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Autism-like  behavioral  phenotype  can  be  measured  by  the  jammed/running  wheel  paradigm.
ICR  and  C57  mice  were  found  behaviorally  typical.
BTBR  mice  exhibited  autistic-like  phenotype.
No  autistic-like  behavioral  phenotype  was found  in  the  NLGN3-KI  mice.
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a  b  s  t  r  a  c  t

Three  core  symptoms  of  autistic  spectrum  disorders  are  stereotypic  movements,  resistance  to  change
in routines  and  deficits  in social  interaction.  In order  to understand  their  neuronal  mechanisms,  there
is a  dire need  for behavioral  paradigms  to assess  those  symptoms  in  rodents.  Here  we  present  a novel
method  which  is  based  on positive  reward  in a  customized  wheel-running  apparatus  to  assess  these
symptoms.  As  a proof  of  concept,  4 mouse  strains  were  tested  in  the  new  behavioral  paradigm;  2  control
lines (C57BL/6  and  ICR)  and  2  mouse-models  of  autism  (BTBR  T+ tf/J  and  Nlgn3tm1Sud). We  found  that
the  C57BL/6,  ICR  and  Nlgn3tm1Sud mice  showed  a significant  reduction  in  stereotypical  behavior  in  the
presence  of the  running  wheel,  ability  to forfeit  the  running  habit  when  the  running-wheel  was  jammed,
and  preference  of  interacting  with  a social  stimulus  over  the jammed  running-wheel.  No  difference  was
found  between  genotypes  of  the  Nlgn3tm1Sud mice.  On  the  other  hand,  the BTBR  mice exhibited  persistent,
ognitive rigidity
unning wheel

elevated  levels  of stereotypical  behavior.  In addition,  they  presented  a deficit  in their  ability  to  adjust
to  a changing  environment,  as  manifested  in  persistence  to interact  with  the  wheel  even  when  it was
jammed.  Lastly,  the  BTBR  mice  exhibited  no  significant  preference  to interact  with  the  stranger  mouse
over the  jammed  running-wheel.  These  results  were  validated  by a  set of commonly  used  behavioral
tests.  Overall,  our  novel  behavioral  paradigm  detects  multiple  components  of autistic-like  phenotypes,
including  cognitive  rigidity,  stereotypic  behavior  and  social  deficiency.
. Introduction

Autism spectrum disorders (ASD) are neurodevelopmental dis-
rders characterized by persistent deficits in social communication
nd social interaction across contexts and restricted, repetitive
atterns of behavior, interests or activities [1,2]. The repetitive
ymptom can be divided into ‘lower-order’, including stereo-
ypic movements and self-injury, and ‘higher-order’ responses

eflecting general cognitive rigidity, such as restricted, obsessive
nterests and habits alongside strong resistance to environmental
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change [3–5]. Autism is defined by both aspects of stereotypical
behavior [1].

Twin studies have demonstrated a clear genetic linkage for the
disorders [6,7] and large-scale genetic screenings have highlighted
more than 130 genes as associated with autism [8]. Unfortunately,
none of these genes has been reported to account for more than 3%
of ASD cases [9].  Therefore, disease etiology is thought to involve
an interaction between genetic susceptibility and environmental
factors [9,10].  Nevertheless, various promising mouse lines geneti-
cally manipulated in genes associated with the disorder have been
generated [11,12].

Any mouse model of a mental disorder must demonstrate

behavioral similarities to the human symptoms [13]. A great
improvement has been achieved in recent years in standardizing
the “phenotyping tool-box” for mouse models of autism [14–16].
However, while standardized tests exist for communication and
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ocial approach (reviewed in Refs. [11,12]), there is a need to
roaden the repository of tests for assessment of the stereotypical
repetitive) behavior, insistence on sameness and social interaction
ymptoms.

In mice, lower-order stereotypies are mostly measured by the
arble burying test [17] and video-taped observations of the

nimals’ behaviors in their home-cages, such as continuous self-
rooming, jumping, obsessive digging and hatching on the cage’s
rid [18].

The approach to assess higher-order rigidity is based on the
ationale that mice could be trained to accomplish a task, and then
orced to make a change in it. To this end, modifications of the
tressful tests aimed to measure spatial learning and memory such
s the T- and Y-mazes [16] and Morris water maze [19] are used.
owever, it must be taken into account that success in the task is
ffected also by vision [20] and reaction to stress [21].

Social preference is most widely tested using the 3-chamber test
22], in which the subject mouse is to choose between two  reward-
ng stimuli: an empty wire-cage or a cage containing an unfamiliar

ouse. Social interaction is also studied by observation of the play
n cohorts of juvenile mice, and of the behavior of the adult follow-
ng introduction of a freely behaving mouse to its home-cage, with
o additional stimuli [23,24].

Phenotyping of several inbred strains of mice using the above
xperimental paradigms revealed that BTBR T+ tf/J (BTBR) mice
xhibit robust autistic-like behavior manifested in all three core
ymptoms of the syndrome: they play less as juvenile, lack social
reference as adult, emit fewer ultra-sonic vocalizations and dis-
lay high levels of repetitive behavior such as self-grooming and
arble-burying. Importantly, the strain’s general health is normal

nd these autistic-like characteristics were reproduced in different
aboratories [12,16,23,25–29].

