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Abstract

The BTBR T+tf/J (BTBR) strain is an inbred strain of mice that displays prominent social deficits and repetitive behaviors analogous
to the defining symptoms of autism, along with complete congenital agenesis of the corpus callosum (CC). The BTBR strain is
genetically distant from the widely used C57BL/6J (B6) strain, which exhibits high levels of sociability, a low level of repetitive
behaviors, and an intact CC. Emerging evidence implicates compromised interhemispherical connectivity in some cases of autism.
We investigated the hypothesis that the disconnection of CC fiber tracts contributes to behavioral traits in mice that are relevant to the
behavioral symptoms of autism. Surgical lesion of the CC in B6 mice at postnatal day 7 had no effect on juvenile play and adult social
approaches, and did not elevate repetitive self-grooming. In addition, LP/J, the strain that is genetically closest to the BTBR strain but
has an intact CC, displayed juvenile play deficits and repetitive self-grooming similar to those seen in BTBR mice. These
corroborative results offer evidence against the hypothesis that the CC disconnection is a primary cause of low sociability and a high
level of repetitive behaviors in inbred mice. Our findings indicate that genes mediating other aspects of neurodevelopment, including
those whose mutations underlie more subtle disruptions in white matter pathways and connectivity, are more likely to contribute to the
aberrant behavioral phenotypes in the BTBR mouse model of autism.

Introduction

Autism is a neurodevelopmental disorder defined by impaired social
interactions, communications deficits, and repetitive behaviors
(DiCicco-Bloom et al., 2006; Lord et al., 2006). Although the causes
are unknown, both genetic and environmental factors have been
implicated (Herbert et al., 2006; Abrahams & Geschwind, 2008).
Differential concordance rates between monozygotic twins (60–90%)
and dizygotic twins and siblings (1–10%), along with a 4 : 1 male/
female ratio, lend support to a strong genetic component (Veenstra-
Vanderweele et al., 2004; Grice & Buxbaum, 2006; Newschaffer et al.,
2007; Abrahams & Geschwind, 2008). Recent evidence indicates a
possible association betweenaberrant patternsofneural connections and
autism(Geschwind&Levitt, 2007;Minshew&Williams, 2007; Rippon
et al., 2007). Functional imaging studies found less activation of brain
regions and reduced functional connectivity in adults with autism during
several social and cognitive tasks, suggesting cortical underconnectivity
in autism (Castelli et al., 2002; Just et al., 2004, 2007; Kana et al., 2007;
Kennedy & Courchesne, 2008; Kleinhans et al., 2008; Koshino et al.,
2008). The corpus callosum (CC) is the largest connective structure in
the brain, and provides the majority of interhemispherical cortical

connections (Paul et al., 2007). Structural imaging studies found
reduced sizes of subregions of the CC in some individuals with autism
(Egaas et al., 1995; Piven et al., 1997; Manes et al., 1999; Hardan et al.,
2000; Brambilla et al., 2003; Boger-Megiddo et al., 2006; Vidal et al.,
2006; Geschwind & Levitt, 2007; Kilian et al., 2008). Voxel-based
imaging and diffusion tensor imaging indicate abnormal structural
integrity of white matter in autism (Barnea-Goraly et al., 2004; Chung
et al., 2004; Alexander et al., 2007; Keller et al., 2007; Bonilha et al.,
2008; Sundaram et al., 2008). Also,more than one-third of childrenwith
congenital agenesis of the CC (AgCC) have social problems, suggesting
that a reduction in size of the CC may contribute to abnormalities in
social behaviors in some genetically based neurodevelopmental disor-
ders (Badaruddin et al., 2007; Paul et al., 2007).
Animal models offer opportunities to test genetic hypotheses and

evaluate proposed treatments. Reverse genetic approaches are elucidat-
ing phenotypes of mice with mutations in candidate genes for autism
(Young, 2001; Winslow & Insel, 2002; Young et al., 2002; Long et al.,
2004; Takayanagi et al., 2005; Cheh et al., 2006; Kwon et al., 2006;
Mineur et al., 2006; Crawley et al., 2007; Tabuchi et al., 2007;
Chadman et al., 2008; Ehninger et al., 2008; Hung et al., 2008; Jamain
et al., 2008; Scearce-Levie et al., 2008;). Forward genetic approaches
identify inbred strains of mice with phenotypes relevant to autism, and
explore mechanisms responsible for the phenotypes (Brodkin, 2007;
Moy et al., 2004, 2007; Panksepp & Lahvis, 2007; McFarlane et al.,
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2008). Using forward genetics, we discovered an obscure inbred strain,
BTBR T+tf/J (BTBR), that exhibits behavioral traits with face validity
for the diagnostic symptoms of autism, including aberrant reciprocal
social interactions as juveniles and adults, reduced social transmission of
food preference, and repetitive self-grooming (Bolivar et al., 2007;Moy
et al., 2007; Yang et al., 2007b; McFarlane et al., 2008). Complete
congenital AgCC is well documented in BTBR mice (Wahlsten et al.,
2003;MacPherson et al., 2008). BTBRmales and females are within the
normal range onmeasures of general health, home cage behaviors, home
cage nesting, parental care, neurological reflexes, vision, olfaction,
hearing, open field locomotion, anxiety-related behaviors, cognitive
abilities on acquisition of spatial navigation in the Morris water maze,
appetitive learning in a T-maze task, and odor discrimination learning
(Zagreda et al., 1999; Bolivaret al., 2007;Moy et al., 2007;MacPherson
et al., 2008;McFarlane et al., 2008), ruling out potential confounds from
these domains. To experimentally test the hypothesis that CC discon-
nection leads to autism-like behavioral traits inmice, we lesioned theCC
at postnatal day (P7) inC57BL/6J (B6)mice and compared their juvenile
and adult social behaviors and repetitive self-grooming with those of
sham and non-operated B6 mice. LP/J, the inbred strain that is
genetically closest to the BTBR strain (Witmer et al., 2003; Petkov et al.,
2004) but has an intact CC,was compared to theBTBRandB6 strains on
the same behavioral assays. Findings from these two complementary
approaches indicate that factors other than, or in addition to, CC absence
mediate social deficits and repetitive behaviors in BTBR mice.

Materials and methods

Animals

B6, BTBR and LP/J breeding pairs were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and bred at NIMH in Bethesda,
ME, USA. Breeding, housing and behavioral testing were conducted
in accordance with the NIH Guidelines for the Care and Use of
Laboratory Animals, and approved by the National Institute of Mental
Health Animal Care and Use Committee. Subject mice were weaned at
P20–22, and then group-housed by sex in standard mouse cages
containing two to four mice. Standard rodent chow and tap water were
available ad libitum. In addition to standard bedding, a Nestlet square
and a cardboard tube were provided in each cage. The colony room
was maintained on a 12 : 12-h lightMdark cycle with lights on at
06:00 h, at 20�C and 55% humidity. All experiments were conducted
between 10:00 h and 16:00 h. Recent experiments from our laboratory
showed similar behavioral phenotypes of BTBR and B6 mice tested
during the dark and light phases of their circadian cycles (Yang et al.,
2007a). Two cohorts of male B6 mice were used as the control groups,
one for comparison with sham-operated and CC-lesioned male B6
mice, and one for comparison with male LP/J and BTBR inbred
strains. Male non-operated B6, sham-operated B6 and CC-lesioned B6
mice were compared in the first set of experiments. Male B6, LP/J and
BTBR mice were compared in the second set of experiments. Female
B6, LP/J and BTBR mice were compared in the third set of
experiments. Mice used as the novel targets in the social approach
test were 129Sv/ImJ mice of the same sex as the subject, aged
8–14 weeks, purchased from The Jackson Laboratory. The novel mice
had no previous physical contact with subject mice.

