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Abstract

Mouse lines with behavioral phenotypes relevant to symptoms in neurodevelopmental disorders may
provide models to test hypotheses about disease etiology and to evaluate potential treatments. The
present studies were designed to confirm and expand earlier work on the intriguing behavioral profile
of the C58/J inbred strain, including low social approach and aberrant repetitive movements.
Additional tests were selected to reflect aspects of autism, a severe neurodevelopmental disorder
characterized by emergence of symptoms early in life, higher prevalence in males, social deficits and
abnormal repetitive behavior. Mice from the C57BL/6J inbred strain, which has a similar genetic
lineage and physical appearance to C58/J, served as a comparison group. Our results revealed that
C58/J mice display elevated activity levels by postnatal day 6, which persist into adulthood. Despite
normal olfactory ability, young adult male C58/J mice showed deficits in social approach in the three-
chambered choice assay and failed to demonstrate social transmission of food preference. In contrast,
female C58/J mice performed similarly to female C57BL/6J mice in both social tests. C58/J mice of
both sexes demonstrated abnormal repetitive behaviors, displaying excessive jumping and back
flipping in both social and non-social situations. These stereotypies were clearly evident in C58/J
pups by postnatal days 20-21, and were also observed in C58/J dams during a test for maternal
behavior. Overall, the strain profile for C58/J, including spontaneously developing motor
stereotypies emerging early in the developmental trajectory, and social deficits primarily in males,
models multiple components of the autism phenotype.
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1. Introduction

Mouse models of behavioral symptoms in human disease can be used to study the underlying
neurobiology of aberrant phenotypes and to evaluate potential therapeutic strategies. For this
reason, our laboratory has screened a number of inbred mouse strains and mutant lines for the
presence of behaviors that may reflect symptoms seen in autism, fragile x syndrome, and other
clinical disorders [10,35,36,37]. In these initial studies, one inbred strain demonstrated a
particularly interesting behavioral profile [37]. Male C58/J mice demonstrated a lack of
sociability in a three-chambered choice assay, and also showed overt stereotypy in several
testing paradigms. Impaired social interaction, communication deficits, and abnormal
repetitive behaviors are core features of autism [31]. The goal of this study was to confirm our
initial findings, and to determine whether the C58/J mouse model reflects additional
components of the autism phenotype.

Our previous study on the C58/J strain examined behavior in adolescent and adult animals.
However, autism is a neurodevelopmental disorder with symptoms emerging early in
childhood [25,31]. A mouse model of autistic-like behavior would ideally recapitulate the
emergence of abnormal behavior early in life. To address this issue, we utilized a neonatal
screen to evaluate motor function, activity levels, and the emergence of stereotypy in C58/J
pups throughout the lactational period of development, starting at 6 days of age. Both male
and female mice were assessed, to determine if the rates of aberrant repetitive behavior reflected
the higher prevalence of autism in boys than in girls (with a ratio of approximately 4:1) [25,
39]. For these studies, the behavioral profiles of the C58/J mice were compared to profiles of
C57BL/6J mice, since this inbred strain shares a common genetic lineage with C58/J [14]. The
two strains have an almost identical physical appearance and are available commercially from
the same supplier, suggesting that C57BL/6J can serve as an appropriate control for C58/J. In
addition to the neonatal screen, measures were taken of maternal responses, in order to
determine if C58/J dams have an abnormal behavioral phenotype in comparison to control
dams.

Male C58/J mice have low sociability in a three-chambered choice task that presents the subject
mouse with a choice between spending time with a novel mouse or spending time with a novel
nonsocial object [37]. To extend this earlier finding, we tested both male and female mice in
the three-chambered assay and in a social transmission of food preference (STFP) task. The
STFP task measures aspects of rodent social communication between conspecifics [6,15,23,
34,50,55,59,60]. Rodents are naturally neophobic, and will avoid a completely novel food.
However, mice will readily consume food previously smelled and/or tasted on the breath,
muzzle, and whiskers of a conspecific. In this assay, the subject “observer” mouse is allowed
to freely interact with a “demonstrator” mouse that recently ate a novel flavored food. The
subject observer forms a food preference based on cues transferred between the mice during
the interaction session.

Olfactory information is a critical component of social preference and interaction in mice
[11,28,29,40,51]. The olfactory habituation/dishabituation task [18,33,57] tests the ability of
a mouse to discriminate between different odors, including olfactory stimuli collected from
unfamiliar mice. We used this assay to determine whether C58/J mice have deficiencies in odor
discrimination, in comparison to C57BL/6J mice. A finding of altered olfactory function in

Behav Brain Res. Author manuscript; available in PMC 2011 March 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ryan et al.

Page 3

C58/J could be relevant to changes in social approach, social transmission of food preference,
and maternal behavior in this strain.

2. Materials and methods

2.1 Animals

C57BL/6J and C58/J mice for these studies were offspring of breeding pairs obtained from the
Jackson Laboratory (Bar Harbor, ME) and maintained in a vivarium at the University of North
Carolina at Chapel Hill. All mice were weaned on postnatal day 21 and subsequently housed
with same-sex littermates. Animals were maintained on a 12L.:12D circadian schedule with
lights on at 7AM. The housing room was maintained at 20-24°C and 40%-50% relative
humidity. Dams were fed ad libitum on Purina PicoLab Mouse Diet 20. Adults and weaned
pups were fed ad libitum on Purina ProLab IsoPro 3000. Mice were housed in standard 20 cm
x 30 cm ventilated polycarbonate cages containing laboratory grade Bed-O-Cob bedding and
were given water ad libitum. A small section of PVC pipe was present in each cage for
enrichment. All breeding and testing procedures were 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.