Dozens of genetic modified mouse models for autism have been
enerated and behaviorally tested in the recent years. Among them
s the B6;129-Nlgn3tm1Sud/J (NL3-KI) mouse model which carries an
451C mutation in the Nlgn3 (neuroligin 3) gene, that was found in

 family affected with ASD [30]. The gene is located on chromosome
 and encodes a cell adhesion protein present at the postsynaptic
ide of the synapse. It connects to neurexin in the presynaptic side
o form a gap junction [31,32],  and thus may  play a crucial role in
he formation of functional synapses [33]. Interestingly, discrep-
ncy exists as for this model behavioral resemblance of the autistic
henotype between different laboratories [34–36].  Expanding the
cope of relevant behavioral tests may  help settling this disagree-
ent.
In the current study we set to broaden the tool-box of the

ehavioral tests relevant to mouse models of autism by estab-
ishing a novel, easy to conduct approach specifically designed to
ssess the stereotypical behaviors, rigidity to change habits and
ocial interactions of mice utilizing positive reinforcement and by
xposing the subject animals to a relatively non stressful environ-
ent. Specifically, in order to make the mice gain a habit we  took

dvantage of their innate wheel-running tendency [37], a highly
ewarding activity [38–40].  Although the initiating mechanisms of
he wheel-running behavior are not fully understood, mice learn
ithin minutes to run on wheels, and reach a stable, ‘automatic’

ehavior in response to the wheel within few days (reviewed in Ref.
37]). Habits were defined as “learned sequences of acts that have
ecome automatic responses to specific cues, and are functional in
btaining certain goals or endstates” ([41], p. 104). Since wheel-
unning is an automatic response to the presence of the wheel, and
he reward can serve as an endstate, it can be referred to as a habit.
Analysis of the latency to start running may  serve as a measure
or positively motivated learning and habit gaining. A change in
he habit may  be achieved by jamming the running-wheel. Mea-
urement of the time dedicated to behaviors such as digging when
 Research 233 (2012) 405– 414

the wheel is running or jammed may  be an intrinsic measure of
stereotypical behaviors. Finally, social interaction can be assessed
by introducing a stranger mouse into the running-wheel chamber
and measuring interaction with the jammed wheel (object) versus
the mouse.

The present study comes to validate the utility of the wheel-
running test to evaluate autistic-like phenotype by addressing it to
4 mouse strains. The strains chosen for this validation were inbred
(C57BL/6) and outbred (ICR) wild-type mice, commonly used as
controls in neurobehavioral studies, as well as 2 mouse strains that
were reported to exhibit traits of the autistic phenotype (BTBR and
NL3-KI mouse-lines), as described above. All mouse strains were
tested in our novel running wheel assay and the results were com-
pared to a set of commonly used autism-related assays.

This study demonstrates that the running-wheel test can be
used as a robust and easy to use tool to assess the 3 core symp-
toms of autism in mouse models. In addition, it supports and adds
to the previous reports [26,42–44] of the usefulness of the BTBR
strain as a mouse model for autism.

2. Materials and methods

2.1. Animals

All subjects in this study were male, in accordance with the strong male:female
gender bias (at least 4:1) in ASD [2].  Six C57BL/6JOlaHsd (C57) inbred and 6
Hsd:ICR[CD-1] (ICR) outbred mice (Harlan Laboratories, Rehovot, Israel) served as
control groups in the preliminary experimentation of the running-wheel assay. Later
on,  additional groups of 6 C57 and 6 ICR mice were examined for reproducibility of
the test, alongside a group of 8 BTBR, 7 B6;129-Nlgn3tm1Sud/J knock-in (NL3-KI) and
7  of their wild type littermates (NL3-WT) (The Jackson Laboratory, Bar Harbor, ME).
These mice were used for the running wheel assay and the set of validation tests.
Since the BTBR mice dag extensively in the bedding and did not gain the running
habit (see Section 3.1.2), an additional group of 8 BTBR mice was tested in the same
apparatus but without any bedding.

Animals were housed separately by strain, with three to five mice per cage. At
sexual maturity (7 weeks of age) mice were housed separately and maintained on
a  reverse 12/12 h light/dark cycle. Behavioral assays began when mice were at 8
weeks of age, and lasted 2 weeks. All animals were sexually naïve. All experimental
procedures were approved by and conducted in strict compliance with the poli-
cies on animal welfare of the Institutional Animal Care and Use Committee of the
Weizmann Institute of Science.

2.2. Test procedures

The animals were subjected to the following battery of behavioral assays: (1)
jammed running wheel series of assays (three consecutive stages; see below); (2)
3-chamber sociability assay; (3) general locomotion; (4) elevated plus-maze, and
(5)  “Wet” T-maze. All tests took place in the same room dedicated for behavior only,
during the dark active period of the animals. For all but the “wet” T-maze the room
was dimly lit with red light. “Wet” T-maze was  conducted under white fluorescent
lighting. The experiments were recorded by low-light sensitive video cameras con-
nected to a digital video recording (DVR) unit under infra-red illumination. At the
beginning of each experiment day, animals were moved to the experiment room and
were allowed 30 min  to acclimate. All mice appeared to be healthy at the conclusion
of  the testing sequence.