CC transection and histological verification

As both sexes of B6 mice exhibit high levels of social behaviors, we
lesioned only male B6 mice to test whether the presence of an intact
CC is critical for the expression of sociability. Female B6 mice were

compared with LP/J and BTBR mice on juvenile and adult social
tasks. Surgical procedures in mouse pups were adapted from
previously described methods (Manhaes et al., 2007). CC transection
was performed on P7, under a stereoscopic microscope using the
freehand method. Pups were separated from the dam one at a time, to
reduce maternal stress (Manhaes et al., 2007). General anesthesia was
induced by cooling the subject at )10�C for 5 min. Hypothermia was
maintained throughout the surgery by placing the pup on wet ice
contained in a plastic box covered with dry cotton surgical gauze. The
scalp was cleaned with Betadine solution and 70% ethanol. An
incision was made in the scalp to reveal the skull surface and visualize
lambda. A size 5 scalpel was inserted vertically through the sagittal
suture, directly behind the coronal suture, and moved rostrocaudally to
transect the CC at a vertical depth of 3.0 mm (Paxinos et al., 2006).
The incision was then closed with tissue adhesive (Nexaband; Abbott
Laboratories, Chicago, IL, USA). Sham controls underwent the same
procedures, except that the scalpel was not inserted into the brain.
Following completion of the surgery, which was typically 3 min in
duration, each pup was placed in an incubator maintained at 35�C for
10 min or until normal movement was observed. The incubator
chamber contained home cage nest bedding placed near the pup to
facilitate subsequent acceptance by the mother when the pup was
returned to the home cage. Behavioral testing began 14 days after
surgery, beginning with the juvenile play test at P21, the day before
weaning. After the full sequence of behavioral tests was completed,
adult mice (12–16 weeks) were killed by cervical dislocation and
decapitated. Brains were removed and stored in 4% formaldehyde
solution for at least 48 h before sectioning coronally at 80 lm using a
vibratome (OTS-3000-03; Electron Microscopy Sciences, Hatfield,
PA, USA). Sections were stained with thionin and examined under a
light microscope. The percentage of CC lesion in each mouse was
calculated by dividing the rostrocaudal length of CC displaying
evidence of lesion by the entire callosal length of 3.64 mm, extending
from bregma 1.18 to bregma )2.46 (Franklin & Paxinos, 1997). Any
associated lesions of the septum, anterior commissure, hippocampus
and hippocampal commissure were noted for each mouse.

Mouse behavioral tests relevant to the behavioral symptoms
of autism

Juvenile play

Juvenile play at P21 was conducted in the Noldus PhenoTyper
Observer 3000 chamber (Noldus Information Technology, Leesburg,
VA, USA), as previously described (Yang et al., 2007b; McFarlane
et al., 2008). The floor of the arena was covered with a 0.5-cm layer of
clean bedding. Subjects were individually housed in standard mouse
cages for 1 h prior to the play session. Two mice of the same age and
sex but from different litters were then placed in the arena, and their
interactions were recorded for 10 min, the period during which the
majority of social interactions occur. For the CC lesion study, mice
that had undergone the same treatment were paired, that is, two
lesioned juvenile males, or two sham juvenile males. For non-operated
mice, age-matched juvenile B6 mice were used as the play partners for
B6, BTBR and LP/J subjects. B6 mice were chosen as the partners
because this strain is neither unusually high nor unusually low on most
behavioral traits, does not exhibit repetitive self-grooming like BTBR
mice, and does not exhibit vertical jumping behaviors like LP/J mice.
Behaviors were subsequently scored from digital videotapes by a
highly trained observer, using Noldus Observer 5.0 software. The
observer was uninformed of the sham or lesion condition during
scoring. However, the identity of the strains was generally obvious
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from fur color patterns. Behaviors of interest included follow (one
mouse walks straight behind its partner, keeping pace with the one
ahead), nose-to-nose sniffing (sniffing the nose and face of the
partner), and push and crawl (push = pushing head/snout underneath
the partner’s body or squeezing itself between the wall/floor and the
partner; crawl = crawling over or under the partner’s body). The last
two similar movements were subsequently combined as a single
parameter, ‘push–crawl’, in the present study. These behaviors have
been used in previous studies as parameters of play behaviors in
juvenile mice (Terranova & Laviola, 2005; Ricceri et al., 2007;
McFarlane et al., 2008). Vertical jumping (upward jumping, usually
against the wall) and bouts of arena exploration (walking around the
arena, sniffing or digging the bedding) were scored as control
measures of motor activity and exploratory tendencies. All behaviors
were analysed for frequency of occurrence, that is, number of bouts.

Adult social approach test and self-grooming

Social approach behaviors were tested between 8 and 12 weeks of age,
in an automated three-chambered apparatus using methods previously
described (Nadler et al., 2004; Crawley et al., 2007; Moy et al., 2007;
Yang et al., 2007b; McFarlane et al., 2008). The apparatus was a
rectangular, three-chambered boxmade of clear polycarbonate. Retract-
able doorways built into the two dividing walls controlled access to the
side chambers. Number of entries and time spent in each chamber were
automatically detected by photocells embedded in the doorways and
tallied by the software. The test session began with a 10-min habituation
session in the center chamber only, followed by a 10-min habituation to
all three chambers. Lack of innate side preference was confirmed during
the second 10-min habituation. The subject was then briefly confined to
the center chamber while the novel object (an inverted stainless steel
wire pencil cup; Galaxy, Kitchen Plus, http://www.kitchen-plus.com)
was placed in one of the side chambers. A novel mouse, previously
habituated to the enclosure,was placed in an identicalwire cup located in
the other side chamber. A disposable plastic drinking cup containing a
lead weight was placed on the top of each inverted wire pencil cup to
prevent the subject from climbing on top. The side containing the novel
object and the novel mouse alternated between the left and right
chambers across subjects. After both stimuli were positioned, the two
side doors were simultaneously lifted, and the subject was allowed
access to all three chambers for 10 min. In addition to the automatically
tallied time spent in each chamber and entries into each chamber, an
observer with stopwatches scored time spent sniffing the novel object
and the novel mouse and the duration of self-grooming exhibited by the
subjectmouse during the 10-min test session. The apparatuswas cleaned
with 70% ethanol and water between subjects. 129Sv/ImJ mice were
used as the novel mice, because this strain is inactive and passive, rarely
displays irritabilitywhen confined under thewire cup, and never exhibits
aggressive behaviors towards subject mice. Using a minimally active
partner is a strategy that allows all approaches to be initiated by the adult
subject mouse only.

Elevated plus-maze, lightMdark exploration, open field locomotion,
and rotarod test

To control for potential confounding factors such as anxiety-like traits
and unusual motor phenotypes that could confound the interpretation
of the social traits, a sequence of control tests was performed when the
subjects were 8–12 weeks of age, including: elevated plus-maze
(EPM), lightMdark exploration, open field locomotion, and rotarod
coordination and balance. In the EPM, the mouse was placed in the
center, facing a closed arm, and allowed to freely explore the
apparatus for 5 min. Time spent and number of entries into the open

arms (20 lux) and closed arms were scored by an investigator, using
Noldus Observer software (Karlsson et al., 2008). In the lightMdark
exploration test (Crawley & Goodwin, 1980), the mouse was placed in
the light compartment facing away from the partition, and allowed to
freely explore the apparatus for 10 min. Time spent and number of
full-body transitions between the light (300 lux) and dark (3 lux)
compartments were automatically scored, as previously described
(Mathis et al., 1995; Holmes et al., 2001). In the open field test, the
mouse was allowed to freely explore the apparatus (20 lux) for
10 min. Total distance traveled in the arena, vertical activity and time
spent in the center were automatically scored by software linked to the
photocell detectors (Accuscan, Columbus, OH, USA). Motor coordi-
nation and balance were evaluated in male mice on three consecutive
5-min trials on an accelerating rotarod, 4–40 rpm/5 min (Ugo Basile;
Stoelting, Wood Dale, IL, USA) (Bailey et al., 2007). The intertrial
interval was 60 s.