Two different cohorts of mice were used in this project. This first cohort consisted of eleven
C57BL/6J and seven C58/J dams and litters, which were tested in the neonatal screen, the
juvenile motor activity and maternal behavior assays. This testing was completed by the time
the pups reached weaning age at postnatal day (PND) 21 and these litters were not used in any
other behavioral experiments. The second cohort consisted of C57BL/6J (16 male and 14
female) and C58/J (26 male and 18 female) mice and was tested in the olfactory habituation/
dishabituation, three-chambered social choice and social transmission of food preference tasks.
Beginning at approximately PND 30, the mice were tested in all three assays in the order
described here, with a one-week break between testing. Light levels for each behavioral test
ranged from 570-620 Ix, except where noted. In every assay, the experimenter was blind to
the strain of the animal being tested.

2.2. Neonatal motor screen

Breeding pairs were checked daily for new litters. When a new litter was observed, the number
of pups was counted and the litter was considered to be on PND 1. Both the dam and sire were
kept in the cage with the pups throughout the neonatal period. On PNDs 6, 8 and 10, the pups
were removed from their home cage, placed into a warmed beaker (35°C; with temperature
regulated via a hotplate analgesia meter, IITC Life Sciences Inc, Woodland Hills, CA) and
tested in the following neurobehavioral screen (adapted from [8]):

2.2.1. Negative geotaxis—A 20 cm x 20 cm screen with 0.5 cm wire mesh squares was set
at a 25° angle. Each pup was placed downward on the screen with its head facing toward the
bottom, allowed to grip the mesh, and then released. The time it took for each pup to turn 180°
(head and upper torso vertical), was recorded, with a 30 sec maximum. This procedure was
repeated three times, and the lowest latency to turn was used for the data analysis.

2.2.2. Righting—Each pup was placed onto its back on a flat Plexiglas surface. The
experimenter gently held the pup in place for 2 sec and then released it. The latency to righting
(all four feet on the ground) was timed, with a maximum of 30 sec.

2.2.3. Forward locomotion—Each pup was placed into the center of a 20 cm x 20 cm
Plexiglas chamber with a grid of 2 cm x 2 cm squares drawn beneath the floor. The number
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of pivots (circling or lateral movement, as opposed to forward locomotion) was recorded. The
amount of time spent moving forward and the number of squares crossed after 3 min was also
recorded, as was any jumping or rearing.

Each pup was screened through the three assays in the order presented here. After finishing
the neonatal motor screen, each pup was weighed, sexed, marked with a non-toxic Sharpie,
and placed back into the warm beaker. The wire mesh screen and Plexiglas chamber were
wiped down with water and dried with a paper towel between each mouse, and cleaned with
alcohol at the end of each testing day.

2.3. Motor activity

On PND 16 or 17 and then again on PND 20 or 21, the litter was removed from the home cage
and placed into a beaker. One at a time, each pup was placed into the center of an empty
PhenoTyper box (30.5 cm x 30.5 cm x 43.5 cm; Noldus Information Technology, Wageningen,
The Netherlands). The PhenoTyper was placed within a sound-attenuating chamber to limit
any visual or auditory distractions during the trial. A dim yellow light (30 Ix) within the top
of the PhenoTyper box was illuminated throughout the trial. The mouse was allowed to
acclimate to the apparatus for 30 sec and then freely explore for 10 min. The integrated camera
system in the PhenoTyper was connected to a computer and the video was scored in real time
using EthoVision 3.1 tracking software (Noldus Information Technology, Wageningen, The
Netherlands). Using this software, the arena was divided into four different zones: corners (2cm
x 2cm squares), walls (the outer 2cm of the arena, not counting the corners), center (4cm x
4cm square in the very center of the arena), and the mid-area (the rest of the arena). EthoVision
was used to automatically calculate the amount of time spent in each zone and the distance
moved during the 10 min trial. In addition to these measures, the experimenter viewed the trial
in real time on a computer screen and recorded the number and duration of any self grooming,
jumping, or rearing bouts. After finishing the assay, the pup was weighed, sexed, marked with
a Sharpie, and returned to the beaker. The PhenoTyper box was wiped down with water and
dried with a paper towel after every trial, and cleaned with alcohol at the end of each testing
day.

2.4. Maternal behavior

On PND 3, 6, 8, 10, 13, 16 or 17 and 20 or 21, the dam was tested for maternal behavior, for
a total of 7 maternal behavior tests. The pups were removed from the home cage and placed
into a beaker (warmed on PNDs 3, 6, 8 and 10). The dam was also removed from the home
cage and placed into a new cage with clean bedding and a nestlet cotton square (Ancare Corp.,
Bellmore, NY; 5 cm x 5 cm x 0.5 cm), and closed with a wire lid. During the period of
separation, the pups either had their motor reflexes tested (PND 6, 8 and 10), had their activity
assayed (PND 16 or 17 and 20 or 21) as described above, or remained in the beaker for 10 min
(PND 3 and 13). To begin the maternal behavior assay, the pups were gently placed into the
new cage with the dam. The pups were arranged in a group as far away from the nestlet material
as possible. The experimenter then recorded the amount of time the dam spent in close
proximity to the pups and noted the occurrence of multiple behaviors (adapted from [26]),
listed in Table 1 (repetitive behaviors are defined in section 2.8). Following the 15-min
observation period, the sire was placed into the cage with the dam and pups and the cage was
returned to the housing room.