2.3. The jammed running wheel test

2.3.1. Apparatus
The running-wheel apparatus was a transparent Plexiglas cage, sized

30  cm × 30 cm × 25 cm,  covered with ∼0.5 cm standard soil bedding and included ad
libitum water and rodent food pellets. For the BTBR mice, two groups were tested-
one  with bedding and the other without bedding (see Section 3.1.2) (Fig. 1A and B).
A  standard plastic mouse running wheel, 14 cm in diameter, was attached to one of
the walls and could either turn or be jammed by a metal pin (Fig. 1C).

2.3.2. Gaining and maintaining the running on a wheel routine
At  the first 4 days of the experiment, the mice were put in the chamber and

allowed to run freely on the wheel, for 30 min. Routine (habit) gaining was  assessed
by  measuring the latency to start running in each day.
2.3.3. Stereotypical behavior assessment
Previous studies showed that a freely running, but not a jammed wheel, leads to

reduction in stereotypical behaviors [45–48]. Therefore, time spent by the subject
being involved in a stereotypical behavior (digging in the bedding) while the wheel
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ig. 1. The jammed running wheel assay. Experimental apparatus: (A) top and (B) si
f  the wheel when inserted (scale bars = 5 cm). Methodology: (D) scheme of the exp

as  freely running (on day 4) was compared to the time spent when the wheel
as  jammed by the metal pin (on day 5). The working hypothesis stated that time
edicated by a neurotypical animal to stereotypical behavior should be lower when
he  wheel in free.

.3.4. Cognitive rigidity measurement
Following acquisition of the wheel running routine, it was  jammed for two con-

ecutive days, in which the mice spent 15 min  in the chamber. The ability to forfeit
 habit was measured by comparing time spent in interaction with the wheel in the
ast running day (day 4) and the two jammed days (day 5 and day 6). The work-
ng  hypothesis stated that a neurotypical mouse should decrease interaction time
etween the days.

.3.5. Social interaction evaluation
In the last day of the running wheel test (day 7) a freely behaving novel stranger

ouse (5 weeks old male, ICR mouse strain) was  introduced to the running-wheel
pparatus. Since running on a wheel is a highly motivating activity (reviewed in Ref.
37]),  the wheel was  still jammed in order to avoid motivational conflict with social
eek. A comparison between duration of time spent interacting with the mouse and
ith the jammed running-wheel in a 10 min  trial served to measure social interac-

ion. A mouse with a robust autistic-like social deficit was hypothesized to spend
ore time interacting with the wheel (object) versus the mouse.

.3.6. Scoring
Interaction time with the wheel in days 1 through 4 was  scored when the mouse

urned the wheel. In days 5 through 7, interaction was  scored as any movement of
he mouse that would have made the wheel move, if it was  free. Time the mouse
pent on top of the wheel was excluded. Preliminary studies showed that analysis
f  the initial 10 min  of each trial were sufficient to detect the main effects (data not
hown), thus this period of time was analyzed. Social interaction was considered as

ny  physical engagement initiated by the subject. Digging was scored when pieces of
he bedding were intentionally moved by the mouse. Behaviors were recorded using
he Observer® software (Noldus, Wageningen, the Netherlands) by an experienced
valuator, who  was  blind to genotype for the NL3 mice. Blind measurement was not
ossible for the other strains due to different coating colors.
w of the apparatus. (C) Magnification of the jamming pin that prevented movement
ntal procedure.

2.4. General locomotion

The apparatus was the cage of the running-wheel excluding the wheel. Mice
were put in the cage for 5 min. Total distance traveled was measured by the Ethovi-
sion software (Noldus).

2.5. “Wet” T-maze

This test served to validate the cognitive rigidity, according to Guariglia et al.
[49].  The mice learned to find a hidden platform in a T-shaped water pool. After
learning and habituating that the platform is located in one arm of the maze, the
platform was hidden in the opposite arm. The size and the shape of the pool allowed
a  relatively fast acquisition in the learning stages. A cognitively rigid mouse was
expected to have difficulties in reversal learning with no deficiency in learning the
task.

The water maze consisted of a rectangular Plexiglas cage, sized
40 cm × 40 cm × 20 cm,  divided into 4 chambers and located in a room with
numerous high contrast visual cues. One chamber was closed to form a “T” shape.
The  cage was filled with water 15 cm in depth, kept on 25 ± 1 ◦C. An escape platform
(diameter = 8 cm)  was submerged 0.5 cm below water level. Subjects had 5 trials
during each of the 4 experiment days. The animals were put in the starting chamber
facing the wall, and were allowed to swim for 90 s until finding the platform. If
the mouse found and mounted the platform, it was allowed to stay on it for 15 s. If
not,  it was guided to the platform by the experimenter and allowed to stay there
for  15 s. After each trial, mice were gently wiped and put into a previously heated
standard mouse cage. The mice stayed in the warm cage until their fur dried, and
then placed back in their home-cage until the next trial. Inter-trial interval was
longer than 5 min. On the first and second days, the platform was located in one
arm,  while on the third and fourth days it was  located in the opposite arm.

