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Abstract
Autism is a neurodevelopmental disorder characterized by abnormal reciprocal social interactions,
communication deficits, and repetitive behaviors with restricted interests. BTBR T+tf/J (BTBR) is
an inbred mouse strain that displays robust behavioral phenotypes with analogies to all three of the
diagnostic symptoms of autism, including low social interactions, reduced vocalizations in social
settings, and high levels of repetitive self-grooming. Autism-relevant phenotypes in BTBR offer
translational tools to discover neurochemical mechanisms underlying unusual mouse behaviors
relevant to symptoms of autism. Because repetitive self-grooming in mice may be a displacement
behavior elevated by stressors, we investigated neuroendocrine markers of stress and behavioral
reactivity to stressors in BTBR mice, as compared to C57BL/6J, a standard inbred strain with high
sociability. Radioimmunoassays replicated previous findings that circulating corticosterone is
higher in the BTBR than in B6. Higher basal glucocorticoid receptor mRNA and higher oxytocin
peptide levels were detected in the brains of BTBR as compared to B6. No significant differences
were detected in corticotrophin releasing factor (CRF) peptide or CRF mRNA. In response to
behavioral stressors, BTBR and B6 were generally similar on behavioral tasks including stress-
induced hyperthermia, elevated plus-maze, light ↔ dark exploration, tail flick, acoustic startle and
prepulse inhibition. BTBR displayed less reactivity than B6 to a noxious thermal stimulus in the
hot plate, and less immobility than B6 in both the forced swim and tail suspension depression-
related tasks. BTBR, therefore, exhibited less depression-like scores than B6 on two standard tests
sensitive to antidepressants, did not differ from B6 on two well-validated anxiety-like behaviors,
and did not exhibit unusual stress reactivity to sensory stimuli. Our findings support the
interpretation that autism-relevant social deficits, vocalizations, and repetitive behaviors are not
the result of abnormal stress reactivity in the BTBR mouse model of autism.
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Introduction
Autism is a complex neurodevelopmental disorder affecting approximately 1 in 150 children
(Landa, 2008). The etiology of autism is currently unknown but evidence for strikingly high
heritability is abundant (Abrahams and Geschwind, 2008, Happe and Ronald, 2008).
Linkage and association studies have identified large numbers of de novo and familial
candidate genes that may be responsible for susceptibility to autism (Persico and Bourgeron,
2006, Abrahams and Geschwind, 2008, Bourgeron, 2009, Buxbaum, 2009, Lintas and
Persico, 2009). Animal models offer opportunities to test genetic hypotheses and evaluate
proposed treatments. One strategy utilized with success in mice is the forward genetics
approach of identifying inbred strains of mice with phenotypes relevant to the symptoms of
a human disease, using multiple well-validated tasks. Forward genetics strain distribution
analyses by our group and others identified several inbred strains of mice with low levels of
social interaction (Brodkin et al., 2004, Moy et al., 2004, Nadler et al., 2004, Sankoorikal et
al., 2006, Bolivar et al., 2007, Crawley, 2007, Moy et al., 2007, Panksepp et al., 2007,
Panksepp and Lahvis, 2007, Yang et al., 2007a, Yang et al., 2007b, Fairless et al., 2008,
McFarlane et al., 2008, Moy et al., 2008b, Panksepp et al., 2008, Scattoni et al., 2008, Chen
et al., 2009, Yang et al., 2009, Roullet et al., 2010, Silverman et al., 2010, Wohr et al.,
2010). Of particular interest is BTBR T+tf/J (BTBR), an inbred strain which exhibits lower
levels of play soliciting behaviors as juveniles and lacks sociability in the adult social
approach task (Bolivar et al., 2007, Moy et al., 2007, Yang et al., 2007a, Yang et al., 2007b,
McFarlane et al., 2008), emits fewer ultrasonic vocalizations in various social settings
(Scattoni et al., 2008, Scattoni et al., 2009, Roullet et al., 2010, Wohr et al., 2010) and
displays high levels of repetitive self-grooming throughout their lifespan (Yang et al.,
2007b, McFarlane et al., 2008, Silverman et al., 2010). These behaviors are relevant to all
three core symptom domains of autism. Normal scores on measures of general health, motor
functions, and sensory abilities including olfaction (Moy et al., 2007, McFarlane et al., 2008,
Moy et al., 2008a) support an interpretation of remarkably specific autism-relevant
abnormalities in BTBR.

The mechanism underlying the high level of repetitive self-grooming in BTBR is unclear.
Rodent self-grooming behavior is an innate behavior elicited in both comforting and
stressful situations (van Erp et al., 1994, Moyaho and Valencia, 2002, Kalueff and
Tuohimaa, 2004) with ethologically different patterns emerging for each type. A normal
grooming pattern includes a cephalo-caudal progression beginning with licking and washing
the paws, then the nose and face, head, body, fur, legs, genitals and tail (Berridge and
Aldridge, 2000b, a). More frequent bursts of rapid grooming characterize stress-evoked
grooming (Kalueff and Tuohimaa, 2004Kalueff and Tuohimaa, 2005a). BTBR display the
normal full sequence of grooming, with high numbers of self-grooming bouts and
excessively long durations of self-grooming bouts, often exceeding one minute of
continuous self-grooming. Since stress provoking situations in mice are accompanied by
heightened grooming behavior, a critical behavioral adaption to stress (Kametani, 1988,
Sachs, 1988, Spruijt et al., 1992, van Erp et al., 1994, Kalueff and Tuohimaa, 2005b), and
since hyperreactivity to stressors could be the cause of high self-grooming in BTBR, we
investigated the possibility that the development and expression of BTBR’s unique autistic-
relevant phenotype may be the result of a stress-reactive phenotype, generalized
neuroendocrine differences in stress hormones, or the high circulating corticosterone that
was previously reported (Benno et al., 2009, Frye and Llaneza, 2010).