2.5. Olfactory habituation/dishabituation

Adolescent mice were used in the olfactory habituation/dishabituation assay. Prior to the start
of testing, each mouse was placed into a low profile rat-sized cage (30 x 60 x 15 cm) with

clean bedding 30 min prior to testing. After this acclimation period, the olfactory testing began.
A 15 cm cotton swab (Fisher Scientific, Pittsburgh, PA) was dipped in water, slid through the
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top of the cage and held in place with a binder clip. This method positioned the moistened end
of the cotton swab approximately 5 cm above the bedding in the center of the cage. The mouse
was observed for 2 min and any olfactory investigations of the cotton swab were timed. An
olfactory investigation was defined as the mouse lifting and orienting its nose to within
approximately 2 cm of the cotton swab tip. Other behaviors such as self-grooming, rearing,
jumping, digging in the bedding, eating the bedding, and climbing on or chewing on the cotton
swab were manually recorded.

After 2 min, the cotton swab was replaced with a new swab dipped in water. The mouse was
again observed for 2 min and this process was repeated a third time with a new swab dipped
in water. Following this pattern, every odor was tested in triplicate fashion in the following
order: 3 trials of water alone, 3 trials with a nonsocial stimulus (dilute flavoring extract), 3
trials with a different nonsocial stimulus (a different dilute flavoring extract), 3 trials with a
social stimulus (odor from a stranger mouse cage with soiled bedding), and 3 trials with a
different social stimulus (odor from a different stranger mouse cage with soiled bedding).
Overall, each mouse was exposed to 5 different odors.

For the nonsocial odors, a clean cotton swab was dipped into diluted almond or banana extract
(McCormick & Co. Inc., Sparks, MD; 1:100 in tap water). The extracts were freshly diluted
on the morning of testing and the bottled extracts were kept refrigerated between testing days.
Order of presentation (almond first or banana first) was counterbalanced across mice. For the
social odors, a clean cotton swab was dipped into water and then dragged along the bottom of
a soiled cage in a zigzag fashion such that the swab touched all four corners and the middle of
the cage. Care was taken to ensure that the zigzag pattern was consistent each time to increase
the probability that the swab encountered approximately the same amount of feces and urine
each time. Stranger cages housed at least 3 C57BL/6J mice of the same sex as the test animal
and had not been changed within the past three days.

2.6. Three-chambered social choice test

Behavioral testing was conducted as previously described, under 320-340 Ix [38]. On the day
of testing, the home cage was brought into the testing room at least 30 min prior to testing.
Each mouse was first given 10 min to acclimate to the empty apparatus, with the doors open
to all three chambers. Following the habituation session, the mouse was given a test for
sociability, with a choice between two objects placed in the side chambers. The social object
was an unfamiliar, same-sex C57BL/6J mouse (stranger 1) confined within a wire cage (Galaxy
Cup, Spectrum Diversified Designs, Inc., Streetsboro, OH). An empty wire cage served as the
non-social novel object. The test mouse was allowed to freely explore all three chambers for
10 min. The number of transitions between chambers and the time spent in each chamber were
automatically recorded. The experimenter sat approximately two meters from the chamber and
manually scored time spent sniffing each novel object using a computer keyboard. Following
the sociability test, mice were given a 10-min test for social novelty preference. A second
unfamiliar mouse (stranger 2) was placed into the previously empty wire cage. The subject
mouse then had a choice between the new unfamiliar mouse versus the previously-investigated
stranger 1 mouse. In between the three test phases, the subject mouse was allowed to sit in the
central chamber while the unfamiliar mice were placed into the wire cages. All stranger mice
had been previously habituated to the wire container at least once. The social test box was
wiped down with water between each trial and cleaned with alcohol at the end of each testing
day.

2.7. Social transmission of food preference

Behavioral testing was conducted as previously described [59,60]. The experimenter scored
social interactions with a silent stopwatch and observed from a distance of approximately one
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meter. Twenty-four hours prior to the onset of testing, mouse chow food was removed from
the home cage and a specially designed food jar (Dyets Inc., Bethlehem, PA), filled with
bedding and topped with powdered chow, was placed into each cage, to acclimate each mouse
to the novel feeding apparatus. Eighteen hours prior to testing, the feeding jars were removed
and the mice remained food deprived until testing. Thirty minutes prior to testing, the subject
mice were brought to the testing room and individually housed in cages with clean bedding.

To begin testing, a “demonstrator” mouse was given a food jar filled with bedding and topped
with flavored, powdered chow. The flavored food was prepared by mixing either 1% ground
cinnamon (McCormick & Co. Inc., Sparks, MD) or 2% powdered cocoa (The Hershey Co.,
Hershey, PA) by weight into powdered Purina 5001 rodent chow. The flavored food was mixed
fresh on the morning of testing and all ingredients were kept refrigerated between testing days.
After 1 hr, the food jar was removed and weighed to ensure that at least 0.2 grams of food had
been consumed. The demonstrator mouse was then immediately placed into the cage of the
“observer” test mouse. Interactions between the demonstrator and the observer were scored
for 30 min, and the number of mutual nose sniffs was recorded. Immediately following the 30-
min interaction period, the demonstrator was removed and two jars of powdered food (one of
each flavor) were placed into the cage with the observer mouse. The mouse was scored for 1
hr and the number of jar climbs and eating bouts were recorded. Additionally, the number of
jumps by the observer mouse was also recorded. At the end of the 1-hr choice session, the food
jars were removed and weighed. All feeding jars were thoroughly cleaned with soap and hot
water in between testing. The demonstrator mice used in this experiment were C57BL/6J
animals matched to the test observer mouse by weight and sex.