Latency to mount the platform was  measured using stop-watch from the
moment the mouse was released in the water until it stood safely on the platform. If

a  mouse did not find the platform within 90 s, a value of 90 s was recorded, and the
mouse was  guided to the platform. In addition, the first arm the mouse entered was
recorded as correct/wrong turn, depending on the current location of the platform.
An  exclusion criterion was set to 80% correct turns in the second day. Only mice that
met  the criterion were included in analysis.
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Fig. 2. Assessing the symptoms of ASD with the running-wheel assay. (A) Stereotypical behavior. Duration of digging activity in the last running day and the first jammed
day.  (B) Gaining the running habit. Latency to start running in each of the running days. (C) Cognitive rigidity. Time interacting with the wheel in the last running day and
the  two jammed days. (D) Social interaction. Time interacting with either the jammed wheel or the stranger mouse. For the BTBR strain, the data presented in (A) are for the
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roup  tested with bedding, while the data in (B–D) are for the group tested withou
re  presented in mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant,

 = 12, C57: n = 12, BTBR: n = 8, NL3-WT: n = 7, NL3-KI: n = 7.

.6. Three-chamber social and social novelty preference test

The apparatus was designed according to Moy  et al. [22] and consisted
f  a rectangular, three-chambered box fabricated from polycarbonate, sized
0 cm × 24 cm × 29 cm. Side chambers were 25 cm × 24 cm × 29 cm and central
hamber was 15 × 24 × 29 cm.  Dividing walls had retractable doorways allowing
ccess into each chamber through an opening sized 6.5 cm × 6.5 cm.  For the socia-
ility trial, in-house-made wire cages 14 cm in height, with a bottom diameter of
3  cm and bars spaced 1 cm apart were used. A weighted cup was placed on the top
f  each wire cage to prevent climbing by the subject mice.

The test consisted of 3 consecutive stages, 10 min  each: habituation, social pref-
rence and preference for social novelty. In the habituation trial, the subject was
laced in the middle chamber, the doors were opened and the mouse was allowed
o  explore the apparatus. Thereafter, the test mouse was  enclosed in the center
ompartment, and an unfamiliar mouse (stranger 1; adult sexually naïve female
57), was enclosed in one of the wire cages and placed in one of the side chambers.
n  empty wire cage was  put in the opposite chamber. The location of the stranger
ouse alternated between the left and right sides of the social test box systemat-

cally across subjects. The doors were re-opened, and the subject was allowed to
xplore the entire social test box. Next, the subject was  again enclosed in the cen-
er compartment and a new unfamiliar mouse (stranger 2; sexually naïve female
ittermate of stranger 1) was  placed in the wire cage that had been empty dur-
ng  the previous session. The doors were re-opened and the subject had a choice
etween the first, already-investigated, now-familiar mouse (stranger 1) and the
ovel unfamiliar mouse (stranger 2). The chambers of the apparatus and wire-cages
ere cleaned with 15% ethanol and dried with paper towels between each subject.

Time spent in each chamber as well as the time in physical contact with each of
he wire cages was  scored using the Observer software (Noldus). Side preference in
he  habituation trial was  measured using the Ethovision software (Noldus).

.7. Elevated plus-maze

Anxiety is considered a secondary symptom of the autistic spectrum [1], and
ay  lead to worsening of other autistic symptoms [10]. The elevated plus-maze

50] is a conflict test based on the tendency of mice to explore a novel environment
ersus their tendency to avoid the aversive properties of an open, elevated space.

The  maze consisted of four alleys sized 30 cm × 5 cm,  at right angles from each
ther, forming the shape of a plus, raised to a height of 26 cm from the floor. Two
f  the alleys were open runways (“open-arms”), which allow the animal to see the
dge. The other two alleys were closed runways (“closed-arms”), with 30 cm high,
ark side walls, which provided an enclosed environment. The animals were placed

n  the 5 cm × 5 cm center section, and allowed to freely explore the maze for 5 min.
easures were taken of time on and entries to the open and closed arms, according

o  center of mass location, using the Ethovision software. Percent open arms time
as  calculated as: (time spent on open arms)/(time spent on open arms + time spent

n  closed arms) × 100. Percent entries to the open arms was calculated similarly.
ing. All other strains were tested with bedding throughout all examinations. Data
n group ANOVA for repeated measures with Fisher’s LSD post hoc correction. ICR:

2.8. Statistical analysis

Data from each strain were analyzed separately, using within-strain compar-
isons relevant to the behavioral parameter(s) of the specific task. For multiple
within-group comparisons, Fisher’s post hoc tests were applied. Statistical signif-
icance was determined by repeated measures analysis of variation (ANOVA) and set
at   ̨ < 0.05, when p < 0.05 was  considered significant, using the Statistica software
(Statsoft, Tulsa, OK). For the NL3-KI and WT lines, as well as for the repeated groups
of  control mice, additional between groups ANOVA was conducted. Direct compar-
ison of genotypes in the plus-maze test was  performed with the non-parametric
Mann–Whitney test.