The hypothalamic-pituitary-adrenal axis neuroendocrine factors that elicit high levels of
self-grooming when administered to rodents include adrenocorticotropic hormone (ACTH)
and corticotrophin releasing factor (CRF) (Ferrari, 1958, Gispen et al., 1975, Morley and
Levine, 1982, Dunn et al., 1987, Dunn and File, 1987, Sherman and Kalin, 1987, Matsuzaki
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et al., 1989, Monnikes et al., 1992). Other neuropeptide transmitters also evoke high levels
of self-grooming when centrally administered to rodents, including vasopressin, prolactin,
substance P, somatostatin, cholecystokinin and oxytocin (Drago et al., 1981, Meisenberg,
1981, Drago et al., 1986, Elliott and Iversen, 1986, Kaltwasser and Crawley, 1987, Van
Wimersma Greidanus et al., 1987, Meisenberg, 1988, Pedersen et al., 1988, Stivers et al.,
1988, Kaltwasser and Andres, 1989, Van Erp et al., 1993, Amico et al., 2004). To expand
the existing neurochemical data in the BTBR, we conducted a baseline comparison of
several relevant neuroendocrine factors in BTBR and C57BL6/J (B6), a standard inbred
strain with high sociability, low self-grooming, and relative resilience to stressors (Moy et
al., 2004, Moy et al., 2007, Yang et al., 2007a, Yang et al., 2007b, McFarlane et al., 2008).
Neuroendocrine measures, including corticosterone, CRF, glucocorticoid receptor and
oxytocin were chosen based on rodent literature indicating their roles in stress responsivity
as well as grooming via specific regional activation in rats and mice (Stenzel-Poore et al.,
1994, McCarthy et al., 1996, Dunn and Swiergiel, 1999, Swiergiel and Dunn, 1999, Tronche
et al., 1999, Anisman et al., 2001, Ridder et al., 2005, Ring et al., 2006, Roy et al., 2007,
Yoshida et al., 2009, Cohen et al., 2010).

To comprehensively characterize basal stress reactivity, we assayed BTBR and B6 mice on
two tests for anxiety-like behaviors, four parameters of sensory reactivity, and two
depression-relevant tasks. Tasks were chosen both as standard measures of stress-related
behaviors in mice, and for relevance to the literature indicating anxiety, high reactivity to
stressors, hyperreactivity to sensory stimuli, upset to change, and elevated neurochemical
markers of stress in some people with autism (Tordjman et al., 1997, American Psychiatric
Association, 2000, Lord et al., 2000, Rogers et al., 2003, Dawson et al., 2004, Rogers and
Ozonoff, 2005, Corbett et al., 2006, Lam et al., 2006, Lord and Spence, 2006, Perry et al.,
2007, Matson and Shoemaker, 2009, Reaven, 2009, Tordjman et al., 2009, Volkmar et al.,
2009, Zwaigenbaum et al., 2009).

Experimental Procedures
Mice

Adult mice of the inbred strains BTBR and B6 were purchased from The Jackson
Laboratory (Bar Harbor, ME) and bred in a conventional mouse vivarium at the National
Institute of Mental Health (NIMH), Bethesda, MD, using harem breeding trios. After two
weeks with a male, females were separated into individual cages before delivery. Pups were
kept with the dam until weaning at postnatal day 21. After weaning, juveniles were housed
by sex and strain in standard plastic cages in groups not exceeding four per cage. Mice were
housed in a conventional animal facility on a 12h-12h light-dark cycle (lights on from 0700
hr to 1900 hr). Cages were housed in ventilated racks in colony rooms maintained at ~20°C
temperature and ~55% humidity. 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. Male BTBR and B6 were utilized for all neurochemical assays and
behavioral experiments described below. All procedures were conducted in strict
compliance 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.

Neurochemical assays
Naïve mice were individually taken from their home cages to a procedure room 10 feet
away, to minimize corticosterone surges from extraneous handling or movement. Three
separate cohorts of BTBR and B6 mice were utilized for neurochemical assays: one for
corticosterone, one for CRF and oxytocin, and one for glucocorticoid receptor mRNA.
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Corticosterone radioimmunoassay—Three behaviorally naïve cohorts of BTBR
(N=12) and B6 (N=12) mice were immediately removed from their cages beginning at 1600
hr and were immediately sacrificed by rapid decapitation. Trunk blood was collected in 1.5
ml plastic microcentrifuge tubes. Serum was obtained the following day by centrifugation
and was stored frozen. Serum concentrations of corticosterone were determined by
radioimmunoassay (MP Biomedicals, Solon, OH). The sensitivity threshold for this
commercial assay was 5 ng/ml. Intra- and interassay coefficients of variance were less than
10%.