2.8. Repetitive behaviors

The presence of repetitive behaviors was recorded during the above assays. Two predominant
types of repetitive behavior were jumping and back flipping, as previously described in deer
mice [44]. Jumping was defined as the mouse rearing on its hind legs in a corner or along a
wall and jumping so that all four feet were off the ground simultaneously, often repeatedly
(“jackhammer” jumping). Back flipping involved a rapid backward somersault, almost always
performed with assistance of the metal-bar cage lid. “Upright scrabbling” was a behavior that,
like jumping, occurred against a wall or corner. In an upright position, the mouse appeared to
be running or climbing in place. Upright scrabbling may be related to wall-climbing stereotypy,
as observed in mice following treatment with apomorphine [48]. Counts were taken of jumping
and back flips, while upright scrabbling was measured by bouts, defined as a response occurring
for more than one second.

2.9. Statistics

PC SAS or Statview (Cary, NC) was used for all statistical analyses. For the neonatal motor
screen, scores for analysis were means for each sex from each litter, rather than individual pup
scores. One-way or repeated measures Analysis of Variance (ANOVA) were used to determine
effects of strain and sex. Separate analyses fo r males and females were then conducted, in
order to determine the effects of strain within each sex. Within-strain repeated measures
ANOVASs were used to determine side and food preferences in the social behavior assays. Post-
hoc analyses were conducted with Dunnett’s test for individual comparisons or Fisher’s
Protected Least Significant Differences (PLSD) following a significant ANOVA. Mann-
Whitney U non-parametric tests were used to analyze data from the olfactory habituation assay.
Chi-Square tests were used to determine significance of group-proportion data. For all
comparisons, significance was set at p < 0.05.
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3. Results

3.1. Pup body weights and litter size

Differences in nutrition and maternal care early in life could have a profound impact on pup
behavior and survival. However, we did not find overt or consistent strain differences in body
weight or litter size (Supplemental Fig 1). Repeated measures ANOVAs indicated significant
strain differences in female [strain x day interaction, F(6,72)=6.84, p<0.0001], but not male
mice. Post-hoc comparisons showed that, in the females, C58/J pups weighed more than
C57BL/6J pups on PND 3, but showed decreased weights by PNDs 16/17. The two strains did
not differ at any other PND.

The litter size was also recorded on PND 1 and on every PND in which the pups were weighed
(Supplemental Fig 1). The sex ratio of the litters on PND 3 did not differ across strains, with
an average of 3.4 (SEM=0.6) males to 2.4 (SEM=0.6) females per litter in the C57BL/6J group,
and 2.9 (SEM=0.5) males to 1.8 (SEM=0.4) females in the C58/J group. The two strains
differed in litter size only on PND 1 [F(1,20) = 4.67; p = 0.0429] with C57BL/6J litters being
significantly larger. Additionally, the percentage of pups huddling together in the home-cage
nest did not differ on any PND (data not shown).

3.2. Neonatal Motor Screen and Activity

3.2.1. PND 6—Data from PND 6 were analyzed for effects of strain and sex, in order to
determine if significant differences could be detected within the first week of the postnatal
period. The results showed that the C58/J pups were hyperactive in the small open field, in
comparison to the C57BL/6J pups, for measures of locomotion [square crossings; main effect
of strain, F(1,29)=38.62, p<0.0001] and number of pivots [main effect of strain, F(1,29)=27.22,
p<0.0001]. As shown in Table 2, the significant strain differences were observed in both the
male and female groups [within-sex post-hoc comparisons, p<0.05]. C58/J female mouse pups
also righted more quickly than C57BL/6J females [main effect of strain, F(1,29)=8.83,
p=0.0059]. A significant main effect of sex was observed for only one measure, negative
geotaxis [F(1,29)=5.99, p=0.0207]. At this early time point, there were no strain differences
in negative geotaxis, and virtually no rearing responses in the mouse pups.

3.2.2. PNDs 8 and 10—1In the second week of the neonatal period, the C58/J mice continued
to demonstrate hyperactivity in the small open field and faster righting times (Table 2). The
C58/J pups also turned more quickly in the negative geotaxis assay. Repeated measures
ANOVA:s indicated significant main effects of strain, but not sex or age, for measures of
negative geotaxis [F(1,27)=5.62, p=0.0251], righting [F(1,27)=11.44, p=0.0022], and pivots
[F(1,27)=25.75, p<0.0001]. A different pattern of strain differences was observed for the
measure of square crossings during the open-field test [main effect of strain, F=27.32,
p<0.0001; and 3-way interaction between strain, sex, and age, F(1,127)=7.89, p=0.0091].
Higher numbers of square crossings were found in the male C58/J mice on PND 8, and in both
male and female C58/J mice on PND 10 [within-sex post-hoc comparisons, p<0.05].

Only 5 rearing responses were observed on PND 8, all in the C58/J pups. On PND 10, the
number of rearing responses had increased to a total of 47 in the C58/J group, versus 2 responses
in C57BL/6J pups.