3. Results

3.1. The running wheel assay

3.1.1. Reproducibility
Similar results were obtained by the repeating 2 groups of ICR

and 2 groups of C57 mice in latency to start running in each of the
running days (ANOVA for effect of cohort group, F1,10 = 1.04, n.s.
for ICR, F1,10 = 3.48, n.s. for C57), interaction time with the wheel
(F1,10 = 0.38, n.s. for ICR, F1,10 = 0.62, n.s. for C57), digging duration
(F1,10 = 3.68, n.s. for ICR, F1,10 = 0.38, n.s. for C57) and social inter-
action (F1,10 = 4.66, n.s. for ICR, F1,10 = 0.35, n.s. for C57). Therefore,
both groups were conjoined into one group of 12 animals in each
strain for the running wheel tests.

3.1.2. Stereotypical behavior
As illustrated in Fig. 2A, ICR, C57, NL3-WT and NL3-KI mice spent

significantly less time digging in the bedding when the wheel was
running in comparison to a jammed wheel (F1,11 = 79.23, p < 0.001
for ICR, F1,11 = 7.66, p < 0.05 for C57, F1,6 = 15.73, p < 0.01 for NL3-WT
and F1,6 = 17.4, p < 0.01 for NL3-KI). No effect for genotype was  found
in comparison of the NL3 groups (F1,12 = 0.98, n.s.). BTBR mice, how-
ever, spent similar time digging in the bedding when the wheel was

running in comparison to a jammed wheel (F1,7 = 0.076, n.s.). Rank
order of digging time was BTBR � NL3-WT > ICR > NL3-KI > C57.

In fact, the digging compulsiveness of BTBR was so robust, that
animals from this strain did not gain the running habit (day 4 mean
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he other strains all mice quickly gained it. Therefore, the test was
onducted on an additional group of 8 BTBR mice with no bedding in
he chamber. In these conditions the mice did run on the wheel (day

 mean running time of 167.2 ± 21.1 s, 28% of total trial duration),
nd that group was used for the rest of the study. No other stereo-
ypical behavior was observed in any of the strains throughout the
xperiment.
.1.3. Gaining the habit
As illustrated in Fig. 2B, for all strains the latency to start run-

ing on the wheel was significantly higher in the first day of the
ssay in comparison to the following days (days 2–4) (effect of
ount the platform in the 1st and 3rd days of the test. (A) ICR, n = 6. (B) C57, n = 6. (C)
n before (left side) ad after (right side) switching the platform position. Percentage
SEM. *p < 0.05, **p < 0.01, ***p < 0.001, within group ANOVA for repeated measures.

day: F3,33 = 10.72, p < 0.001 for ICR, F3,33 = 7.35, p < 0.001 for C57,
F3,21 = 6.98, p < 0.01 for BTBR, F3,18 = 13.17, p < 0.001 for NL3-WT and
F3,18 = 6.86, p < 0.01 for NL3-KI. Fisher’s post hoc test between day 1
and each of days 2–4: p < 0.001 for ICR, C57 and NL3-WT and p < 0.01
for BTBR and NL3-KI. Not significant for any of the other compar-
isons). No effect for genotype was  found in comparison of the NL3
groups (F1,12 = 1.13, n.s.).

3.1.4. Rigidity to change in habit

A comparison between durations of interaction with the wheel

in the last running day (day 4) and the two  consecutive days
in which the wheel was jammed (Fig. 2C), revealed a signif-
icant difference between days for ICR (F2,22 = 149.4, p < 0.001),
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57 (F2,22 = 33.77, p < 0.001), NL3-WT (F2,12 = 46.16, p < 0.001) and
L3-KI (F2,12 = 32.56, p < 0.001) but not for BTBR (F2,14 = 2.80, n.s.).
o effect for genotype was found in comparison of the NL3
roups (F1,12 = 2.4, n.s.). Fisher’s post hoc analysis revealed that
he difference between interaction times with a running wheel in
omparison to a jammed wheel was significant (p < 0.001) for all
roups but BTBR. The time interacting with the wheel in the sec-
nd jammed day was significantly lower than in the first jammed
ay for all strains (p < 0.01 for ICR, p < 0.05 for C57, BTBR, NL3-WT
nd NL3-KI).

.1.5. Social interaction
The ICR, C57, NL3-WT and NL3-KI mice spent significantly

ore time interacting with the unfamiliar mouse than with
he jammed running-wheel (F1,11 = 28.95, p < 0.001, F1,11 = 113.61,

 < 0.001, F1,6 = 15.35, p < 0.01 and F1,6 = 25.83, p < 0.01, respec-
ively). No effect for genotype was found in comparison of the
L3 groups (F1,12 = 0.9, n.s.). Interestingly, the BTBR strain did not
xhibit a significant preference for the social stimulus over inter-
cting with the wheel, although a trend existed (F1,7 = 3.29, n.s.)
Fig. 2D).