General health, neurological reflexes, and sensory
and motor abilities

To examine physical effects of the CC transection, lesioned and sham
B6 mice were tested for general health, as previously described
(Bailey et al., 2007; Crawley et al., 2007). General health assessment
included scoring fur and whisker condition, as well as limb and body
tone. Neurological reflex tests included forepaw reaching, righting
reflex, trunk curl, whisker twitch, pinna twitch, eyeblink response, and
toe pinch. The reactivity level of the mice was assessed with tests
measuring responsiveness to petting, intensity of a dowel biting
response, and level of vocalization during handling. Body weight was
measured at 10 weeks of age.

Statistical analysis

For the automated social approach test, time spent in the two side
chambers was compared using within-group repeated measures
anovas, with the factor of chamber side (novel mouse side vs. novel
object side). Time spent in the center chamber is included on the
graphs for illustrative purposes. Time spent sniffing the novel mouse
vs. the novel object was also analysed using within-group repeated
measures anovas, with the factor of chamber side (novel mouse side
vs. novel object side). Entries into all chambers were summed as ‘total
entries’ and analysed using one-way anova across groups, as a
measure of general exploratory activity. Rotarod performance (latency
to fall) was analysed with repeated measures anovas followed by a
Scheffe test for post hoc comparisons. All other behavior assays were
analysed using one-way anova. A Scheffe test was used for post hoc
comparisons following a significant overall anova F-value. Pearson’s
r was used to evaluate correlations between CC lesion size and social
scores. Correlation analyses included lesioned mice only.

Results

Histology

Figure 1 shows representative cross-sections of brains of sham-
operated B6, CC-lesioned B6, LP/J and BTBR male mice. The intact
CC in a representative sham-operated B6 mouse brain cross-section is
illustrated in Fig. 1A and E. A representative CC lesion performed in
B6 mice on P7 is illustrated in Fig. 1B. CC lesions remained clearly
visible at the time of death, at 3–4 months of age. Light microscopic
examination of sections from the 35 lesioned mice showed that the
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most rostral part of the CC was lesioned in all mice, whereas variable
portions of the caudal CC remained. Complete transections throughout
the rostral–caudal dimension were obtained in seven mice. On
average, 70.3% ± 3.5% of the length of the CC was absent, with a
range of 33–100% completeness of the lesion in the rostral–caudal
dimension. The hippocampal commissure was partially severed in 20
mice, and minor damage was noted in the anterior medial hippocam-
pus in 17 mice. The anterior commissure was intact in all mice.
A representative BTBR brain is shown in cross-section in Fig. 1D

and G. Histological analysis showed that the CC was absent in all 10
BTBR brains. A representative LP/J brain is shown in Fig. 1C and F.
The CC was present in all 10 LP/J brains that were analysed. The
complete absence of the CC in BTBR mice and the normal thickness
of the CC in LP/J mice confirm previously published findings
(Wahlsten et al., 2003) and information in the database of The Mouse
Brain Library (http://www.mbl.org).

General health evaluation in CC-lesioned B6 and sham
B6 mice

Table 1 shows that CC-lesioned B6 and sham B6 mice were normal on
measures of general health, neurological reflexes, and sensory
abilities. No mice exhibited physical abnormalities or aberrant
behaviors. Body weights of both groups were within the normal
range of adult male B6 mice (http://jaxmice.jax.org).

Juvenile play behaviors in control, sham and CC-lesioned B6
mice

Figure 2 shows parameters of social interactions in 21-day-old B6,
sham-operated B6 and CC-lesioned B6 mice. Bouts of nose-to-nose
sniffing did not differ across groups [F2,58 = 2.11, not significant (NS)].
No group differences were detected for number of bouts of following
(F2,58 = 0.29, NS), number of bouts of push–crawl play-soliciting
attempts (F2,58 = 0.66, NS), general exploration of the test arena
(F2,58 = 1.81, NS), or vertical jumping (F2,58 = 1.50, NS; Table 2A).

Adult social approach behaviors and self-grooming behavior
in control B6, sham and CC-lesioned B6 mice

Figure 3 shows adult social approach (Fig. 3A–C) and repetitive self-
grooming (Fig. 3D) results, obtained simultaneously in 8- to 12-week-
old male non-operated control B6 (B6), sham B6 and CC-lesioned B6
mice. Non-operated B6 mice spent more time in the chamber
containing the novel mouse than in the chamber containing the novel
object (F1,10 = 38.11, P < 0.0001). Similarly, sham B6 mice
(F1,18 = 54.38, P < 0.0001) and CC-lesioned B6 mice
(F1,34 = 150.35, P < 0.0001) spent more time in the chamber
containing the novel mouse than in the chamber containing the novel
object. Time spent sniffing the novel mouse showed a similar pattern
to time in the side chambers. B6 mice (F1,10 = 112.25, P < 0.0001),
sham B6 mice (F1,18 = 70.72, P < 0.0001) and CC-lesioned B6 mice

Fig. 1. Photomicrographs of thioin-stained representative coronal sections depicting the corpus callosum (CC) region in representative: (A) C57BL/6J (B6) control
mice; (B) B6 mice in which the CC was lesioned on postnatal day 7 (tissue obtained from subjects killed at 3 months of age); (C) LP/J mice with intact CC; and
(D) BTBR T+tf/J (BTBR) mice in which the CC is congenitally absent. Close-ups of the CC region are shown for: (E) B6 mice; (F) LP/J mice; and (G) BTBR mice.
Probst bundles appear in BTBR mice only (arrows). Scale bar: 80 lm.

Table 1. General health and neurological reflexes in sham and CC-lesioned
adult male B6 mice

Sham (n = 18) CC-lesioned (n = 30)

Body weight (g) 28.10 ± 0.52 26.93 ± 0.54
Fur condition (3-point scale) 3.0 3.0
Bald patches (%) 0 0
Missing whiskers (%) 0 0
Piloerection (%) 0 0
Body tone (3-point scale) 2.0 2.0
Limb tone (3-point scale) 2.0 2.0
Positional passivity (%) 27.8 33.3
Trunk curl (%) 100 66.7
Forepaw reach (%) 100 100
Righting reflex (%) 100 100
Corneal (%) 100 100
Pinna (%) 100 100
Vibrissae (%) 100 100
Toe pinch (%) 100 100
Petting escape (%) 88.9 80
Struggle/vocalization (%) 12.5 4
Dowel biting (3-point scale) 0 0

B6, C57BL/6J; CC, corpus callosum.
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(F1,34 = 181.50, P < 0.0001) spent more time sniffing the novel
mouse than the novel object. A significant main group effect was
found for total entries into the side chambers (F2,58 = 4.35, P < 0.05).
However, a Scheffe post hoc test did not reveal significant differences
when sham and lesioned groups were compared with the non-operated
B6 group. Cumulative time spent in self-grooming during the social
approach test was low in all three groups and not significantly different
across groups (F2,58 = 0.23, NS).

Correlational analysis of extent of CC lesion and behavioral
scores in male B6 mice

Figure 4 shows a scattergram plot of the percentage of CC
reduction in each male CC-lesioned mouse and its score on
measures of juvenile play, adult social approach, and repetitive self-
grooming. Only lesioned mice were included in the statistical
analysis. Correlation values between percentage of CC lesion and
play behaviors were as follows: nose-to-nose sniff, r = 0.304, NS;
follow, r = 0.469, P < 0.05; push–crawl, r = 0.577, P < 0.05. This
indicates that the exact length of the remaining posterior CC did
not correlate with scores on play behaviors. Correlation values for
scores in the adult social approach test were as follows: time spent
in the chamber containing the novel mouse, r = 0.288, NS; time
spent sniffing the novel mouse, r = 0.216, NS; cumulative time
spent in self-grooming, r = 0.106, NS. These findings indicate that
the length of the remaining posterior CC did not correlate positively
with adult sociability or lack of repetitive self-grooming. The seven
mice with complete CC transections scored in the same range as
sham controls on all parameters. The 20 mice with partial
hippocampal commissure lesions similarly scored in the same range
as sham controls on all parameters.