3.3. Open-field test on PNDs 16/17 and 21/22

Overt strain differences in activity and exploration were clearly apparent later in the neonatal
period (PNDs 16/17) and at the point of weaning (PNDs 20/21) (Table 3). The C58/J mice
traveled markedly greater distance than the C57BL/6J mice during each 10-minute test (overall
repeated measures ANOVA,; main effect of strain, F(1,28)=83.77, p<0.0001] and made
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significantly more rearing responses [main effect of strain, F(1,28)=93.23, p<0.0001]. The
most remarkable finding was that repetitive jumping responses emerged in C58/J, but not
C57BL/6J, during this period [main effect of strain, F(1,28)=51.42, p<0.0001]. The C58/J mice
also had increased grooming time, dependent on age [main effect of strain, F(1,28)=6.48,
p=0.0167]. For each measure, the overall repeated measures ANOVA found a significant
interaction between strain and age [p values<0.0005]. However, none of the analyses for
activity revealed significant main effects or interactions with sex, indicating that both male and
female C58/J mice had similar abnormal behavioral profiles.

The open-field test can also be used to evaluate patterns of exploration. The C58/J mouse pups
spent, in general, more time in the center region of the open field than the C57BL/6J pups
[main effect of strain, F(1,28)=10.05, p=0.0037; non-significant effects of age and sex]. C58/
J mice also spent less time in the four corner regions of the open field, dependent on both age
and sex [main effect of strain, F(1,28)=92.48, p<0.0001, and strain x age x sex interaction, F
(1,28)=5.05, p=0.0328]. Overall, the C58/J mice did not demonstrate the same strong
preference for the relatively enclosed corner areas observed in the C57BL/6J pups.

3.4. Maternal behavior

We assessed maternal be havior during the period of re-introduction of the pups to the dam
following neonatal testing. Separate analyses were conducted for the earlier time points (PNDs
3-10), when the pups were relatively inactive, and the later time points (PNDs 13-20/21), when
the pups were showing forward locomotion. Overall, dams from both strains demonstrated low
rates of huddling with or nursing the pups, perhaps because of the novelty of the new housing
cage and laboratory environment. There were no strain differences in the amount of time dams
spent in close proximity to at least one pup (Fig. 1), although the repeated measures ANOVA
approached significance during the first days of testing [main effect of strain, F(1,15) = 4.22;
p = 0.0579]. However, clear differences were seen in repetitive cage-lid back-flipping, which
was virtually never observed in the C57BL/6J dams [main effect of strain, earlier measures, F
(1,15)=12.52; p=0.003; later measures, F(1,15) =52.68; p<0.0001 and strain x day interaction,
F(2,30)=5.17; p=0.0118]. C58/J dams showed higher levels of self-grooming than the C57BL/
6J dams on almost every day of testing [main effect of strain, earlier measures, F(1,15) = 38.23;
p<0.0001; later measures, F(1,15) = 4.86; p=0.0435; and strain x day interaction, earlier
measures, F(3,45) = 2.85; p=0.0477, later measures, F(2,30) = 3.48; p=0.0438]. Interestingly,
the C58/J dams had a significantly lower frequency of digging behavior, in comparison to the
C57BL/6J controls [main effect of strain, earlier measures, F(1,15) = 26.32; p<0.0001; later
measures, F(1,15) = 4.85; p=0.0437; and strain x day interaction, earlier measures, F(3,45) =
3.36; p=0.0267].

Pup behavior was measured concurrently with maternal behavior. There were almost no
behaviors other than huddling with other pups across the earlier days of testing (data not
shown). By PND 13, the C58/J pups were venturing from the pup huddle at a significantly
higher frequency than the C57BL/6J pups [post-hoc test following main effect of strain, F(1,12)
=5.47; p = 0.0375] (Fig. 2). The emergence of repetitive jumping and upright scrabbling in
the novel housing cage was observed in the C58/J pups, but not the C57BL/6J litters, by PND
20/21, although significant strain differences were only found for the scrabbling measure [main
effect of strain, F(1,15) =11.02; p=0.0047, strain x day interaction, F(2,30) =6.29; p = 0.0052].
These results show that indices of repetitive behavior can be seen in C58/J pups, even in the
presence of the dam and littermates. Other measures, including self-grooming (Fig. 2) and
rearing (data not shown), were similar in the two strains.
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3.5. Repetitive behavior in adolescent and young adult mice

A second cohort of C57BL/6J and C58/J mice were tested in assays for olfactory
discrimination, social approach, and social transmission of food preference. As presented in
Table 4, from 69% to 88% of the C58/J mice demonstrated jumping during these tasks,
confirming the previous report of repetitive behavior in C58/J mice [36]. Significant
differences in jumping between C58/J and C57BL/6J mice were observed in both male and
female groups in each of the assays [x? < 0.05]. Examination of the data from the social choice
test indicated that 33% of the C58/J group jumped more than 30 times during the procedure,
with 5 C58/J mice exhibiting 100 jumps or more in the social choice test. This strain also had
more bouts of self-grooming during the choice test. However, not all behaviors were increased
in C58/J. During the olfactory discrimination assay, very few mice from either strain reacted
to the presentation of the different scents by biting or climbing on the cotton swab. In addition,
the majority of C57BL/6J mice, but less than half of the C58/J mice, demonstrated digging in
the cage bedding. This pattern of higher self-grooming, but reduced digging, in C58/J was
similar to the results from the maternal behavior test shown in Fig. 1.

3.6. Olfactory habituation/dishabituation

No significant effects of strain or sex were observed for time spent sniffing the different types
of olfactory stimuli (Mann-Whitney U tests; Fig. 3). Overall, mice from both strains had a clear
preference for the initial presentation of the social stimulus (odor from a soiled home cage of
same-sex mice), in comparison to water or the non-social stimuli (almond or banana scent).
Similar patterns of habituation w ere observed in the C58/J and C57BL/6J mice, suggesting
that the two strains had comparable ability to discriminate between unfamiliar and familiar
olfactory stimuli.