.2. Validation assays

.2.1. “Wet” T-maze
The majority of ICR (100%), C57 (100%), BTBR (87.5%), NL3-WT

86%) and NL3-KI (100%) mice reached the criterion of ≥80% cor-
ect turns in the 2nd day, and thus included in the analysis. All
xhibited a learning process, as expressed in a significant effect for
rial in latency to climb on the platform in the first day (F4,20 = 9.42,

 < 0.001 for ICR, F4,20 = 6.56, p < 0.01 for C57, F4,24 = 4.25, p < 0.01 for
TBR, F4,20 = 8.35, p < 0.001 for NL3-WT and F4,24 = 8.52 for NL3-KI,
ig. 3A–E) and significantly more correct turns taken in the second
ay compared to the first (F1,5 = 20.61, p < 0.01 for ICR, F1,5 = 10.97,

 < 0.05 for C57, F1,6 = 8.82, p < 0.05 for BTBR, F1,5 = 15.0, p < 0.05 for
L3-WT and F1,6 = 29.82, p < 0.01 for NL3-KI, Fig. 3F, left).

When comparing the learning curve of the first day to the curve
f the third (when the location of the platform was changed), the
CR, C57, NL3-WT and NL3-KI mice showed a significantly better
erformance in the latter (effect of day in a 2-way ANOVA for trial
nd day, F1,10 = 7.11, p < 0.05 for ICR, F1,10 = 5.4, p < 0.05, for C57,
1,10 = 8.2, p < 0.05 for NL3-WT and F1,12 = 5.45, p < 0.05 for NL3-KI;
ig. 3A, B, D, E). No effect for genotype was found in compari-
on of the NL3 groups (3-way ANOVA: F1,22 = 0.2, n.s.). The BTBR
train, however, exhibited similar learning performance for both
ays (F1,12 = 0.1, n.s., Fig. 3C). The improvement in percent of correct
urns taken in the third and fourth days was significant for all strains
F1,5 = 20.0, p < 0.01 for ICR, F1,5 = 12.25, p < 0.05 for C57, F1,6 = 10.23,

 < 0.05 for BTBR, F1,5 = 66.82, p < 0.001 for NL3-WT and F1,6 = 47.25,
 < 0.001 for NL3-KI; Fig. 3F, right). No effect for genotype was found
n comparison of the NL3 groups: F1,11 = 0.02, n.s.

.2.2. Sociability and social novelty
In the 3-chamber sociability assay, no side preference was

ecorded for any of the strains in the habituation trial (data not
hown). Fig. 4A presents the strain distributions for duration of time
nteracting with each cage for the social preference trial. ICR, C57,
L3-WT and NL3-KI mice spent significantly more time in interac-

ion with the cage containing the unfamiliar stranger mouse, versus
he empty wire cage (F1,5 = 11.72, p < 0.05, F1,5 = 11.76, p < 0.05,
1,6 = 43.91, p < 0.001 and F1,6 = 26.9, p < 0.01, respectively. Effect
or genotype among the NL3 mice: F1,12 = 2.86, n.s.). BTBR mice,

owever, spent similar amount of time interacting with the empty
age and with the social stimulus (F1,7 = 0.11, n.s.). Rank order
f strain means for time spent with the stranger mouse was:
CR > C57 > NL3-WT > NL3-KI � BTBR. In the preference for social
 Research 233 (2012) 405– 414

novelty trial (Fig. 4B), all strains showed a significant preference for
the novel stranger (F1,5 = 17.6, p < 0.01 for ICR, F1,5 = 12.69, p < 0.05
for C57, F1,7 = 6.01, p < 0.05 for BTBR, F1,6 = 65.63, p < 0.001 for NL3-
WT and F1,6 = 12.06, p < 0.05 for NL3-KI). No effect for genotype was
found in comparison of the NL3 groups: F1,12 = 0.002, n.s. Rank order
of strain means for time spent with the novel stranger mouse was:
C57 > NL3-KI > NL3-WT > ICR > BTBR.

3.2.3. General locomotion and anxiety
In order to determine whether effects of the running and digging

behaviors were due to hyperactivity, we measured the distance
the subject traveled in a 5 min  period. Means ± SEM for total
distance traveled were: ICR (34 ± 2 m)  > BTBR (26 ± 2 m)  > NL3-KI
(25 ± 3 m)  > C57 (23 ± 2 m)  > NL3-WT (23 ± 2 m).

The time spent in the open arms and the number of entries to
the open arms of the elevated plus-maze, suggest similar anxiety
levels for all strains (Fig. 5A and B), with no significant difference
between the NL3 genotypes (Mann–Whitney U = 18.0, n.s. for dura-
tion, U = 21.0, n.s. for entries).