CRF and oxytocin radioimmunoassay—Frozen brains were cut into 1 mm thick
sections containing the hypothalamic paraventricular nucleus (PVN) on a cryostat (Leica,
Bannockburn, IL). The sections containing the PVN were placed on microscope slides and
the PVN was harvested using a 1 mm micropunch (Stoelting, Kiel, WI). Punches were
placed into 150 microliters of 1 N acetic acid and boiled for 20 minutes. Acetic acid extracts
were frozen on dry ice and stored at −70°C (Hooi et al., 1989). Subsequently, extracts were
thawed and aliquotted into 12mm × 75 mm glass tubes and were dried in a Sorval SpeedVac
concentrator. The dried extracts were reconstituted in assay buffer and tissue CRF (BTBR
N=10 and B6 N=9) or oxytocin (BTBR N=9 and B6 N=10) concentrations were determined
by radioimmunoassay according to the manufacturer’s specifications (Phoenix
Pharmaceuticals, Burlingame, CA). The sensitivity of both the CRF and oxytocin assays
were 1 pg and the coefficients of variation were less than 10%.

In situ hybridization histochemistry—Brains of BTBR (N=5) and B6 (N=5) mice
were rapidly removed, frozen on powdered dry ice and subsequently stored at −70°C.
Twelve-micron coronal sections were mounted on SupraFrost Plus slides (Fisher Scientific,
Pittsburg, PA) following sectioning on a cryostat. Tissue fixation and hybridization
conformed to previously published protocol (Lee et al., 2003, Sharifi et al., 2004, Koenig et
al., 2005). Briefly, tissue sections were fixed with 4% paraformaldehyde, acetylated with
acetic anhydride (0.25%) in triethanolamine (0.1M, pH 8) and dehydrated through a series
of ethanol rinses and delipidated with chloroform. Hybridization buffer containing 1.0X106

cpm of 35S-labeled cRNA probe (synthesized by the riboprobe method) was applied.
Antisense cRNA probes were generated using DNA templates for glucocorticoid receptor
(GR), obtained from Dr. Roger Miesfeld (Miesfeld et al., 1986), and CRF obtained from Dr.
Robert Thompson (Thompson et al., 1987). Slides with the processed tissue sections
received twenty-five microliters of hybridization buffer (1.0 × 106 cpm) per section. Labeled
sense strand probes served as control for background hybridization. Following hybridization
(18 hours at 55°C), slides were rinsed in 4X SSC, incubated with RNase A (20 mg/ml),
rinsed under high stringency conditions (0.1X SSC at 68°C), and dehydrated with an ethanol
series. The slides were exposed to Kodak BioMax MR film (Eastman Kodak Co., Rochester,
NY) for autoradiographic image analysis. Films were developed using GBX developing
chemicals (Eastman Kodak Co., Rochester, NY). Autoradiographic images were captured
using a Sony CCD video camera interfacing with a Power Macintosh computer via a Quick
Time digitizer and Frame Grabber (Data Translation, Marlboro, MA). The data collected
from the films were processed using NIH Image 1.67b (Bethesda, MD) to yield relative
hybridization values for the regions of interest expressed as relative optical density in
arbitrary units (A.U.) and statistical analysis performed.

Behavioral testing
Behavioral experiments were conducted in dedicated behavioral testing rooms during the
standard light phase, usually between 1000 and 1500 hr. Mice were brought to a holding
room in the hallway of the testing area at least one hour prior to behavioral testing. Separate
cohorts of mice were employed for a) stress-induced hyperthermia, b) depression-related
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tasks, c) elevated plus-maze and light↔dark exploration anxiety-related tasks, d) hot plate
and tail flick assessments, e) acoustic startle threshold and prepulse inhibition tasks. A one
week period intervened between acoustic startle and prepulse testing. The slightly different
fur color markings of B6 (dark brown) and BTBR (dark brown with a light brown ventral
patch) prevented fully blind rating in tasks that were scored in real time, such as stress-
induced hyperthermia, hot plate and tail flick. However, when scoring was conducted from
videotaped sessions, observers were generally unable to identify the strains on the videos in
tests such as the elevated plus-maze, forced swim, and tail suspension.

Stress- induced hyperthermia—Group housed mice BTBR (N=12) and B6 (N=10)
mice were brought to the testing area in their home cage, one hour before the start of testing.
Core basal body temperature was measured at time 1 (T1) with a mouse thermistor probe
(Thermalert, Braintree, MA) dipped in olive oil lubricant (STAR fine foods, Fresno, CA)
and gently inserted 2 cm into the rectum (T1). Ten minutes after the basal temperature (T1)
was obtained, the temperature was measured again by a second insertion of a clean
thermistor probe (T2). The increase in body temperature between the first and second
measurements represents the hyperthermic stress response, as previously described
(Bouwknecht et al., 2000, Papaleo et al., 2008). All tests were performed between 1200 and
1430 hr.