Control measures of motor functions and anxiety-related
behaviors in control B6, sham and CC-lesioned B6 mice

Table 2A shows results for adult male B6, sham and CC-lesioned B6
mice on open field exploratory locomotor activity and on rotarod
coordination and balance. In the open field, no significant differences
were detected across the three groups on total distance traversed in the
open field (F2,52 = 2.27, NS), time spent in the center of the open field
(F2,52 = 1.62, NS), or vertical activity (F2,52 = 1.29, NS). On the
rotarod, no significant differences were detected across the three
groups on latency to fall (F2,51 = 1.25, NS).
Table 2A shows results for adult male B6, sham and CC-lesioned

B6 mice on the EPM and lightMdark exploration tests for anxiety-
related behaviors. In the EPM test, significant group differences
were found for the percentage of time spent in the open arm
(F2,61 = 16.62, P < 0.001) and the number of open arm entries
(F2,61 = 12.92, P < 0.0001). Post hoc Scheffe tests revealed that
CC-lesioned B6 mice had higher levels of percentage open arm
time and made more open arm entries than non-operated B6 and
sham B6 mice (P < 0.01 for each comparison). Number of total
arm entries did not differ across groups (F2,61 = 3.00, NS). In the
lightMdark exploration test, no significant differences were detected
across groups on the number of transitions between the light and
dark compartments (F2,61 = 1.52, NS), the cumulative time spent in
the dark chamber (F2,61 = 2.35, NS), or the latency to first entry
into the dark chamber (F2,61 = 1.83, NS).

Juvenile play behaviors in male B6, LP/J and BTBR inbred mice

Figure 5 shows parameters of social interactions between 21-day-old
male B6, LP/J and BTBR mice. Significant strain differences were
found for nose-to-nose sniffing (F2,37 = 18.36, P < 0.0001), following

Fig. 2. Juvenile play behaviors were similar in male mice with early postnatal corpus callosum (CC) lesions or sham lesions, and in non-operated C57BL/6J (B6)
controls. No significant group differences were detected with one-way anova for: (A) nose-to-nose sniffing; (B) following; (C) push–crawl play-soliciting attempts;
and (D) arena exploration. B6, n = 8; sham, n = 22; CC lesion, n = 31. For all bar graphs shown in Figs 2, 3 and 5–8, data are presented as mean + SEM.
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the partner mouse (F2,37 = 8.27, P < 0.001), and push–crawl play-
soliciting attempts (F2,37 = 38.10, P < 0.0001). Scheffe post hoc tests
revealed that LP/J and BTBR mice exhibited fewer bouts of nose-to-
nose sniffing, fewer bouts of following and fewer bouts of push–crawl
than B6 mice (P < 0.01 for each comparison). Strain difference for

general exploration of the test arena was significant (F2,37 = 20.41,
P < 0.0001). BTBR mice showed more bouts of arena exploration
than B6 and LP/J mice (P < 0.01 for each comparison). The difference
between LP/J and B6 mice was not significant (P > 0.05), ruling out
an inactivity explanation for the lower level of social interactions in

Table 2A. Motor functions and anxiety-like behaviors in male non-operated B6, sham B6 and CC-lesioned B6 mice

Male B6 Male sham Male CC lesion

Open field activities
Total distance (cm/10 min) 1610.0 ± 83.9 2006.3 ± 116.3 2142.2 ± 140.0
Center time (s/10 min) 83.3 ± 15.2 98.1 ± 6.7 78.3 ± 7.4
Vertical activity 96.1 ± 9.1 133.7 ± 16.0 111.1 ± 11.6
Vertical jumping in the juvenile play test 0.75 ± 0.49 1.19 ± 0.47 2.50 ± 0.85
Rotarod, latency to fall (s, average of trials) 208.5 ± 19.61 234.18 ± 13.91 241.25 ± 9.08

Elevated plus-maze
Open arm time (%) 31.8 ± 5.3 30.5 ± 2.3 48.9 ± 2.4*
Open arm entries 9.6 ± 1.1 12.2 ± 1.9 16.8 ± 0.8*
Total arm entries 21.4 ± 0.80 26.8 ± 1.3 28.3 ± 1.4

LightMdark exploration
Number of transitions 37.3 ± 3.3 47.5 ± 3.6 45.8 ± 2.5
Time in the dark chamber (s) 313.9 ± 17.5 295.0 ± 16.8 345.0 ± 16.8
Latency to enter the dark chamber (s) 8.9 ± 2.5 5.0 ± 1.5 4.8 ± 0.7

Data are presented as mean ± SEM. CC lesions did not alter motor functions in male B6 mice; CC lesion reduced anxiety-like behaviors in the elevated plus-maze
test but not in the lightMdark test. *P < 0.05 vs. B6. B6, C57BL/6J; CC, corpus callosum.

Table 2B. Motor functions and anxiety-like behaviors in male B6, LP/J and BTBR mice

Male B6 Male LP/J Male BTBR

Open field activities
Total distance (cm/10 min) 1549.9 ± 114.0 1025.6 ± 125.3 2529.5 ± 223.5*,�

Center time (s/10 min) 93.9 ± 11.5 61.2 ± 37.0 94.2 ± 12.7
Vertical activity 132.3 ± 14.5 24.1 ± 6.8* 84.0 ± 19.2�

Vertical jumping in the juvenile play test 0.29 ± 0.13 8.33 ± 2.93* 0 ± 0�

Rotarod, latency to fall (s, average of trials) 244.901 ± 5.16 159.21 ± 23.87* 95.94 ± 14.54*

Elevated plus-maze
Open arm time (%) 33.4 ± 2.7 21.1 ± 3.0* 38.3 ± 3.1�

Open arm entries 11.4 ± 1.0 7.3 ± 0.8* 17.2 ± 1.5*,�

Total arm entries 24.2 ± 1.5 18.3 ± 1.3* 29.2 ± 2.1�

LightMdark exploration
Number of transitions 43.7 ± 2.9 18.0 ± 3.4* 45.2 ± 3.3�

Time in the dark chamber (s) 331.5 ± 15.1 254.9 ± 44.4* 335.8 ± 25.2
Latency to enter the dark chamber (s) 3.9 ± 1.0 150.3 ± 53.3* 6.9 ± 1.6�

Data are presented as mean ± SEM. *P < 0.05 vs. B6; �P < 0.05 BTBR vs. LP/J. BTBR, BTBR T+tf/J; B6, C57BL/6J; CC, corpus callosum.

Table 2C. Motor functions and anxiety-like behaviors in female C57BL/6J (B6), LP/J and BTBR T+tf/J (BTBR) mice

Female B6 Female LP/J Female BTBR

Open field activities
Total distance (cm/10 min) 1740.5 ± 180.0 805.4 ± 137.8* 2446.5 ± 192.2�

Center time (s/10 min) 105.5 ± 10.6 43.5 ± 10.9* 93.0 ± 18.0�

Vertical activity 121.1 ± 21.8 32.1 ± 8.2* 77.3 ± 16.1
Vertical jumping in the juvenile play test 3.4 ± 2.1 3.8 ± 2.1 0.0 ± 0.0

Elevated plus-maze
Open arm time (%) 34.1 ± 2.5 16.9 ± 3.3* 38.8 ± 2.7�

Open arm entries 13.1 ± 0.8 5.1 ± 0.8* 13.8 ± 1.2�

Total arm entries 28.0 ± 1.4 13.1 ± 1.8* 24.2 ± 1.6�

LightMdark exploration
Number of transitions 43.7 ± 3.5 10.3 ± 2.2* 41.2 ± 4.8�

Time in the dark chamber (s) 386.7 ± 14.0 420.0 ± 57.3 414.2 ± 26.7
Latency to enter the dark chamber (s) 9.9 ± 2.6 82.5 ± 49.2 6.4 ± 1.1

Data are presented as mean ± SEM. *P < 0.05 vs. B6; �P < 0.05 BTBR vs. LP/J (one-way anova followed by Scheffe post hoc test). BTBR, BTBR T+tf/J; B6,
C57BL/6J; CC, corpus callosum.
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juvenile BTBR and LP/J mice. Vertical jumping differed significantly
among the strains (F2,37 = 6.42, P < 0.01, Table 2B), with LP/J mice
exhibiting more vertical jumps than B6 and BTBR mice (P < 0.05 for
each comparison).