4. Discussion

In this study we presented, for the first time to the best of our
knowledge, a method for evaluating three core symptoms of autism
in the same system utilizing a positive-rewarding context and min-
imal stress. The test was  found reproducible as similar results were
obtained from two  independent groups of mice usually used in neu-
robehavioral assays (ICR and C57). Furthermore, the system was
sensitive enough to detect the well reported autistic-like pheno-
types of the BTBR strain, as well as adding some new behavioral
characteristics to be discussed below. Interestingly, no difference
was found between the NL3-KI and their wild type littermates in
all our behavioral assays.

4.1. Stereotypical behavior

The reduction found in stereotypical behavior of ICR and C57
mice in the presence of a running, but not a jammed wheel (Fig. 2A)
is in line with previous findings [46,47]. In contrast, BTBR mice
showed low levels of wheel running in comparison to the other
groups, concomitant with similar, much higher levels of digging,
whether the wheel was free or jammed.

The elevated stereotypical behavior of BTBR mice, mani-
fested especially in excessive self-grooming, is well documented
[26,43,51]. Its digging activity as measured in the marble-burying
test was  also found significantly higher than that of C57 [25]. In
the hole-board test [5],  BTBR mice preferred clean bedding over a
rewarding appetitive stimulus, although comparable measures of
motivational food-seeking and olfaction [42]. Thus, it is possible
that highly rewarding stimuli for other strains, such as food and
wheel-running, are less rewarding for BTBR mice. Since the dig-
ging measurement was done in the 4th and 5th days of our test
a new environment as an initiator of the digging behavior can be
ruled out. Therefore, it can be argued that the excessive digging is
a predisposition of this strain that is not reduced in the presence
of other stimuli, and as such can be considered as a stereotypical
behavior.

The wheel-running per se cannot be attributed for as a stereo-
typical behavior. Stereotypical behavior has been defined as “a
highly repeated, relatively invariant behavior that has no obvious
function” [52]. Although stereotypical behaviors can be considered

beneficial to the organism when appearing in a proper context, it
becomes abnormal when fixated. Wheel running activity, however,
has the function of reward-achieving and is plastic; it is highly influ-
enced by environmental factors as well as internal properties of
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ig. 4. The 3-chamber sociability assay. (A) Sociability and (B) social novelty prefer
p  < 0.05, **p  < 0.01, ***p < 0.001, within group ANOVA for repeated measures. ICR: n

he wheel and is very variable in its performance [53–59]. There-
ore, the method allows us to measure how fixated a stereotypical
ehavior is, enhancing the robustness of the test.

.2. Rigidity to change in habit

Previous studies showed that BTBR mice were able to learn a task
nd then make a shift in the learned strategies over days, in both
he visual and olfactory modalities [25,42,60].  However, Amodeo
t al. [25] reported recently of differences in reversal learning in
robabilistic spatial discrimination task between C57 and BTBR
ice. These reports are in line with our findings. The learning and
emory capabilities of BTBR were found intact, as expressed in the

educed latency to start running on the wheel (Fig. 2B), improve-
ent in correct turns taken between days (Fig. 3F) and reduced

atencies between trials in the T-maze (Fig. 3C).
Interestingly, a deficit in their ability to adjust to a changing

nvironment was found, as manifested in similar time of interac-
ion with the wheel in the 4th running day and 1st jammed day
Fig. 2C). It can be argued that this finding stems from the low-
red motivation of BTBRs to run compared to other tested strains
Section 4.1). However, this strain was able to gain the habit of

heel-running, as can be inferred from the reduction in latency to

tart running on the wheel (Fig. 2B) and from the substantial dura-
ion spent running on the wheel (28% of total time in day 4) (Fig. 2C).
urthermore, a 25% reduction in interaction time was evident in the

ig. 5. Elevated plus-maze. Mean + SEM of the percentage of (A) time spent in the open a
 = 6, C57: n = 6, BTBR: n = 8, NL3-WT: n = 7, NL3-KI: n = 7.
Interaction time with each cage is presented as mean + SEM for each mouse strain.
57: n = 6, BTBR: n = 8, NL3-WT: n = 7, NL3-KI: n = 7.

second jammed day. This indicates that our finding appears not to
be due to relatively low running levels of BTBR mice. Further sup-
port for the existence of cognitive inflexibility of the BTBR strain can
be found in the result of the T-maze test. While BTBR mice exhib-
ited similar learning curves in the first and third days of the assay
(Fig. 3C), other tested strains adjusted to the new location of the
platform and exhibited an improved learning curve.

The distinction between immediate adjustment to change and
memory of a change may  suggest of different neuronal mechanisms
underlying them. Such neuronal differentiation was supported
by discrimination studies on rodents. The orbitofrontal cortex
has been shown to be important in suppressing the previous
acquired choice strategies (thus preventing “perseverative” errors),
and this process is dopamine dependent [61–63].  Maintaining the
change (and preventing “regressive” errors), however, is depended
on acetylcholine projection from the centromedian-parafascicular
thalamic nucleus to M1-type muscarinic cholinergic receptors in
the medial striatum [64–66].