3.7. Three-chambered social choice test

3.7.1. Test for sociability—Only the C57BL/6J mice showed a preference for spending
more time with the stranger mouse, versus the empty cage [within-strain post-hoc tests
following significant effect of chamber side, F(1,69)=19.22, p<0.0001]. Time in the center
chamber was not included in the analyses. Overall repeated measures ANOVAS revealed
significant effects of both strain and sex on time spent in each side [main effect of strain, F
(1,69)=4.74, p=0.0329; strain x sex interaction, F(1,69)=4.56, p=0.0364] and time spent
sniffing the wire cages [main effect of strain, F(1,67)=19.23, p<0.0001; strain x chamber side
interaction, F(1,67)=4.99, p=0.0289; sex x side interaction, F(1,67)=4.22, p=0.044]. Separate
analyses of the data from each sex indicated that significant differences between the strains
were only present in the male groups (Fig. 4). There were no effects of strain or sex on number
of entries (Supplemental Fig. 2).

During the sociability test, the C58/J male mice spent significantly less time than the C57BL/
6J male mice in the chamber with the stranger mouse [post-hoc test following significant main
effect of strain, F(1,40)=9.57, p=0.0036; and strain x side interaction, F(1,40)=6.74, p=0.0131].
The C58/J male mice also directed significantly less sniffing than the C57BL/6J males toward
the stranger mouse and toward the novel empty cage [post-hoc tests following significant main
effect of strain, F(1,39)=23.66, p<0.0001; and strain x side interaction, F(1,39)=8.58,
p=0.0057]. As observed in previous strain comparisons [36], all groups demonstrated a
significant preference for sniffing at the cage containing stranger 1 in the sociability assay
[within-strain post-hoc tests following significant effect of side, F(1,67)=185.57, p<0.0001].

3.7.2. Preference for social novelty—An overall repeated measures ANOVA did not
reveal any significant effects of strain on time spent in proximity to stranger 1 and stranger 2,
although an interaction between sex and side was found [F(1,68)=7.42, p=0.0082]. Again, time
spent in the center chamber was not included in the analyses. All groups, except the female
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C58/J mice, demonstrated a significant preference for the newly-introduced stranger 2 [post-
hoc tests following a significant effect of side, F(1,68)=10.65, p=0.0017] (Fig. 4). However,
highly significant effects of strain were found in the male groups for the measure of sniffing
during the test for social novelty [main effect of strain, F(1,40)=23.56, p<0.0001; and strain x
side interaction, F(1,40)=11.76, p=0.0014]. Post-hoc tests indicated that the male C58/J mice
directed significantly less sniffing than the C57BL/6J mice towards the two stranger mice.
These strain differences were not observed in the female mice.

3.8. Social transmission of food preference

In the STFP assay, male C57BL/6J mice showed significantly greater affinity for the cued food
in comparison to the non-cued food as measured by amount of food consumed [F(1,30) = 15.21;
p = 0.0005] and by the number of feeding bouts at each jar [F(1,30) = 7.85; p = 0.0088]. In
contrast, the C58/J male mice showed no preference for the cued food by either measure (Fig.
5). In addition, C58/J male mice had significantly fewer feeding bouts at the target food jar, in
comparisonto C57BL/6J males [F(1,38) =11.44; p=0.0017]. A food preference was calculated
for each strain (amount of target food consumed / total amount of food consumed) and the
C57BL/6J males had a significantly higher preference than the C58/J males for the target food
[F(1,38) = 8.23; p = 0.0067].

In contrast to the male mice, the female C57BL/6J and C58/J mice did not differ in their affinity
for the target food as measured in the STFP assay (Fig. 5). The C57BL/6J females showed a
marginal preference for the target food as measured by the amount of food consumed [F(1,24)
= 3.58; p = 0.0705], but a stronger preference when measured by eating bouts [F(1,24) = 4.27;
p = 0.0497]. The C58/J female mice showed a similar pattern, with non-significant preference
for the target food as measured by the amount of food consumed [F(1,30) = 2.86; p = 0.1011],
but a strong preference when measured by eating bouts [F(1,22) = 9.50; p = 0.0054]. No strain
differences were observed for food preference scores.

4. Discussion

The present studies confirmed and extended previous findings of impaired social behavior and
abnormal repetitive responses in C58/J mice, in comparison to C57BL/6J [37]. Significant
strain differences in social behavior were found in the male, but not the female, groups.
However, both male and female adult C58/J mice consistently showed distinctive motor
stereotypy, including repeated “jack-hammer” jumping, repeated back flipping, and upright
scrabbling. Repetitive behaviors were present in most C58/J mice tested in these experiments,
but were essentially absent in the control C57BL/6J mice. The stereotyped behaviors were
observed in social situations (three-chambered social approach, STFP), non-social situations
(olfactory habituation/dishabituation), and during the maternal behavior assays. Remarkably,
male and female C58/J mouse pups had higher rates of pivoting and locomotor activity than
the C57BL/6J pups from PND 6 onward, indicating that unusual repetitive behavior emerges
early during neonatal development in C58/J mice and persists into adulthood.