Adult social approach behaviors and self-grooming behavior
in male B6, LP/J and BTBR inbred mice

Figure 6 shows social approach and repetitive self-grooming results
obtained simultaneously in 8–12-week-old male B6, LP/J and BTBR
mice. B6 mice spent more time in the chamber containing the novel
mouse than in the chamber containing the novel object (F1,9 = 63.01,
P < 0.0001). BTBR mice did not spend more time in the chamber
containing the novel mouse than in the chamber containing the novel
object (F1,11 = 3.26, NS). Some of the LP/J mice exhibited very low
locomotor activity that confounded the interpretation of scores on the
social approach task, and were therefore removed from the statistical
analysis. Eighteen LP/J mice with normal locomotion (total entries
> 12) spent more time in the chamber containing the novel mouse than
in the chamber containing the novel object (F1,17 = 18.83, P < 0.001).
More time sniffing the novel mouse than the novel object was seen in
B6 mice (F1,9 = 86.63, P < 0.0001) and LP/J mice (F1,17 = 28.44,
P < 0.0001), but not in BTBR mice (F1,11 = 3.26, NS). Total entries
into the side chambers showed a significant main group effect
(F2,37 = 4.85, P < 0.01). Post hoc Scheffe tests revealed that BTBR
mice made more entries than LP/J mice (P < 0.05).

Total cumulative time spent in self-grooming during the social
approach test was significant across groups (F2,37 = 23.47,

P < 0.0001). As compared with B6 mice, both LP/J and BTBR mice
exhibited higher levels of self-grooming (P < 0.0001 for each
comparison). No significant strain differences were detected between
LP/J and BTBR mice.
The number of entries in the automated three-chambered social

approach apparatus was very low in approximately one-third of LP/J
males. Total chamber entries were fewer than 12 in these individuals
during the adult social approach test. Instead of exploring the
apparatus, as B6 and BTBR strains did, this subset of LP/J mice
tended to sit still in one place for a very long time during the test
session. Their data were therefore analysed separately. The nine
inactive male LP/J mice did not display sociability, that is, did not
spend more time in the chamber containing a novel mouse than in the
chamber containing a novel object (time in the chamber with the novel
mouse, 275.1 ± 72.8s; time in the chamber with the novel object,
174.3 ± 68.1s; F1,8 = 0.60, NS), but did spend significantly more time
sniffing the novel mouse than the novel object (time spent sniffing the
novel mouse, 79.2 ± 11.9s; time spent sniffing the novel object,
22.9 ± 7.1s; F1,8 = 17.34, P < 0.01). This subset, whose total entries
were 7.56 ± 1.46s, was not included in the data shown in Fig. 3.

Control measures of motor functions and anxiety-related
behaviors in male B6, LP/J and BTBR inbred mice

Table 2B shows results for adult male B6, LP/J and BTBR mice on
open field exploratory locomotor activity and on rotarod coordination
and balance. In the open field test, a significant strain difference was
found for total distance (F2,41 = 18.80, P < 0.001), with BTBR mice

Fig. 3. Adult sociability and levels of self-grooming were similar in male mice with early postnatal corpus callosum (CC) lesions or sham lesions, and in non-operated
C57BL/6J (B6) controls. (A) Sociability in the automated three-chambered task is defined as spending significantly more time in the side chamber containing a novel
mouse than in the side chamber containing a non-social novel object, an inverted wire pencil cup. Repeated measures anova revealed significant sociability in B6 mice
(F1,10 = 38.11, P < 0.0001), shammice (F1,18 = 54.38, P < 0.0001), and CC-lesioned B6mice (F1,34 = 150.35,P < 0.0001). (B) Time spent sniffing the inverted wire
cup containing the novel mouse vs. sniffing the empty inverted wire cup is a complementary and more sensitive measure of sociability. Repeated measures anova

revealed that B6mice (F1,10 = 112.25,P < 0.0001), shammice (F1,18 = 70.72,P < 0.0001) and CC-lesioned B6mice (F1,34 = 181.50,P < 0.0001) all spentmore time
sniffing the novel mouse than the novel object. (C) One-way anova revealed a significant main group effect for total entries (F2,58 = 4.35, P < 0.05). However, Scheffe
post hoc tests did not reveal significant differences when sham and lesioned groups were compared with the non-operated B6 group. (D) Repetitive self-grooming was
simultaneously scored during the social approach test. CC lesion did not alter the amount of self-grooming as compared with sham and B6 mice (F2,58 = 0.23, not
significant). B6, n = 11; sham, n = 19; CC lesion, n = 35. *P < 0.01 for comparison between novel object and novel mouse.
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traversing a greater total distance than B6 and LP/J mice (P < 0.01 for
each comparison). Time spent in the center of the open field did not
differ across groups (F2,41 = 0.77, NS). The strain difference for
vertical activity was significant (F2,41 = 15.87, P < 0.001). LP/J mice
exhibited fewer vertical movements than B6 mice (P < 0.01) and
BTBR mice (P < 0.05). On the rotarod test, repeated measures anova

revealed a significant strain difference for latency to fall
(F2,33 = 18.27, P < 0.0001), with both BTBR mice (P < 0.0001)
and LP/J mice (P < 0.0001) falling sooner than B6 mice.
Table 2B shows results for adult male B6, LP/J and BTBR male

mice on the EPM and lightMdark exploration tests for anxiety-related
behaviors. In the EPM test, significant strain differences were found
for the percentage of time spent in the open arm (F2,47 = 8.19,

P < 0.0001), number of open arm entries (F2,47 = 17.01, P < 0.001),
and number of total arm entries (F2,47 = 9.45, P < 0.001). As
compared with B6 and BTBR mice, LP/J mice scored lower on all
three measures (P < 0.05 or less for each comparison). BTBR mice
made more open arm entries than B6 mice (P < 0.05). In the
lightMdark exploration test, significant strain differences were found
for the number of transitions (F2,60 = 24.66, P < 0.0001), cumulative
time spent in the dark chamber (F2,60 = 3.46, P < 0.05), and latency
to enter the dark chamber (F2,60 = 7.99, P < 0.0001). As compared
with B6 and BTBR mice, LP/J mice made fewer transitions between
the light and dark compartments and exhibited longer latency to enter
the dark chamber (P < 0.01 for each comparison). LP/J mice also
spent less time in the dark chamber than B6 mice (P < 0.05). BTBR

Fig. 4. Lack of correlation between percentage of lesion-induced corpus callosum reduction and scores for juvenile play behaviors (A–C), adult sociability (D and
E), and self-grooming (F). Correlation analyses included lesioned mice only, using Pearson’s r-test. (A) Number of bouts of nose-to-nose sniffing [r = 0.304, not
significant (NS)]. (B) Number of occasions on which one juvenile male mouse followed the other juvenile mouse (r = 0.469, P < 0.05). (C) Number of push–crawl
interactions (r = 0.577, P < 0.05). (D) Time spent by the adult male subject mouse in the chamber containing the novel mouse (r = 0.288, NS). (E) Time spent
sniffing the novel mouse (r = 0.216, NS). (F) Time spent self-grooming by the adult male subject mouse in the social approach apparatus (r = 0.106, NS). Sham
surgery mice (black triangles) were not included in the statistical analyses of r-values, but are shown here for illustrative purposes only, as controls with zero for their
lesion values. Sham C57BL/6J (B6): n = 22 for juvenile play, n = 19 for social approach. Corpus callosum-lesioned B6 (white triangles): n = 31 for juvenile play,
n = 35 for social approach. Seven mice displayed complete 100% lesions, with no connections visible between the left and right cerebral cortex throughout the
rostral–caudal dimension. Social scores and self-grooming remained within control ranges in mice with complete and partial lesions.
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and B6 mice did not differ significantly on any of the measures in the
lightMdark test. Fewer total arm entries in the EPM test and longer
latency to enter the dark chamber in the lightMdark exploration test
indicated that lower general exploratory activity of LP/J mice may
explain their anxiety-like behaviors.