Elevated plus-maze—The elevated plus-maze test was performed as previously
described (Holmes et al., 2002a, Holmes et al., 2003c, Bailey et al., 2007) in BTBR (N=12)
and B6 (N=12) mice. The apparatus (San Diego Instruments, San Diego, CA) consisted of
two open arms (30 × 5 cm2) and two closed arms (30 × 5 × 15 cm3) that extended from a
common central platform (5 × 5 cm2). A small raised lip (0.25 cm) around the edges of the
open arms helped prevent mice from slipping off. The apparatus was constructed from
polypropylene and Plexiglas, with a white floor and clear walls, and elevated to a height of
38 cm above floor level. One hour after bringing the mice to the testing facility, each mouse
was placed on the center square facing an open arm and allowed to freely explore the
apparatus under a light intensity of ~ 30 lux for 5 minutes. The 5 min session was recorded
by a top mounted CCTV camera (Security Cameras Direct, Luling, TX), placed
approximately 1 meter from the maze. The maze was cleaned with 70% ethanol and water
between subjects, with at least five minutes between cleaning and the start of the next test
session, to allow for ethanol evaporation and clearance of ethanol vapor odors. Each 5
minute session was scored by a trained observer using Noldus Observer 8.0 XT software
(Noldus Information Technology, Leesburg, VA). Behaviors scored were time spent in the
open arms, number of open arm entries, and number of open and closed arm entries
combined to yield the sum of total entries (Karlsson et al., 2008). An open or closed arm
entry was defined as all four paws within the arm. A center entry was defined as both
forepaws in the center. To minimize carryover effects of other behavioral manipulations on
the elevated plus-maze task, which is more sensitive to prior experience (Holmes et al.,
2003a), the elevated plus-maze was conducted as the first behavioral assay. The second
anxiety-related task, light↔dark exploration, was conducted 7 days later.

Light ↔ dark exploration test—The light ↔ dark exploration test was conducted as
previously described (Crawley and Goodwin, 1980, Holmes et al., 2003a, Holmes et al.,
2003b, Bailey et al., 2007) in BTBR (N=12) and B6 (N=12) mice. The apparatus consisted
of a polypropylene cage (44 × 21 × 21 cm3) separated into two compartments by a partition,
with a rectangular opening (12 × 5 cm2) at floor level. The larger compartment (28 cm long)
was open topped, transparent, and lit using overhead fluorescent ceiling lights (~ 400 lux).
The smaller compartment (14 cm long) had black painted sides and was covered at the top
with black Plexiglas, creating a closed dark space (~ 5 lux). The subject mouse was
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individually placed in the light compartment, facing away from the partition, and allowed to
freely explore the apparatus for 10 minutes. The apparatus was cleaned with 70% ethanol
after each subject. The number of transitions, i.e. entries between the two compartments, and
the total time spent in the dark compartment were detected by photocells located within the
partition, across the opening between the two chambers. Data from the beam breaks were
automatically analyzed by dedicated software (fabricated by Bruce Smith, George Dold, and
co-workers, Research Services Branch, NIH, Bethesda, MD). Latency to enter the dark side
was scored by a trained observer using a stopwatch.

Forced swim test—The Porsolt forced swim test was conducted as previously described
(Porsolt et al., 1977, Lucki, 2001, Holmes et al., 2002b) in BTBR (N=10) and B6 (N=10)
mice. Mice were gently placed in a transparent Plexiglas cylinder (20 cm in diameter) filled
with tap water (25 ± 2° C). The cylinder was filled to a depth of 12 cm, to prevent mice from
using their tails to support themselves in the water. A top mounted CCTV camera (Security
Cameras Direct, Luling, TX) was placed approximately 30–50 cm above the cylinder to
record the session, for subsequent scoring of time spent immobile. Each cylinder was
thoroughly cleaned with soap and water and air dried prior to the next test session.
Immobility was defined as the cessation of limb movements except minor movement
necessary to keep the mouse afloat. Immobility behavior was sampled every 5 seconds
during the last 4 minutes of a 6 minute test session by a highly experienced observer.

Tail suspension test—The tail suspension test was conducted as previously described
(Steru et al., 1985, Holmes et al., 2002a, Holmes et al., 2002b, Crowley et al., 2005) in
BTBR (N=10) and B6 (N=10) mice. Mice were securely fastened by the distal end of the tail
to a flat metallic surface and suspended in a visually isolated area. A CCTV camera
(Security Cameras Direct, Luling, TX) was placed approximately 1 meter in front of the
metallic surface from which the mice were suspended to record each session, for subsequent
scoring of time spent immobile. The metallic area was cleaned with 70% ethanol and water
between subjects with at least five minutes between cleaning and the start of the next test
session to allow for ethanol evaporation, clearance of ethanol vapor odors and complete
dryness. The presence or absence of immobility, defined as the absence of limb movement,
was sampled every 5 seconds over a 6 minute test session by a highly trained observer.

Hot plate pain sensitivity—Response to an acute thermal stimulus was measured using
the hot plate test as described previously (Blakeman et al., 2003, Wiesenfeld-Hallin et al.,
2005, Chadman et al., 2008) in BTBR (N=16) and B6 (N=12) mice. The mouse was placed
on a flat, black metal surface (IITC Life Science, Inc., Woodland Hills, CA) maintained at
55 °C and surrounded by a square transparent plexiglass barrier to prevent jumping off. The
latency to the first paw lick, jump or vocalization was measured by an observer using a foot
pedal-controlled timer. A maximum cut-off time of 30 seconds was used to prevent the risk
of tissue damage to the paws.