In autism, specific forms and severity of repetitive behavior can vary, dependent upon age
[12]. Our findings demonstrate how stage of maturation is an important determinant in the
particular topography of repetitive behavior in C58/J mice. For example, during the neonatal
screen, rearing responses were not observed in the first week of life, and only occasionally
seen at PND 10. This time course is similar to the findings of Brunner et al. [5], who reported
very low levels of rearing (or “rises”) in mice at PND 6 and 9, with more responses observed
on PNDs 12 and 15. In the present study, both male and female C58/J mice had significantly
greater rearing responses than the C57BL/6J pups by PND 16/17. In fact, rearing responses
were almost zero in the female C57BL/6J group at PND 16/17, suggesting that the C58/J mice
had an earlier emergence of this behavior. By PND 20/21, the enhanced rearing was even more
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marked in the C58/J group. It is possible that these enhanced rearing responses during the
neonatal period were precursors to the aberrant, stereotyped jumping and upright scrabbling
observed in juvenile and young adult C58/J mice. One study has reported an association
between rearing responses and persistent jumping in adult mice characterized by repetitive
behavior [47]. Tracing the ontogeny of rearing responses may provide information on the
emergence of behavior that is predictive of abnormal stereotypy at later stages of development.

We also found that environmental parameters played a role in repetitive behavior topography.
The high level of back flipping so distinctive in the C58/J dams and during the olfactory
habituation/dishabituation task was dependent on an environmental setting that included a
metal-bar cage lid, and was not observed in more open test settings, such as the three-chambered
social test box. It is also notable that the C58/J mice had selective decreases, as well as increases,
in some types of behavior. In multiple assays, the C58/J mice spent less time digging in their
bedding than the C57BL/6J controls. Male C58/J mice also showed less sniffing directed to
social and non-social objects in the three-chambered choice task. These deficiencies may be
reflective of the C58/J mice having less time allocated for such behaviors, since motor
stereotypies are so prevalent in this strain. High levels of anxiety can depress exploratory
behaviors in mice [9]; however, the C58/J mice did not demonstrate an anxiety-like phenotype
inthe open field testing. Alternately, the deficiencies may suggest reduced exploration, relevant
to similar deficits in exploration, lack of curiosity about environmental stimuli, and other forms
of restricted behavior characteristic of autism (e.g. [42]).

Deer mice (Peromyscus maniculatus) display motor stereotypies very similar to C58/J mice,
including repeated jumping and back flipping [27,43,44]. Incidence of these stereotypies can
be greatly reduced by housing deer mice in an enriched environment after weaning [43,44].
Studies on striatal neurochemistry have indicated that abnormal cortical-basal ganglia
pathways contribute to the development of repetitive be haviors in deer mice [45,47]. This
hypothesis is supported by the fact that dopamine and NMDA receptor antagonists attenuate
the stereotypies [27,46]. Striatal dysfunction may also underlie symptoms in human disorders
characterized by repetitive responses. In autistic subjects, alterations in caudate volume have
been found to significantly correlate with levels of repetitive behavior [17,54]. Similarly,
caudate volume in fragile x subjects had significant correlation with a measure of stereotypy,
as well as a general score for autism-like behavior [16]. Altered striatal neurotransmission has
been found in Tourette syndrome and obsessive-compulsive disorder, which are also associated
with abnormal repetitive behavior [41,58].

The present study confirmed that male C58/J mice demonstrate a significant decrease in
sociability in a three-chambered choice task, measured as a preference for spending time in
proximity to an unfamiliar mouse versus a novel object [37]. The social deficits seen in male
C58/J mice were also observed in the STFP assay. However, in contrast to abnormal repetitive
behaviors, which were found in both sexes of C58/J mice, significant strain differences in social
behavior were only detected in the male mice. The female mice from both strains had generally
lower levels of sociability and transmission of food preference, in comparison to the male
groups, making the detection of significant impairment in the C58/J females difficult.

An important issue with the interpretation of the social test results is whether the lower social
approach in the male C58/J mice could be attributed to general hyperactivity. Previous work
from our laboratory and other researchers has not found higher activity in adolescent or adult
mice from the C58/J strain, versus C57BL/6J, in an open field [1,37]. In the present study, the
C58/J and C57BL/6J mice had similar numbers of entries during every component of the social
approach test, providing evidence that the two strains explored the three-chambered box to a
comparable degree. Significant strain differences in social approach were not found in the

female groups, despite the observation of jumping in most of the C58/J female mice. Further,
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in the social novelty test, the C58/J and C57BL/6J males showed very similar preference for
spending time in the side containing the newly-introduced stranger mouse. Overall, these
results suggest that other factors, besides overt hyperactivity, may play a role in altered social
behavior. It is notable that we did find markedly increased locomotion in the separate set of
male and female C58/J mice tested during the neonatal period. Given the repeated disruption
of dams and litters for the postnatal testing, this early locomotor hyperactivity could have been
driven by both stage of development and repeated exposure to stress. The effect of the
disruption on the dams may have made the detection of strain differences in maternal responses
directed toward the pups, another index of social behavior, more difficult.

Decreased olfactory ability could also be a factor in reduced social approach. Earlier studies
on the C58/J mouse measured olfactory ability in this strain; however, these studies did not
measure social odor discrimination. In mice, olfactory cues are detected by both the main
olfactory system and the accessory olfactory system [3,49]. The accessory olfactory bulb
processes non-volatile pheromones whereas the main olfactory bulb primarily processes
volatile odorants and is responsive to social cues present in urine [20,30,49,53]. It is likely that
both systems play a role in social behavior [18,30,52] and it is possible for a mouse to have
selective impairment in only one system [21], resulting in a strain that cannot differentiate
among socially relevant odors despite being able to smell other objects (such as food). The
results from the olfactory habituation/dishabituation procedure indicate that both male and
female C58/J mice have the ability to discriminate both social and non-social odors. The social
deficits seen with the C58/J strain, therefore, are most likely not related to olfactory ability. In
fact, the C58/J male mice had a preference for the social odors comparable to the C57BL/6J
male mice in this assay, in contrast to their reduced sniffing behavior in both the STFP assay
and the three-chambered social approach test. The results suggest that C58/J have selective
deficits in sustained social interest directed toward another mouse, versus attention directed
toward a social olfactory cue.

