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Abstract
Autism spectrum disorder (ASD) is diagnosed based on three core features: impaired social
interactions, deficits in communication and repetitive or restricted behavioral patterns. Against this
backdrop, abnormal sensory processing receives little attention despite its prevalence and the
impact it exerts on the core diagnostic features. Understanding the source of these sensory
abnormalities is paramount to developing intervention strategies aimed at maximizing the coping
ability of those with ASD. Consequently, we chose to examine whether sensory abnormalities
were present in mice heterozygous for the Gabrb3 gene, a gene strongly associated with ASD.
Mice were assessed for tactile and heat sensitivity, sensorimotor competence (accelerating rotarod
task) and sensorimotor gating by prepulse inhibition of the acoustic startle reflex (PPI). All
heterozygotes exhibited an increase in seizure susceptibility and similar reductions in Gabrb3
expression in the dorsal root ganglia, spinal cord, whole brain and amygdala. Interestingly,
significant differences were noted between heterozygous variants in regards to tactile sensitivity,
heat sensitivity, sensorimotor competence and PPI along with differences in Gabrb3 expression in
the reticular thalamic nucleus and the bed nucleus of stria terminalis. These differences were
influenced by the heterozygotes’ gender and whether the Gabrb3 gene was of paternal or maternal
origin. These results are not adequately explained by simple haploinsufficiency of Gabrb3,
therefore, additional mechanisms are likely to be involved. In addition, this is the first report of the
occurrence of tactile and heat hypersensitivity in an ASD mouse model, two features often
associated with ASD.
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Introduction
GABAA receptors are ligand-gated chloride channels that play a critical role in
neurodevelopment and mediate most of the fast synaptic inhibition in adult brain. Functional
GABAA receptors are constructed from a pool of heterogeneous subunits that assemble
together to form multiple subtypes that exhibit differing GABA sensitivities and
pharmacologies [4, 50]. The β3 subunit, encoded by the GABRB3 gene, is the major β
isoform present during brain development and is strongly implicated in ASD [1, 59, 61].
Although no one gene will be universally responsible for all idiopathic cases of autism, two
recent studies of postmortem ASD brain found that the majority of brains studied displayed
significant reductions in the expression of the β3 subunit protein [15, 59]. Moreover, the first
direct evidence of GABRB3 involvement in ASD, due to a nucleotide coding variant of
GABRB3, was recently reported by Delahanty et al. [9].

The prevalence of autism spectrum disorder (ASD) has been estimated to be as high as 1 out
of 91 children [34] with a 4:1 male to female ratio [18]. The core diagnostic traits of ASD
include impaired social interactions, stereotypical or restrictive behaviors, and
communication deficits [21]. However, a number of other behavioral abnormalities are
common to ASD, including hyperactivity, epilepsy, sensorimotor deficits, sleep disturbances
and sensory processing abnormalities in auditory, visual, tactile and thermal modalities [6,
33, 57]. Although sensory processing abnormalities are common to ASD they manifest in
diverse ways, in a study of 200 cases of ASD about 39% showed hypo-responsiveness, 19%
hyper-responsiveness and 36% displayed mixed responsiveness [23].

Although mice lacking the Gabrb3 gene (Gabrb3−/−) exhibit a number of abnormalities
relevant to ASD [10, 12, 65], mice with a heterozygous deletion of the Gabrb3 gene are
likely to be a more accurate representation of the molecular constituency of ASD. However,
to date Gabrb3 heterozygous mice have not been typically reported as having significant
behavioral abnormalities. These observations may be, in part, due to the unusually high
behavioral variability displayed by heterozygous mice [11, 38, 65] that were of a mixed-
strain background, C57BL/6J × 129Sv/SvJ, two substrains commonly reported as being
behaviorally different [30, 44]. To avoid such confounds we backcrossed the Gabrb3 gene
disruption for seven generations against pure C57BL/6J, largely reducing the 129Sv/SvJ
contribution. We hypothesized that haploinsufficiency of Gabrb3 expression, on a stable
background, would be sufficient to alter behaviors often associated with ASD such as
abnormalities in somatosensory processing and sensorimotor function. In this report,
behavioral assessments were done in conjunction with measurements of Gabrb3 expression
levels in several neural components associated with the assessed behaviors.