Tail flick pain assessment—Response to thermal stimulation of the tail was conducted
as previously described (Blakeman et al., 2003, Wiesenfeld-Hallin et al., 2005, Chadman et
al., 2008) in BTBR (N=12) and B6 (N=12) mice. Mice were gently held in place with the
tail lying along the groove of the tail-flick monitor (Columbus Instruments, Columbus, OH).
An intense photobeam was directed at the tail. The latency for the mouse to move its tail out
of the path of the beam was timed automatically by the apparatus. To prevent any tissue
damage there was a maximum cutoff latency of 10 seconds.

Acoustic startle threshold—Acoustic startle was measured in the SR-Lab System (San
Diego Instruments, San Diego, CA) as previously described (Paylor and Crawley, 1997,
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Chadman et al., 2008) in BTBR (N=18) and B6 (N=17) mice. Test sessions began by
placing the mouse in the Plexiglas holding cylinder for a 5 minute acclimation period. Over
the next 8 minutes, mice were presented with each of six trial types across five discrete
blocks of trials for a total of 30 trials. The intertrial interval was 10–20 seconds. One trial
type measured the response to no stimulus (baseline movement). The other five trial types
measured the response to a startle stimulus alone, consisting of a 40 ms sound burst of 80,
90, 100, 110 or 120 dB. Startle amplitude was measured every 1 millisecond (ms) over a 65
ms period beginning at the onset of the startle stimulus. The seven trial types were presented
in pseudorandom order such that each trial type was presented once within a block of seven
trials. The maximum startle amplitude over this sampling period was taken as the dependent
variable. A background noise level of 70 dB was maintained over the duration of the test
session.

Prepulse inhibition of acoustic startle—Prepulse inhibition of acoustic startle was
conducted as previously described (Paylor and Crawley, 1997, Dulawa and Geyer, 2000,
Holmes et al., 2001, Chadman et al., 2008) in BTBR (N=10) and B6 (N=11) mice. Test
sessions began by placing the mouse in the Plexiglas holding cylinder for a 5 minute
acclimation period. Over the next 10.5 minutes, mice were presented with each of seven trial
types across six discrete blocks of trials for a total of 42 trials. The intertrial interval was 10–
20 seconds. One trial type measured the response to no stimulus (baseline movement) and
another measured the response to the startle stimulus alone which was a 40 ms 110 dB
sound burst. The other five trial types were acoustic prepulse plus acoustic startle stimulus
trials. The seven trial types were presented in pseudorandom order such that each trial type
was presented once within a block of seven trials. Prepulse tones were 20 ms at 74, 78, 82,
86, and 90 dB, presented 100 ms prior to the 110 dB startle stimulus. Startle amplitude was
measured every 1 ms over a 65 ms period beginning at the onset of the startle stimulus. The
maximum startle amplitude over this sampling period was taken as the dependent variable.
A background noise level of 70 dB was maintained over the duration of the test session.

Statistical analysis
Strain differences between BTBR and B6 were analyzed with a Student’s unpaired t-test, on
measures including neuroendocrine factors such as corticosterone, CRF, GR mRNA and
oxytocin peptide, and on behavioral outcomes in stress-induced hyperthermia, forced swim,
tail suspension, elevated plus-maze, the light↔dark exploration, hot plate and tail flick pain
assessments using StatView statistical software (Citewise.com, Acton, MA). Acoustic startle
threshold and prepulse inhibition were analyzed with Repeated Measures ANOVA followed
by Tukey’s post hoc analysis, where applicable, using StatView statistical software
(Citewise.com, Acton, MA). All data were graphed using SigmaPlot version 11.0 (Systat
Inc., San Jose, CA).

Results
Basal hypothalamic pituitary adrenal axis activity in B6 and BTBR mice

Figure 1 illustrates the quantitative assessment of circulating corticosterone, CRF, GR
mRNA and oxytocin peptide for BTBR and B6 mice. Plasma corticosterone from trunk
blood was significantly higher in BTBR as compared to B6 (Panel A, t(1, 22) = 4.52, p<0.01).
CRF peptide levels in the paraventricular nucleus of the hypothalamus (PVN) did not differ
between the two strains (Panel B, t(1, 17) = 1.44, NS). Quantitative in situ hybridization of
CRF mRNA in the PVN did not differ between BTBR and B6 (data not shown, t(1, 8) = 1.02,
NS). GR mRNA in the CA1 region of the hippocampus was higher in BTBR than in B6
(Panel C, t(1, 8) = 2.70, p<0.05). However, BTBR and B6 did not differ in GR mRNA levels
in the CA2 region of the hippocampus, nor in the PVN (data not shown, CA2 t(1, 8) = 0.06,
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NS, PVN t(1, 8) = 0.33, NS). Oxytocin peptide levels in the PVN were significantly higher in
BTBR as compared to B6 (Panel D, t(1, 17) = 2.81, p<0.05).

Stress-induced hyperthermia
Figure 2 illustrates stress-induced hyperthermia. The mean basal body temperature, T1, was
36.01° ± 0.22° for BTBR and 35.89° ± 0.17° for B6, indicating no strain difference at
baseline (t(1, 20) = 0.69, NS). The expected significant increase in body temperature at T2
compared to T1 was detected in both B6 (Panel A, t(1, 18) = 6.84, p<0.05) and BTBR (Panel
B, t(1, 22) = 5.321, p<0.05). No strain difference was detected in delta, the change in body
temperature (Panel C, t(1, 20) = 0.65, NS).