Other inbred mouse strains show evidence of social deficits similar to those reported here.
BALB/c mice show low levels of sociability in a variety of testing paradigms and these deficits
appear to correlate with corpus callosum underdevelopment [4,13]. Another inbred mouse
strain, BTBR T+t/fJ, also shows reduced sociability in the three-chamber social approach assay
and STFP and has an absence of the corpus callosum [2,34,36,56]. However, recent evidence
from lesion studies in C57BL/6J mice has failed to confirm that social approach is dependent
upon intact callosal function [61].

Overall, the C58/J strain may provide a model for symptoms in neurodevelopmental disorders,
including deficits in social approach and communication, and restricted, repetitive behavior.
The abnormal phenotype arises early in development and can be observed across different
measures and test settings. Altered behavior and social impairment are not associated with
overt deficiencies in olfactory ability or maternal care. One key advantage of using an inbred
strain as a disease model is the ability to study complex genetic factors and processes, such as
those proposed for autism [31,32]. In fact, quantitative trait loci associated with open-field
behavior have been identified in progeny from C58/J and C57BL/6J crossings [1]. Further
studies in the C58/J model may help elucidate neural circuitry and heritable components for
stereotypy and social impairment relevant to human clinical disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Maternal behavior in C57 and C58 dams
Measures were taken during a 15-min test in a clean cage containing the dam and litter. Data
shown are mean + SEM for 11 C57 and 6 C58 dams. Post-hoc tests were not conducted for

(B), due to zero scores for the C57 dams. * p<0.05.
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Fig 2. Pup responses during the maternal behavior test

Measures were taken during a 15-min test in a clean housing cage containing the dam and litter.
Data shown are mean + SEM for 11 C57 and 6 C58 litters. Data are missing for one C57 litter
and 2 C58 litters for the measure of “Leaves Pup Huddle.” Post-hoc tests were not conducted
for “Upright-Scrabbling”, due to zero scores for the C57 pups. * p<0.05.
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Fig 3. Time spent sniffing the cotton swab in the olfactory habituation/dishabituation assay
No significant differences between the two strains were found for either sex. Data shown are
mean + SEM.
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Fig 4. Social approach in a three-chambered choice task

Measures taken were time in each side and time spent sniffing each wire cage during tests for
sociability (upper panels) and preference for social novelty (lower panels). Significant strain
differences in social approach were only observed in the male groups (upper panels, lower
right panel). Data shown are mean + SEM for each 10-min test. # p<0.05, across-strain
comparison with same measure in same-sex mice. * p<0.05, within-group comparison, stranger
1 side different from opposite side.
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preference assay

Male C57BL/6J mice, but not male C58/J mice, had significant preference for the target food.
No strain effects were found in the female groups. Data shown are mean + SEM for a 1-hr test.
*p < 0.05 vs. within-strain comparison, target vs. non-target food.
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Table 1

Maternal and pup behaviors measured in C57BL/6J and C58/J mice

Maternal behaviors

Corresponding pup behaviors

Time spent with pups (sec)

Pups huddled together after trial (%)
Self-groom (bouts)

Jumps (#)

Upright scrabbles 2 (bouts)

Back flips? (#)

Head weaves or bobs (#)

Digging in bedding (bouts)
Chewing on nestlet (bouts)

Pup licking (bouts)

Huddling over/nursing pups (bouts)
Picking up pup (bouts)

Move a pup with mouth (bouts)
Move a pup with paws (bouts)

Move bedding to a pup (bouts)

Pup leaving nest (bouts)
Self-groom (bouts)

Jumps (#)

Upright scrabbles? (bouts)
Rearing (#)

Digging in bedding (bouts)
Chewing on nestlet (bouts)

Allogrooming (bouts)

aThe mouse is in an upright position against a wall or corner, and appears to be running or climbing in place.

b T . . .
Back flipping is almost always performed with assistance of the metal-bar cage lid.
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Table 4

Page 25

Occurrence of repetitive behaviors in young adult C57BL/6J and C58/J mice in social and
non-social testing conditions

Males Females
C57 C58 C57 C58
Olfactory test®
Number of mice 16 26 14 18
Jumping 0% 77% 7% 7206
Digging in bedding 88% 242%™ 93% 33% "
Chewing bedding 100% 85% 100% 89%
Chewing cotton swab 13% 8% 0% 0%
Climbing cotton swab 0% 8% 7% 16%
Social choice test?
Number of mice 16 26 13 18
Jumping (%) 0% 889%™ 8% 83%"
Grooming bouts 5.81+0.66 0.96+0.64% 5.00£0.44 8.89+0.74%
STFP testC
Number of mice 16 24 13 16
Jumping (%) 6% 8806 8% 69%™

aOlfactory habituation/dishabituation test.

b . .
Three-chambered social choice test.

Co s L
Social transmission of food preference test.

*
XZ < 0.05 vs. C57BL/6J mice of the same sex.

#p < 0.05 vs. C57/BL6J mice of the same sex.
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