, as seen in BTBR T
+tf/J, or an atypical preference for non-social novel stimuli, as found in C58/J, can be
observed across larger arrays of olfactory stimuli and multiple presentations, similar to the
eye-tracking procedures used in human ASD subjects.
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4.4. Mouse homologs of ASD-candidate genes divergent in C58/J
The availability of dense genotypic data for many inbred mouse strains provides the
opportunity to investigate the heritable basis for complex, strain-specific behavioral profiles,
and to identify genes that might contribute to autism-like phenotypes. In this study, IBS
analysis was used to identify genomic regions that are divergent in the C58/J strain, in
comparison to C57BL/6J and C57L/J. We then determined the distribution of mouse
homologs for 667 ASD-associated genes [40,41] across identical and divergent genomic
regions in the three strains, and found 97 of the genes resided within genetic intervals unique
to C58/J. For example, Cntnap2, Disc1, and Slc6a4 were all located in regions divergent in
C58/J (Table 2). Targeted disruption of these genes in mice can lead to deficits in sociability
[69–71]. In addition, Cntnap2 knockout mice show hyperactivity and repetitive over-
grooming [69]. The divergent regions included sections of mouse chromosome 7 containing
genes for three γ-amino-butyric acid (GABA) receptors, Gabrb3, Gabrg3 and Gabra5. Mice
bearing a targeted disruption of the Gabrb3 locus exhibit impaired social and exploratory
behaviors [72], and heterozygous Gabrb3 mice show reduced marble-burying, decreased
acoustic startle responses, and enhanced prepulse inhibition [62].

Interestingly, several of the divergent SNPs in C58/J were located in intronic and/or exonic
regions, with possible consequences for gene function. Variant SNPs were found in the
intronic and 3′ UTR regions of the Gabra5 and Gabrb1 genes. Although their polypeptide
sequences would not be altered, SNPs in these regions could have effects on GABA receptor
expression levels, in line with alterations in GABRA5 and GABRB1 found in specific brain
areas of autistic subjects [73]. In contrast, some SNPs in Cacna1c, Cntnap2, and Slc6a4
would be predicted to cause missense mutations, which could alter the function of encoded
proteins in C58/J mice. For example, the polymorphism in Slc6a4, a regulator of serotonin
reuptake, leads to G39E and K152R mutations, which have been shown to increase activity
of the serotonin transporter [74]. This same Slc6a4 variant is found in the BALB/cJ strain,
another model of sociability deficits [75,76]. Both C58/J and BALB/cJ also harbor a
missense mutation in Cntnap2 (H538Q), an autism susceptibility gene with variants linked
to cases of ASD [77,78]. Additional polymorphisms identified in C58/J included SNPs in a
region of chromosome 2 that contains 18 olfactory receptor genes, which could play a role
in altered social behavior and olfactory preference.

In confirmation with divergent phenotypes in Grin1 knockdown mice, the Grin1 gene was
not included in loci that have distinctive polymorphism between C58/J, C57BL/6J and
C57L/J (Table 2). Three other genes implicated in repetitive grooming behavior, Nlgn1,
Sapap3, and Slitrk5 [20,46,47], were also in regions identical between the three strains.
Thus, both the behavioral and genetic analyses support divergent pathways underlying
different forms of repetitive phenotypes. Overall, this combination of comparative
behavioral phenotyping and genetic analyses appears to be a useful tool for probing the
etiology of complex behavior. One caveat is that databases of high-throughput and imputed
data, such as the CGD SNP database, can draw from sources with discrepant findings,
indicating the importance of secondary verification for specific polymorphisms. Further
bioinformatic analyses, such as screens for copy number variation and gene expression
profiles in brain, could allow the identification of other heritable factors underlying autism-
like phenotypes in mice, and the translation of these discoveries to human disorders.

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

The C58/J inbred mouse strain was supersensitive to locomotor effects of
amphetamine.

Both C58/J and Grin1 knockdown mice had overt deficits in the marble-burying
task.

C58/J had reduced exploration and altered olfactory preference in a nose-poke test.

Strain genome comparisons identified 97 autism candidate genes divergent in C58/J.
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Figure 1. Amphetamine effects on behavior during an observational screen
Data shown are means (+SEM) for a 10-min session. Statistical strain comparisons were not
conducted for the measure of hyperlocomotion, since this behavior did not occur in the
C57BL/6J mice. #p<0.05, between-strain comparison to vehicle-treated C57BL/6J (post-hoc
test for baseline strain differences). *p<0.05, within-strain comparison between each dose of
amphetamine and vehicle.
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Figure 2. Distance traveled and numbers of rearing movements in C58/J and Grin1neo/neo mice
Hyperlocomotion was observed in both models for repetitive behavior. Data are means (±
SEM) for a 2-hr test in a novel open field. Data from one female C58/J mouse were
excluded because of lighting malfunction in the test box. *p<0.05.
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Figure 3. Supersensitivity to stimulant effects of amphetamine in C58/J mice
A, B) Scale for y axis was adjusted from that used in Figure 2A, B to accommodate higher
levels of locomotion in C58/J mice treated with amphetamine (4 mg/kg). Data are means (±
SEM) for a 2-hr test in a novel open field. *p<0.05.
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Figure 4. Reduced marble-burying in C58/J and Grin1neo/neo mice
A–E) Data are means (+ SEM) for a 30-min test with 20 marbles. B) Cheerios were buried
under approximately 2–3 cm of clean bedding. C) Male C57BL/6J and C58/J mice were
tested in a cage in which a layer of bedding, taken from a home cage housing female mice,
was buried under approximately 2–3 cm of clean bedding. D) MK-801 (0.2 mg/kg) was
administered to Grin1 wild-type and heterozygous mice 5 min before the start of the test.
Data from one male C57BL/6J mouse (Panel A) were excluded because of lighting
malfunction. *p<0.05.