Juvenile play behaviors in female B6, LP/J and BTBR inbred
mice

Figure 7 displays parameters of juvenile social interaction in 21-day-
old female B6, LP/J and BTBR mice. Significant strain differences
were found for nose-to-nose sniffs (F2,30 = 18.74, P < 0.0001),
following the play partner (F2.30 = 7.83, P < 0.01), push–crawl
play-soliciting attempts (F2,30 = 14.95, P < 0.0001), and arena explo-
ration (F2,30 = 20.45, P < 0.0001). LP/J mice scored lower than B6
mice on all four measures (P < 0.01 for each), and lower than
BTBR mice on push–crawl and arena exploration (P < 0.01 for each).
BTBR mice made fewer nose-to-nose sniffs than B6 mice (P < 0.01)
and showed a trend towards reduced following. Arena exploration did
not differ significantly between BTBR and B6 mice.

Adult social approach behaviors and self-grooming behavior
in female B6, LP/J and BTBR inbred mice

Figure 8 shows social approach behaviors and self-grooming behavior
in adult female mice of the B6, LP/J and BTBR inbred strains. B6 and
LP/J mice spent more time in the chamber containing a novel mouse
than in the chamber containing a novel object (B6, F1,12 = 94.93,
P < 0.0001; LP/J, F1,20 = 6.15, P < 0.05); BTBR mice did not spend
more time in the chamber containing a novel mouse than in the

chamber containing a novel object (F1,11 = 3.26, NS). B6 and LP/J
mice spent more time sniffing the novel mouse than the novel object
(B6, F1,12 = 91.5, P < 0.0001; LP/J, F1,20 = 24.94, P < 0.0001);
BTBR mice did not spend more time sniffing the novel mouse than
the novel object (F1,12 = 3.26, NS). Total entries into the side
chambers showed a significant main group effect (F2,36 = 10.47,
P < 0.001). Post hoc analysis revealed that LP/J mice made fewer
entries than B6 and BTBR mice (P < 0.01 for each comparison).
Strain difference for repetitive self-grooming was significant
(F2,36 = 23.27, P < 0.001). BTBR and LP/J mice spent more time
in self-grooming than B6 mice (P < 0.01 for each comparison).
As found in the males, approximately one-third of LP/J females

exhibited low levels of activity; that is, total chamber entries were
fewer than 12 in the adult social approach test. Their data were
therefore analysed separately. The 11 inactive female LP/J mice did
not spend more time in the chamber containing a novel mouse than in
the chamber containing a novel object (time in the chamber with the
novel mouse, 157.5 ± 71.7; time in the chamber with the novel object,
127.0 ± 60.7; F1,10 = 0.08, NS) and did not spend more time sniffing
the novel mouse than the novel object (time spent sniffing the novel
mouse, 62.5 ± 23.0; time spent sniffing the novel object, 17.3 ± 10.0;
F1,10 = 3.55, NS). This subset, whose total entries were 3.36 ± 1.13,
was not included in the data shown in Fig. 8.

Control measures of motor functions and anxiety-related
behaviors in female B6, LP/J and BTBR inbred mice

Table 2C shows adult open field activities and bouts of jumping
during the juvenile play test in female B6, BTBR and LP/J mice.

Fig. 5. Deficits in juvenile play behaviors in 21-day-old male LP/J and BTBR T+tf/J (BTBR) mice as compared to C57BL/6J (B6) mice. One-way anova revealed
significant strain differences in: (A) nose-to-nose sniffing (F2,37 = 18.36, P < 0.0001); (B) following the partner mouse (F2,37 = 8.27, P < 0.001); (C) push–crawl
play-soliciting attempts (F2,37 = 38.10, P < 0.0001); and (D) arena exploration (F2,37 = 20.41, P < 0.0001). Scheffe tests revealed that LP/J and BTBR mice
exhibited fewer bouts of nose-to-nose sniffing, fewer bouts of following and fewer bouts of push–crawl than B6 mice (P < 0.01 for each comparison), and that
BTBR mice showed more bouts of arena exploration than B6 and LP/J mice (P < 0.01 for each comparison). B6, n = 14; LP/J, n = 15; BTBR, n = 11. *P < 0.01
vs. B6; #P < 0.01 for BTBR vs. LP/J.
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Significant strain differences were found for total distance
(F2,46 = 25.01, P < 0.001), center time (F2,46 = 7.55, P < 0.01),
and vertical activity (F2,46 = 7.75, P < 0.01). As compared with B6
and BTBR mice, LP/J mice traversed shorter total distances
(P < 0.01 for each) and spent less time in the center (P < 0.05
for each). BTBR mice traveled longer total distances than B6 mice
(P < 0.01). LP/J mice made fewer vertical movements than B6
mice (P < 0.01). Vertical jumping during the juvenile play test did
not differ across strains (F2,30 = 1.10, NS).
Table 3 shows anxiety-related tests in adult female B6, LP/J and

BTBR mice. In the EPM test, significant strain differences were found
for the percentage of time spent in the open arm (F2,43 = 16.10,
P < 0.0001), number of open arm entries (F2,43 = 10.08, P < 0.001),
and number of total arm entries (F2,43 = 21.049, P < 0.001). As
compared with B6 and BTBR mice, LP/J mice had lower percentage
open arm time, made fewer open arm entries, and made fewer total
entries (P < 0.001 for each comparison). BTBR and B6 mice did not
differ significantly on any of these measures. In the lightMdark
exploration test, a significant strain difference was found for the
number of transitions (F2,43 = 20.26, P < 0.001). LP/J mice made
fewer transitions than B6 and BTBR mice (P < 0.01 for each
comparison). No significant strain difference was found for time spent
in the dark chamber (F2,43 = 0.72, NS). Strain difference was
significant for the latency to enter the dark chamber (F2,43 = 3.27,
P < 0.05), but Scheffe post hoc tests did not reveal significant
differences among the three strains.

Discussion

Mice of the inbred BTBR strain display impaired reciprocal social
interactions as juveniles, reduced social approach and reduced
reciprocal social interactions as adults, less social transmission of
food preference, qualitatively and quantitatively unusual vocalizations,
and high levels of repetitive self-grooming across developmental ages,
as compared with the standard B6 inbred strain (Bolivar et al., 2007;
Moy et al., 2007; McFarlane et al., 2008; Scattoni et al., 2008),
representing traits relevant to the first, second and third diagnostic
symptoms of autism. The currently known major neuroanatomical
abnormalities in BTBR mice are: complete abscence of the corpus
callosal connections between the right and left cerebral cortex, and a
reduced hippocampal commissure, along with a normal anterior
commissure (Wahlsten et al., 2003; Kusek et al., 2007). One possible
explanation for the behavioral abnormalities in the BTBR strain is
its acallosal condition and/or other white matter connectivity
abnormalities. We addressed the CC hypothesis using two
complementary approaches: (i) experimental lesions of the CC in a
standard inbred strain, B6, at P7; and (ii) comparison of the BTBR
strain with the inbred strain LP/J, which is adjacent to the BTBR strain
on the mouse family tree but has an intact CC. The acallosal BTBR
strain displayed lack of adult sociability, low scores on some measures
of juvenile play, and high levels of repetitive self-grooming in the
present study, consistent with previous reports from multiple cohorts
tested in three different laboratories (Moy et al., 2007; Yang et al.,