Forced swim and tail suspension
Figure 3 illustrates immobility scores for the forced swim task and the tail suspension test.
During forced swim, immobility time was significantly lower in BTBR as compared to B6
(Panel A, t(1, 18) = 3.20, p<0.01). During tail suspension, immobility was similarly lower in
BTBR as compared to B6 (Panel B, t(1, 18) = 3.37, p <0.05).

Elevated plus-maze and light↔dark exploration
Figure 4 illustrates the lack of an anxiety-like phenotype in BTBR compared to B6 in the
elevated plus-maze and light↔dark task. The strains did not differ on percentage of time
spent on the open arms of the elevated plus-maze (Panel A, t(1, 22) = 0.34, NS). Entries into
the open arms (Panel B, t(1, 22) = 0.73, NS), or total entries (Panel C, t(1, 22) = 0.66, NS). No
significant differences were detected between strains in the total number of transitions
between the light and dark compartments (Panel D, t(1, 22) = 0.29, NS), cumulative time
spent in the dark chamber (Panel E, t(1, 19) = 1.48, NS) or the latency to first entry into the
dark chamber (Panel F, t(1, 22) = 1.25, NS).

Hot plate and tail flick
Figure 5 illustrates responses to painful sensory stimuli in BTBR and B6. Higher latencies to
react to an aversive stimulus on the hot plate task were detected in BTBR compared to B6 in
two independent groups of mice (Cohort 1: Panel A, t(1, 26) = 6.73, p<0.05). A second cohort
of mice yielded similar results (data not shown): BTBR latency 11.4 ± 0.68 sec, B6 latency
6.6 ± 0.63 sec (t(1, 24) = 5.14, p<0.0001). No significant effect of strain was observed on tail
flick pain sensitivity (Panel B, t(1, 22) = 0.29, NS).

Acoustic startle stimulus and prepulse inhibition
Figure 6 Panel A illustrates startle reactivity over a variable range of decibel levels in both
BTBR and B6 mice. Both strains displayed graded startle reactivity as expected (B6: F(5, 16)
= 34.58, p<0.001), (BTBR: F(5, 17) = 55.74, p<0.001). No strain difference was detected on
startle response at any decibel level (F(1, 33) = 0.15, NS), with similar thresholds apparent.
Panel B depicts the expected increase in PPI as the decibels of prepulse increased for both
strains (B6: F(1, 10) = 16.38, p<0.001), (BTBR: F(1, 9) = 10.14, p<0.001). No significant
strain differences were observed at any level of PPI (F(1, 19) = 0.002, NS).

Discussion
The BTBR inbred mouse strain displays behavioral phenotypes with analogies to all three
core diagnostic symptoms of autism, replicated in multiple cohorts of mice and across
several laboratories (Bolivar et al., 2007, Moy et al., 2007, Yang et al., 2007b, McFarlane et
al., 2008, Scattoni et al., 2008, Pobbe et al., 2010). High levels of repetitive self-grooming
represent a robust phenotype relevant to repetitive behaviors in autism. Given that a)

Silverman et al. Page 8

Neuroscience. Author manuscript; available in PMC 2011 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



circulating corticosterone levels are high in BTBR (Benno et al., 2009, Frye and Llaneza,
2010), b) self-grooming in mice often occurs as a displacement behavior in the context of
stressful stimuli (van Erp et al., 1994, Kalueff and Tuohimaa, 2004, Kalueff and Tuohimaa,
2005b), and c) irritability, upset to change, and hyperreactivity to sensory stimuli are
associated symptoms of autism (Lord et al., 2000, Dawson et al., 2004, Lord and Spence,
2006, Volkmar et al., 2009, Zwaigenbaum et al., 2009), it seemed plausible that the autism-
relevant phenotypes of BTBR emerged from an underlying hyper-responsivity to stressful
stimuli. The present studies investigated the hypothesis that repetitive self-grooming in
BTBR is an outcome of unusually high stress responsivity in this strain of mice. The
findings presented herein provide several lines of evidence indicating that BTBR are not
hyper-responsive to stressors, as compared to B6, on their baseline behavioral profiles.
BTBR displayed lower scores than B6 on two depression-relevant behaviors and on hot
plate nociception. Lack of differences between BTBR and B6 were found on two anxiety-
related tests and on responses to acoustic startle, sensorimotor gating, tail flick nociception
and on stress-induced hyperthermia. As compared to several other inbred strains (Crawley et
al., 1997), BTBR appears to fall within the low to moderate range of reactivity to stressful
stimuli.

Low levels of depression-related immobility exhibited by BTBR in the forced swim and tail
suspension tests are consistent with the interpretation of a lack of depression-like
phenotypes. One consideration is that BTBR displays high body weights, and higher levels
of initial exploratory locomotor activity in the open field, as compared to B6 (Moy et al.,
2007, McFarlane et al., 2008, Scattoni et al., 2008, Silverman et al., 2010), which could
conceivably affect performance on the forced swim and/or tail suspension tests. However,
immobility in these two tasks is not heavily influenced by body weight (Mico et al., 1986,
Lucki et al., 2001, Liu and Gershenfeld, 2003) and differences in baseline immobility do not
necessarily correlate nor can be explained by differences in locomotor activity (Logue et al.,
1997, Lucki et al., 2001).