Moy et al. Page 25

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Response amplitudes in the acoustic startle test
Opposite patterns were observed in the C58/J and Grin1neo/neo mice. The very high startle
responses in the Grin1neo/neo mice necessitated different scales of measure for the y axes of
the two panels. Data shown are means (+ SEM) for each group. Trials included no stimulus
(No S) trials and acoustic startle stimulus (AS; 120 dB) alone trials. *p < 0.05.
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Figure 6. Prepulse inhibition of acoustic startle responses
Female C58/J mice had significant increases in percent inhibition, while female Grin1neo/neo

mice showed the opposite pattern. Data shown are means (+ SEM) for each group. *p <
0.05.
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Figure 7. Hole preference and number of nose pokes in three inbred mouse strains
A) None of the group means reached criterion levels for preference during the first
exploration test. B) Holeboard numbering system in the activity chamber. With equal
distribution of responses across holes, average values for percent of total nose pokes would
equal 6.25% per hole. Criterion for high preference was set at two times the average value
(12.5%), and extreme preference was set at three times the average value (18.75%). C)
Number of nose pokes during each one-hour test. No olfactory stimuli were presented in the
first two tests, given one day apart. Olfactory tests 1 and 2 were conducted before and after a
2-day familiarization with chocolate chips, presented in the home cages. The final olfactory
test examined preference for a novel social stimulus (CD-1 male urine). Data shown are
means (+SEM). *p<0.05, comparison to C57BL/6J. **p<0.05, comparison to both other
strains.
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Figure 8. Olfactory preference during a nose poke task in three inbred mouse strains
Olfactory stimuli were presented in the center holes. Familiarization was conducted by a 2-
day presentation of chocolate chips in the home cages. The average level of preference
expected with equal distribution across holes was 6.25% nose pokes per hole. Criterion
levels for preference were 12.5% (H; High) and 18.75% (E; Extreme). Data shown are
means (+SEM). *p< 0.05, comparison to C57L/J. **p<0.05, comparison to both other
strains.
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Figure 9. Distribution of mouse homologs for 667 ASD candidate genes in either identical (i.e.
C58 = B6 = L) or divergent genomic regions in three inbred strains
Overall set of ASD (autism spectrum disorder) candidate genes was taken from published
genetic analyses in human populations [40] or literature review [41]. Strains were C58/J
(C58), C57BL/6J (B6), and C57L/J (L).

Moy et al. Page 30

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Moy et al. Page 31

Table 1

Weight and performance on an elevated plus maze and open field in male mice from three inbred strains
(N=10 per strain). Data shown are means ± SEM. Mice were 3–4 weeks in age when weighed, and 4–5 weeks
when tested for anxiety-like behavior and activity.

C57BL/6J C57L/J C58/J

Body weight (g) 16.7 ± 0.4 16.7 ± 0.4 16.3 ± 0.4

Elevated plus maze

 Percent open arm time 30 ± 2 48 ± 2** 24 ± 4

 Percent open arm entries 33 ± 2 45 ± 2** 23 ± 3**

 Total number of entries 21 ± 1 42 ± 3** 21 ± 3

Open field (one hour)

 Distance traveled (cm) 7,797 ± 484 10,046 ± 683 12,314 ± 1,239*

 Time in center (sec) 425 ± 75 950 ± 69** 528 ± 78

*
p<0.05, comparison to C57BL/6J.

**
p<0.05, comparison to both other strains.
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Table 2

Divergence of candidate genes for autism spectrum disorder (ASD) in the C58/J inbred mouse strain, in
comparison to C57BL/6J and C57L/J. Table shows examples of genes associated with neurotransmission,
synaptic function, and syndromic developmental disorders, taken from a total of 667 ASD-associated genes in
the single-nucleotide polymorphism (SNP) analysis.

ASD Candidate Gene Gene Name

Mouse homolog divergent in C58/J, but not in C57BL/6J or C57L/J

 CACNA1C Calcium channel, voltage-dependent, L type, alpha 1C subunit

 CNTNAP2 Contactin associated protein-like 2

 DISC1 Disrupted in schizophrenia 1

 GABRA5 Gamma-aminobutyric acid (GABA) A receptor, alpha 5

 GABRB1 Gamma-aminobutyric acid (GABA) A receptor, beta 1

 NRG2 Neuregulin 2

 SLC6A4 Solute carrier family 6 (neurotransmitter transporter, serotonin) member 4

 TPH2 Tryptophan hydroxylase 2 (regulator of serotonin biosynthesis)

Mouse homolog divergent between all three strains

 AUTS2 Autism susceptibility candidate 2

 GABRB3 Gamma-aminobutyric acid A receptor, beta 3

Mouse homolog identical by state in all three strains

 BDNF Brain derived neurotrophic factor

 EN2 Engrailed-2

 FMR1 Fragile x mental retardation 1

 GRIN1 Glutamate receptor, ionotropic, N-methyl D-aspartate 1

 MAOA Monoamine oxidase A

 MECP2 Methyl-CpG-binding protein 2

 NF1 Neurofibromatosis 1

 NLGN1 and NLGN3 Neuroligin 1 and 3

 NRCAM Neuronglial related cell adhesion molecule

 OXT Oxytocin

 RELN Reelin

 SAPAP3 SAP90/PSD95-associated protein 3

 SHANK1 SH3/ankyrin domain gene 1

 SLITRK5 SLIT and NTRK-like family, member 5

 TSC1 and TSC2 Tuberous sclerosis 1 and 2

 UBE3A Ubiquitin protein ligase E3A
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