Fig. 6. Deficits in sociability in adult male BTBR T+tf/J (BTBR) mice and repetitive self-grooming in BTBR and LP/J mice as compared to C57BL/6J (B6) mice.
Sociability in the automated three-chambered apparatus is defined as spending significantly more time in the side chamber containing a novel mouse than in the side
chamber containing a non-social novel object. (A) Repeated measures anova revealed significant sociability in B6 mice (F1,9 = 63.01, P < 0.0001) and LP/J mice
(F1,17 = 18.83, P < 0.001), but not in BTBR mice [F1,11 = 3.26, not significant (NS)]. (B) Time spent sniffing the novel mouse vs. the novel object provides a
complementary measure of sociability. Repeated measures anova revealed that B6 mice (F1,9 = 86.63, P < 0.0001) and LP/J mice (F1,17 = 28.44, P < 0.0001)
spent more time sniffing the novel mouse than the novel object, whereas BTBR mice (F1,11 = 3.26, NS) did not. (C) Total entries into the side chambers showed
a significant main group effect (one-way anova, F2,37 = 4.85, P < 0.01). Scheffe tests revealed that BTBR mice made more entries than LP/J mice (P < 0.05).
(D) Repetitive self-grooming was simultaneously measured during the social approach test. One-way anova indicated that LP/J and BTBR mice spent more time
engaged in self-grooming than B6 mice (P < 0.0001 for each comparison). B6, n = 10; LP/J, n = 18; BTBR, n = 12. (A and B) *P < 0.01 for comparison between
novel mouse and novel object sides. (C) #P < 0.05 for BTBR vs. LP/J. (D) *P < 0.0001 vs. B6.
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2007a,b; McFarlane et al., 2008). However, postnatal surgical
disconnection of the CC did not impair behaviors in either the
juvenile social interaction test or the adult social approach test, and did
not elevate self-grooming, providing evidence against the hypothesis
that CC disconnection is a causal factor for social deficits and/or
repetitive behaviors in mice.
Our findings are consistent with human studies reporting that

children with congenital AgCC do not uniformly exhibit autism-like
symptoms. Although a high percentage (�40%) of children with
AgCC are found to have unusual social interactions (Badaruddin et al.,
2007), the forms of social abnormalities most frequently cited in
AgCC patients are ‘emotional immaturity, lack of introspection,
impaired social competence, general deficits in social judgement and
planning, and poor communication of emotions’ (Paul et al., 2006,
2007). Core symptoms of autism, such as aloofness and repetitive/
restricted behaviors, are not major characteristics of AgCC children
(Badaruddin et al., 2007). The social problems of AgCC individuals
may be more closely related to their deficits in cognitive integration,
for which the CC might be important. Furthermore, social problems
typically do not become obvious in AgCC children until 6 years of
age, whereas symptoms of autism are usually detected before age
2 years, and the diagnosis can be reliably made by age 3 years
(Volkmar et al., 2005; Geschwind & Levitt, 2007). In addition, human
epilepsy patients who received surgical lesions of the CC displayed no
adverse consequences on neurophysiological measures, physical
health, or motor functions, and remained largely normal in terms of
personality and social behaviors (Gazzaniga et al., 1975; Wilson et al.,
1978; Sass et al., 1988; Mamelak et al., 1993; Lassonde & Sauerwein,

Fig. 7. Juvenile play behaviors in 21-day-old female C57BL/6J (B6), LP/J and
BTBR T+tf/J (BTBR) inbred mice. One-way anova revealed significant strain
differences in: (A) nose-to-nose sniffing (F2,30 = 18.74, P < 0.0001); (B)
following the play partner (F2.30 = 7.83, P < 0.01); (C) push–crawl play-
soliciting attempts (F2,30 = 14.95, P < 0.0001); and (D) arena exploration
(F2,30 = 20.45, P < 0.0001). Scheffe post hoc tests revealed that LP/J mice
scored lower than B6 mice on all four measures (P < 0.01 for each comparison)
and lower than BTBR mice on push–crawl and arena exploration (P < 0.01 for
each comparison). BTBR mice made fewer nose-to-nose sniffs than B6 mice
(P < 0.01) and showed a trend towards reduced following. B6, n = 12; LP/J,
n = 15; BTBR, n = 9. *P < 0.01 vs. B6; #P < 0.01 for BTBR vs. LP/J.

Fig. 8. Deficits in sociability in female BTBR T+tf/J (BTBR) mice and repetitive self-grooming in female BTBR and LP/J mice as compared with C57BL/6J (B6)
mice. (A) Repeated measures anova revealed significant sociability in B6 mice (F1,12 = 94.93, P < 0.0001) and LP/J mice (F1,20 = 6.15, P < 0.05) but not in
BTBR mice [F1,11 = 3.26, not significant (NS)]. (B) Repeated measures anova revealed that B6 mice (F1,12 = 91.5, P < 0.0001) and LP/J mice (F1,20 = 24.94,
P < 0.0001) spent more time sniffing the novel mouse than the novel object, whereas BTBR mice did not (F1,12 = 3.26, NS). (C) Total entries into the side chambers
showed a significant main group effect (one-way anova, F2,36 = 10.47, P < 0.001). Scheffe tests revealed that LP/J mice made fewer entries than B6 and BTBR
mice (P < 0.01 for each comparison). (D) Repetitive self-grooming was simultaneously measured during the social approach test. Strain difference for self-grooming
was significant (F2,36 = 23.27, P < 0.001). BTBR and LP/J mice spent more time in self-grooming than B6 mice (P < 0.01 for each comparison). B6, n = 12; LP/J,
n = 21; BTBR, n = 13. (A and B) *P < 0.01 for comparison between novel mouse and the novel objects side. (C and D) *P < 0.01 vs. B6; #P < 0.01 for BTBR vs.
LP/J.
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1997; Rougier et al., 1997; Devinsky & Laff, 2003). These behavioral
differences between callostomy patients and AgCC children vs.
autistic individuals support our interpretation that CC disconnection is
not the causal factor for autism-like behavioral symptoms in mice.
Although CC-lesioned B6 mice did not resemble BTBR mice in

social and repetitive behaviors, they showed phenotypes similar to
those of BTBR mice in two non-social tests, namely the EPM
anxiety test and the open field exploration test. Both CC-lesioned
and BTBR mice displayed high exploration and low anxiety-like
scores on some components of these tasks. It is thus instructive to
compare the elevated open field exploratory activity and anxiolytic-
like scores on the EPM test in intact B6 mice, in CC-lesioned mice,
and in the acallosal BTBR strain. One interpretation of the
similarities between BTBR and CC-lesioned B6 mice in these tests
is that different genes mediate exploratory, anxiety-related and social
traits. It is also possible that the CC plays a role in regulating
exploratory and anxiety-like traits that are dissociable from socia-
bility. A third interpretation of the anxiolytic-like profile of CC-
lesioned mice is that CC-lesioned pups received additional maternal
care when returned to the nest, for example extra licking and
grooming by their dams, an environmental factor that reduces
anxiety-like scores in rodents (Caldji et al., 1998; Meaney, 2001).
Furthermore, the required checking of post-lesion mice by the
investigators and animal care-takers in our vivarium involved extra
handling, a factor that could reduce anxiety-like scores (Vallée et al.,
1997).
It is important to recognize that experimental lesions at P7 do not

replicate congenital CC agenesis, which begins at an embryonic
stage. Therefore, the present neonatal CC lesion is not expected to
completely recapitulate the phenotype of the acallosal BTBR strain,
in which the CC is absent from the earliest stages of brain
development, and which may incorporate other intrahemispheric and
long pathway connectivity abnormalities that have not yet been
discovered. Furthermore, unidentified genes in the B6 background
could conceivably protect B6 mice from the behavioral
consequences of CC lesion at P7, thus complicating a direct
comparison of behavioral phenotypes in BTBR and CC-lesioned B6
mice.
Another explanation, which will be important for future research,

is the possibility that the lack of CC and partial reduction in
hippocampal commissure size in BTBR mice (Wahlsten et al., 2003)
may represent more pervasive abnormalities in commissural devel-
opment, white matter pathways, and connectivity. Preliminary
examination of the brains of BTBR mice revealed unusual charac-
teristics in several structures other than the CC, for example Probst
bundles. It will be interesting to pursue in-depth imaging of white
matter pathways in BTBR mice, to determine the scope of

connectivity dysfunctions in this mouse strain. Human imaging
studies of individuals with autism have found white matter structural
deficits and connectivity abnormalities (Castelli et al., 2002;
Casanova, 2004; Chung et al., 2004; Just et al., 2004, 2007; Waiter
et al., 2005; Boger-Megiddo et al., 2006; Cherkassky et al., 2006;
Geschwind & Levitt, 2007; Kana et al., 2007; Keller et al., 2007;
Koshino et al., 2008; Sundaram et al., 2008), offering a compelling
hypothesis for the cause of autism and other neurodevelopmental
disorders. Structural and functional imaging of the BTBR mouse
brain across developmental ages will be needed to fully understand
the neuroanatomical irregularities in fiber tracts that may underlie its
autistic-like behavioral abnormalities.
The LP/J strain is the closest genetic relative to the BTBR strain