In agreement with two previous reports (Benno et al., 2009, Frye and Llaneza, 2010), we
detected higher circulating corticosterone in BTBR as compared to a standard social strain,
B6. High plasma corticosterone usually reflects high levels of activation of the
hypothalamic-pituitary-adrenal (HPA) axis, initiated by hypothalamic CRF activation
(Koenig et al., 2005). Paradoxically, levels of CRF peptide and mRNA levels in the PVN of
the hypothalamus did not differ between BTBR and B6. Hypothalamic CRF is a potent
activator of the pituitary-adrenal system, coordinating the physiological and behavioral
response to stress (Bale and Vale, 2004). Affective disorders related to heightened stress
sensitivity and dysregulation of stress coping mechanisms often involve dysfunctions of
regulatory mechanisms of CRF family members (Stenzel-Poore et al., 1994, Smith et al.,
1998, Bale et al., 2000, Bale et al., 2002). While CRF activation generally elevates
circulating corticosterone, CRF-induced behavioral changes in stress reactivity may be
mediated by direct neurotransmitter actions of CRF on brain pathways independent of HPA
activation, thereby not stimulating corticosterone release, and insensitive to dexamethasone
suppression (Britton et al., 1986, Stenzel-Poore et al., 1994, Pavcovich and Valentino,
1997). Further, while transgenic mice that chronically overexpress CRF exhibit anxiety-like
behaviors on the elevated plus-maze (Stenzel-Poore et al., 1994), CRF deficient mice have
minimal impairments in stress responses (Dunn and Swiergiel, 1999). Mice with a null
mutation in the CRF1 receptor subtype display low anxiety-related phenotypes relevant to
stress reactivity, exhibiting high open arm time in the elevated plus-maze, while CRFR2 null
mutants display high anxiety-like phenotypes on the elevated plus-maze, indicating a
complex central circuitry through which CRF mediates behavioral responses to stressful
stimuli (Smith et al., 1998, Bale et al., 2000). The present data suggest that high peripheral
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corticosterone in BTBR arises from causes distinct from classical CRF-mediated HPA
activation.

The physiological mechanism causing high circulating corticosterone in BTBR remains to
be determined. However, it is interesting to note that corticosterone regulates metabolic
responses, including fat accumulation, insulin resistance and potentially obesity in mice and
humans (Bjorntorp and Rosmond, 2000, Bjorntorp, 2001, Smart et al., 2006, Michailidou et
al., 2007, Roberge et al., 2007). Corticosterone binds to its receptors in visceral depots
which are lipolytic regions with enriched glucocorticoid receptor expression, to activate
lipoprotein lipase and inhibit insulin-induced lipid mobilization. These complex interactions
lead to triglyceride accumulation and retention in visceral adipose tissue (Bjorntorp, 1996).
BTBR are well-documented for displaying increased body weight, elevated abdominal fat
and higher fasting insulin levels compared to B6 (Flowers et al., 2007, Scattoni et al., 2008).
Elegant studies of whole body glucose metabolism, basal insulin levels and body
composition revealed differences between BTBR and B6 that indicate a mild insulin
resistant-like phenotype in BTBR (Flowers et al., 2007, Zhao et al., 2009). Abnormalities in
circulating corticosterone in BTBR may therefore be linked to peripheral metabolic
dysfunctions rather than central nervous system causes.

Another possibility to consider is that corticosterone’s precursor, progesterone, could
conceivably be metabolized differently in BTBR. Brain metabolites of progesterone such as
3α, 5α tetrahydroprogesterone (THP) and dihydroprogesterone (5α-DHP) regulate several
neurobiological processes including stress reactivity and depression. 3α,5α-THP is a potent
stimulator of GABA receptors and has anxiolytic properties (Steimer et al., 1997).
Progesterone may have both partial agonist and/or antagonist properties at glucocorticoid
receptors and, in mammals, has been shown to reduce HPA negative feedback (Keller-Wood
et al., 1988). Abnormalities in basal concentrations of corticosterone, progesterone and the
neurosteroid 3α,5α-THP have been reported in BTBR (Frye et al., 2010).