4.3. Sociability levels
While ICR and C57 mice exhibited a significant preference of
the social stimulus over the object in both the jammed running-
wheel (Fig. 2D) and the 3-chamber assays (Fig. 4A), BTBR did not.
These results are in agreement with comparisons of the C57 and

rms, and (B) number of entries to the open arms, from the total of all 4 arms. ICR:
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ig. 6. Comparison of the social wheel and 3-chamber assays. Mean + SEM of th
tranger)/(interaction with stranger + interaction with object) × 100) − 50. ICR: n = 6

TBR strains in the 3-chamber test conducted in several laborato-
ies [26,29,44,67,68].

However, all strains showed a significant preference of the novel
tranger (Fig. 4B). In previous studies, C57 consistently showed
uch preference [26,29,44,67,68] (but see [69] for lack of such
reference when the novel stranger was put in the chamber that
reviously contained the first stranger). As for BTBR, however, a
ontroversy exists – while some groups reported of a deficit in this
roperty [26,42],  others reported it as intact [51,67]. Our results
etter support the latter; although displaying the lowest overall

nteraction time with the intruder mice among the strains studied,
TBR mice significantly preferred the novel stranger mouse over
he familiar mouse.

To the best of our knowledge, no other laboratory has performed
he sociability and social novelty test on the outbred strain ICR.
owever, one study has performed the sociability trial of the test

49] and found a social preference. Another study [70] showed that
CR mice remember social stimuli. Taken together, these results
gree with our findings of social and social novelty preferences of
his strain, resembling those of the C57 mouse strain.

Interestingly, all mouse strains exhibited higher social pref-
rence in the social running wheel test when compared to the
-chamber assay (Fig. 6). Three reasons can contribute to this
henomenon: (a) in the social running-wheel test more physical

nteraction is possible; (b) less stress is posed on the subject, for
t has been familiarized with the test chamber for 6 days prior to
he test [71], and the stranger is not trapped in a cage [72]; (c) the
ammed wheel is already familiar to the subject mouse, while in the
-chamber assay the whole environment is novel. Since the running
heel test encourages the mouse to a social behavior, autistic-like
henotype found in it, as is the case of BTBR, is more robust and

ess prone to environmental effects.

.4. Absence of autistic-like phenotype in NL3-KI mice

No significant behavioral difference was found between NL3-
I mice and their WT  littermates, in the running-wheel tests as
ell as in the validation assays, in support of the findings of Chad-
an  et al. [34]. These findings are despite an aberrant hippocampal
nd cortical synaptic function and striatal neurons anatomy dif-
erences found in these mice [73]. These findings emphasize the
nderstanding that ASD is a heterogeneous syndrome, influenced
y a group of genes and environmental factors [9].  Furthermore,
ial indices in the two  assays. Social index was calculated as ((interaction with
 n = 6, BTBR: n = 8, NL3-WT: n = 7, NL3-KI: n = 7.

it highlights the importance of testing the autistic phenotype in a
variety of experimental systems.

4.5. Advantages of the system

4.5.1. Positive reinforcement with minimal stress
Classical tests of learning and memory rely on stressful condi-

tions: food deprivation in the appetitive mazes and life-threatening
contact with water in the water mazes. It is broadly agreed that
stress influences the emotional and cognitive states of animals
[74–77]. Specifically, food deprivation has been shown to have a
specific effect on cognitive tasks in rodents [78,79], and forced
swimming has been shown to alter levels of neurotransmitters [80]
and hormones [81] directly associated with stress. Forced swim-
ming is stressful to rodents to such extent that it is widely used as
a paradigm to induce stress [82,83].

In the jammed-running paradigm, however, the routine is
gained by the introduction of a positive reinforcement. In an ele-
gantly controlled study, Lawson and Watson [84] demonstrated
that “positive reinforcement is a more efficient method of devel-
oping a habit than is negative reinforcement” (p. 88), and that the
value of reinforcement influences the habit gaining curve. Thus, uti-
lizing a highly rewarding reinforcement such as running on a wheel
is a solid mean to induce a habit.

It should be noted, that although protracted (>4 weeks) social
isolation is stressful and leads to reduced social behavior in mice
[85], a one week isolation, as used in our study, is a common means
to increase exploration and social behaviors [71,86].

4.5.2. High animals’ welfare
Good laboratory practice requires the reduction of suffer caused

to animals to the minimum necessary [87]. Since very little han-
dling is needed and no anxious or aversive procedures are used,
suffer caused in our method is very low, especially in comparison
to other learning and memory assays.

5. Summary and conclusion

The present study revealed that the jammed running wheel

paradigm can measure fixation of stereotypic behaviors, cognitive
rigidity and social interaction, in one easy to conduct assay, utiliz-
ing a rewarding stimulus and minimal stress. Also, it was  sensitive
enough to distinguish between immediate response to change and
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asting memory of the change in habit. Importantly, it was able to
onfirm the reported autistic-like phenotypes of the BTBR strain.

Lastly, we believe that further utility of the new set-up may
ead the way for a better and standardized establishment of mouse

odels of human conditions such as obsessive–compulsive disor-
er [88], autism spectrum disorders, attention deficit hyperactivity
isorder [89,90], schizophrenia [91] and frontal lobe lesions [63].
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