(Witmer et al., 2003; Petkov et al., 2004). The LP/J strain offers an
interesting comparison to the BTBR strain, because the CC is intact in
LP/J mice and absent in BTBR mice. Results from the present
experiments revealed that LP/J mice are similar to BTBR mice on
some traits but differ on others (Table 3). At early juvenile ages, LP/J
mice displayed less reciprocal social interactions than B6 mice,
consistent with the BTBR phenotype. At adult ages, LP/J mice
displayed high levels of repetitive self-grooming, consistent with the
BTBR phenotype. In contrast, adult sociability was significant in LP/J
and B6 mice but not in BTBR mice. One interpretation is that social
deficits are present at young ages in LP/J mice, but are resolved over
the course of development by adult ages, whereas repetitive behaviors
persist into adult ages. Another interpretation is that unusual
phenotypes in other aspects of LP/J behaviors confound the direct
comparisons with BTBR mice. Some of the LP/J mice displayed
unusual behaviors not seen in BTBR mice, including sporadic vertical
jumping during the juvenile play test, locomotor inactivity in the open
field test, and anxiety-like traits.
Low exploratory activity, high anxiety-like scores and high adult

sociability in LP/J mice are opposite in direction to the BTBR and
CC-lesioned phenotypes. However, physical differences in LP/J
mice could be the source of anxiety-related behavioral traits,
including their smaller body size (Mouse Phenome Database, http://
phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/home) and low-
er rate of reproduction. In our breeding facility, typical litter sizes
were 1–4 pups/litter for LP/J mice and 8–12 pups/litter for BTBR
mice (unpublished observations). As the strains were tested as
groups, rather than identified as individuals, it was not possible to
conduct longitudinal comparisons to determine whether the same
individuals displayed low open field activity and low entries
during adult social approach, and/or were the same individuals
with unusual scores on other tasks and physical measures.
Comparisons across tests for LP/J individuals will be useful for
future studies.

Table 3. Summary of corpus callosum-lesioned, sham surgery and inbred strains of mice on behaviors relevant to the first diagnostic symptom of autism,
qualitative impairment in social interaction, and to the third diagnostic symptom of autism, stereotyped and repetitive patterns of behavior with restricted interests

C57BL/6J C57BL/6J with CC lesion LP/J BTBR T+tf/J

Corpus callosum Present Completely or partially
disconnected

Present Congenitally
absent

Juvenile play behaviors High High Low Low
Adult social approach High High High Low
Repetitive self-grooming Low Low High High
Open field exploratory behaviors Medium Moderately elevated Low High
Elevated plus-maze anxiety-like behaviors Normal Anxiolytic-like Anxiety-like Normal
LightMdark exploration anxiety-like behaviors Normal Normal Anxiety-like Normal
Motor coordination Good Good Poor Poor

Exploratory locomotion and motor coordination are summarized as procedural controls for the social tasks.

1674 M. Yang et al.

ª The Authors (2009). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 29, 1663–1677



Although the BTBR and LP/J strains are immediately adjacent on
the mouse family tree (Witmer et al., 2003; Petkov et al., 2004),
there is still a substantial percentage (�24%) of single-nucleotide
polymorphism differences between these two strains (P. M. Petkov,
The Jackson Laboratory, personal communication). In addition, the
proportion of microsatellite marker alleles that are identical between
the BTBR and LP/J strains is 54.7%, indicating substantial genetic
differences (Wahlsten et al., 2003). Separate alleles may regulate
functions relevant to the CC and other white matter pathways, and
relevant to the adult social behaviors, fertility, locomotor activity
and anxiety-like behaviors that were found to differ between LP/J
and BTBR mice in the present study. Thus, genes that regulate
brain development, connectivity, social behaviors, locomotion,
anxiety-related traits and reproductive functions could interact with
genes responsible for CC development, complicating the unambig-
uous interpretation of the cause of behavioral similarities and
differences between LP/J and BTBR mice.

CC reductions in cross-sectional area have been reported by
Wahlsten et al. (2003) for several other inbred strains of mice,
including 129S1/SvImJ, A/J, BALB/c, C3H/HeJ, NZB/B1NJ, SJL/J,
and SWR/J. BALB/cJ mice displayed low sociability at age 30 days
(Brodkin, 2007; Fairless et al., 2008), interacted at low levels with
former cage mates at 4–6 days post-weaning (Panksepp et al., 2007),
and showed low scores on socially conditioned place preference
(Panksepp & Lahvis, 2007). BALB/cBy/J males at age 6–7 weeks
displayed low levels of social approach (Moy et al., 2007). Similarly,
129S1/SvImJ and A/J mice showed low levels of sociability in several
tasks (Brodkin et al., 2004; Bolivar et al., 2007; Moy et al., 2007).
However, it must be noted that concomitant low levels of exploratory
activity and comparatively high levels of anxiety-like traits have been
extensively described for BALB, A/J and 129S1/SvImJ mice (Mathis
et al., 1995; Griebel et al., 2000; van Gaalen & Steckler, 2000;
Bouwknecht & Paylor, 2002; Cook et al., 2002; Moy et al., 2007),
raising potential artifactual confounds for interpreting social approach
and social interaction deficits in these strains. Furthermore, some
strains with modest CC sizes, including C3H and SWR/J, showed high
social approach scores, whereas NOD/LtJ, a strain with a large CC,
exhibited low sociability (Wahlsten et al., 2003; Moy et al., 2007,
2008), indicating that reduced CC size is unlikely to be a definitive
predictor of social scores in mice. Interactions of multiple genes and
other biological, neuroanatomical and behavioral factors are likely to
contribute to social traits in mice and other species.

No major sex differences were detected on social scores and
repetitive behaviors in B6, BTBR and LP/J mice. BTBR females
showed low scores on nose-to-nose sniffing and following during
juvenile play, lack of adult sociability in the three-chambered task on
chamber time and sniffing time, and high levels of self-grooming,
similar to BTBR males. Both sexes of LP/J mice showed low scores
on all measures of juvenile play, and exhibited high levels of repetitive
grooming. The general lack of sex differences in BTBR and LP/J mice
suggests that X-linked genes and sexually dimorphic factors are
unlikely to be primary substrates for the social deficits and repetitive
behaviors in these two strains. Other hypotheses that have recently
been ruled out include the effects of early maternal care (Yang et al.,
2007b) and circadian factors (Yang et al., 2007a) on the BTBR
behavioral phenotype.

In conclusion, our findings suggest that early postnatal surgical
disconnection of the CC fiber tract in B6 mice does not result in the
social deficits or repetitive self-grooming that characterize BTBR
mice, which have congenital AgCC. In addition, LP/J, the inbred
strain that shares the most genes with the BTBR strain but has an
intact CC, shares some autism-relevant behavioral traits with the

BTBR strain, including juvenile social deficits and repetitive self-
grooming. Juvenile reciprocal social interactions, adult social
approach, general exploratory activity, anxiety-related behaviors
and CC integrity appear to represent discrete traits with separable
genetic determinants. Taken together, these several findings suggest
that genes regulating other aspects of connectivity and brain
development, rather than those regulating CC development specif-
ically, are more likely to be responsible for the social and repetitive
abnormalities in BTBR mice. Unusual single-nucleotide polymor-
phisms in BTBR mice (McFarlane et al., 2008) and genetic loci on
the X chromosome linked to CC absence in BTBR mice (Kusek
et al., 2007) have been reported. It will be important to conduct a
comprehensive investigation of unusual alleles, epigenetic factors
and copy number variants in the BTBR background, to increase our
understanding of the genetic basis of autism-like phenotypes in the
BTBR mouse model of autism.
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