Elevated oxytocin in the PVN of the hypothalamus, detected in the present experiments,
offers another possible explanation for the cause of high repetitive self-grooming in BTBR.
Oxytocin induces grooming in rodents when microinjected into the lateral ventricle, ventral
tegmentum and nucleus accumbens (Drago et al., 1986, Kaltwasser and Crawley, 1987,
Pedersen et al., 1988, Drago et al., 1991, Amico et al., 2004). On the other hand, oxytocin
plays a key role in affiliative social, grooming, depressive and anxiety-like behaviors in
several rodent species (Carter et al., 1992, Winslow et al., 1993, McCarthy et al., 1996,
McCarthy et al., 1997, Bale et al., 2001, Ferguson et al., 2001, Insel and Young, 2001,
Winslow and Insel, 2002, Amico et al., 2004, Ring et al., 2006, Lee et al., 2009, Macbeth et
al., 2009). Oxytocin null mutant mice display impaired social recognition and poor social
memory (Ferguson et al., 2000). Given the robust social deficits in BTBR, one may have
predicted reduced oxytocin neurotransmission in this strain. However, it is interesting to
note that two independent lines of oxytocin null mutant mice displayed normal social
approach (Crawley et al., 2007) on a social task in which BTBR is deficient. Another
consideration is that postmortem tissue levels of a peptide neurotransmitter do not
necessarily reflect synaptic concentrations of the neuropeptide in vivo. High oxytocin
peptide levels in the PVN could be caused by higher synthesis and/or lower release.
Similarly, the functional outcome of high oxytocin peptide levels in the PVN depends on the
concentration and occupancy of postsynaptic oxytocin receptors. Although oxytocin
receptors were not investigated within the present experiments, our preliminary data indicate
higher levels of oxytocin receptor mRNA in several brain regions (unpublished data by
Macbeth, Silverman, Crawley and Young, NIMH). Potential compensatory activation of the
oxytocin receptor by vasopressin, a closely related hypothalamic nonapeptide (Caldwell and
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Young, 2006), represents a further complication in interpreting the implications of elevated
oxytocin in the PVN on self-grooming and social behaviors in BTBR.

Taken together with previous reports in which BTBR displayed low anxiety-like scores on
the elevated plus-maze (Moy et al., 2007, Yang et al., 2009), elevated zero maze (McFarlane
et al., 2008), and light↔dark exploration task (Yang et al., 2009), and high exploratory
behavior in an empty novel open field (McFarlane et al., 2008, Yang et al., 2009, Silverman
et al., 2010), our present findings of comparatively low depression-relevant behaviors, low
pain sensitivity, and scores in the normal range for responses to several aversive sensory
stimuli, suggest that the baseline profile of behavioral reactivity of BTBR is consistent with
an interpretation of low to moderate responsivity on mildly stressful behavioral tasks. The
present data, therefore, argue against hyperreactivity to stress as a primary cause of the high
repetitive self-grooming in BTBR. Similarly, the low to normal reactivity components of the
BTBR phenotype are not analogous to the subset of individuals with autism who display
high levels of irritability and hyperreactivity to sensory stimuli, but may be relevant to
individuals with autism who display low affect and hyposensitivity to painful stimuli. The
complex central circuitry for neuropeptides and neuroendocrine factors mediating stress
responses will require further extensive experiments to fully understand the neurochemical
mechanisms underlying repetitive behaviors in BTBR mice.
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Figure 1. Comparison of stress-related neuroendocrine factors in BTBR versus B6 mice
Plasma levels of corticosterone, corticotrophin releasing factor (CRF) and oxytocin were
determined by radioimmunoassay. Glucocorticoid receptor (GR) mRNA was determined by
in situ hybridization. (A) Plasma corticosterone levels were higher in BTBR than B6,
**p<0.01. N=12 BTBR, N=12 B6. (B) CRF detected in the paraventricular nucleus of the
hypothalamus (PVN) did not differ between BTBR and B6. N=10 BTBR, N=9 B6. (C) GR
mRNA measured by optical density units in the CA1 region of the hippocampus was
significantly higher in BTBR than B6, *p<0.05. N=5 BTBR, N=5 B6. (D) Oxytocin peptide
levels in the PVN were significantly higher in BTBR than B6, **p<0.01. N=9 BTBR, N=10
B6. Data are shown as ± SEM in all Figures.
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Figure 2. Similar stress-induced hyperthermia in BTBR and B6
Body temperatures displayed by (A) B6 and (B) BTBR at the time point before (T1) and at
the time point 10 minutes after (T2) handling and insertion of the rectal probe, *p<0.05 T2
versus T1. (C) No strain difference was detected in the stress-induced change in body
temperature. N=12 BTBR, N=10 B6.
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Figure 3. Less depression-relevant immobility in BTBR than B6
Percent immobile observations were significantly lower in BTBR than in B6 mice on both
(A) forced swim and (B) tail suspension. Data are presented as % time immobile over the
last 4 minutes of the test session for the forced swim task, and over the entire 6 minute test
session for the tail suspension task, *p<0.05 ** p < 0.01. N=10 BTBR, N=10 B6.
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Figure 4. Similar anxiety-related scores in BTBR and B6
Elevated plus-maze scores revealed no significant differences in (A) percentage of time
spent on the open segments (B) entries into the open arm segments and as an internal
locomotion control (C) total entries between BTBR and B6. Light↔dark exploration
detected no significant differences in (D) number of transitions between the light and dark
sides of the apparatus (E) time spent in the dark chamber and (F) latency to enter the dark
portion of the apparatus between BTBR and B6. N=12 BTBR, N=12 B6.
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Figure 5. Reduced response on hot plate but not on tail flick in BTBR as compared to B6
(A) Latency to jump, lick or vocalize was significantly higher in BTBR than B6 on the hot
plate test, *p<0.05. N=16 BTBR, N=12 B6. (B) Latency to move the tail away from a hot
beam of light did not differ between BTBR and B6. N=12 BTBR, N=12 B6.
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Figure 6. Similar acoustic startle and sensorimotor gating in BTBR and B6
No significant strain differences at any decibel level were detected on (A) Acoustic startle
responses for BTBR and B6. N=18 BTBR, N=17 B6, (B) Prepulse inhibition of acoustic
startle N=10 BTBR, N=11 B6.
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