Materials and Methods
Techniques used to disrupt the Gabrb3 gene have been previously described [29]. Mice with
a heterozygous disruption of the Gabrb3 gene, were originally obtained from Dr. Gregg
Homanics at University of Pittsburgh, PA. These mice are now available from the Jackson
Laboratory (Bar Harbor, ME). The mouse line used in the current study was backcrossed for
seven generations against the background C57BL/6J strain. The nomenclature used
throughout this manuscript identifies heterozygous mice (p/m) as containing a disrupted (−)
or intact (+) Gabrb3 gene on the paternal allele (p) or maternal allele (m). Therefore, a p−/m
+ designation indicates that the mouse has a disrupted Gabrb3 gene on the paternal allele
and an intact Gabrb3 gene on the maternal allele. Mice were evaluated between 10–36
weeks of age, within a weight range of 19–32 g. Two cohorts were used in this study, the
first completed the following series of behavioral experiments in the same order (tactile,
heat, wire test, marble burying and lastly seizure susceptibility) with one week between each
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set of behavioral tasks. A second cohort underwent rotarod testing followed a week later by
startle and PPI evaluation. Throughout the study heterozygous mice were gender matched to
littermate controls. Mice were housed in groups of 3–5 on a 12/12-h light/dark cycle (lights
on at 06:00 hours) in a climate-controlled room with food and water provided ad libitum.
Genotyping was conducted by PCR on tail tissue samples. All animal protocols conformed
to the guidelines determined by the National Institute of Health (USA) Office for Protection
from Research Risks and were approved by the Animal Care and Use Committee of the
Veterans Affairs Palo Alto Health Care System. Assessments were made relative to gender
and whether the disrupted gene was of paternal or maternal origin. In all behavioral assays
the evaluators were blinded to the genotypes of the mice being tested.

Behavioral Assays
Mechanical Threshold—Static tactile allodynia (tactile hypersensitivity) is
predominantly mediated by Aδ fibers and can be detected by a heightened response to the
application of small, stiff probes (i.e. von Frey monofilaments) to the skin of humans or the
hindpaws of rodents [17, 48]. The assessment of mechanical (tactile) sensitivity was
determined according to the “up-down” method described by Chaplan et al. [7]. Briefly, a
series of Semmes-Weinstein calibrated von Frey monofilaments (Stoelting Co., Wood Dale,
IL) were used, with nine filament strengths chosen at logarithmic intervals, ranging from
0.04 to 4 g. Mice were allowed to acclimate for 30 min within a nonrestrictive Plexiglas
cylindrical enclosures (diameter 10 cm and height 30 cm) placed on top of a wire-mesh
surface elevated 40 cm above the table’s surface. After the adaptation period the smallest
diameter filament was applied to the center of the plantar surface of the hind paw. The
stimulus was applied for 5 sec with enough force to bend the fiber slightly with withdrawal
of the hind paw from the fiber scored as a response. When no response was observed, the
next stiffest fiber in the series was applied to the same paw. If a response was obtained, a
less stiff fiber was applied, if no response occurred the next stiffer fiber was once again
applied. Testing proceeded in this manner until four fibers, after the one that elicited the first
response, were applied. Mechanical withdrawal thresholds were calculated using a data
fitting algorithm of the response data, which permitted the use of parametric statistics for
comparison analysis [55].

Heat Sensitivity—In order to determine whether heterozygous mice exhibited a change in
sensitivity to heat, the method of Hargreaves, modified for use in mice, was employed to
assess heat hyperalgesia [25]. Mice were allowed to acclimate for 30 min in nonrestrictive
Plexiglas enclosures (10 cm diameter × 30 cm height) placed on a clear glass plate
maintained at 29oC. A radiant heat source was activated in conjunction with a timer and
focused onto the planter surface of the hind paw. When the paw was withdrawn, both heat
and timer were halted. The radiant heat intensity was adjusted to provide approximately a 10
sec paw withdrawal baseline for control mice (+/+), this setting was used in all subsequent
experiments. A maximal cut-off of 20 sec was used to prevent tissue damage. Four
measurements were made per animal per test session.

Acoustic startle and prepulse inhibition—The methods used for assessing acoustic
startle, a primitive brainstem reflex, and prepulse inhibition (PPI), a phenomenon in which a
weak pre-stimulus reduces the startle response to subsequent startling stimulus, were
adapted from Frankland et al., [19]. Startle testing was conducted using a SR-Lab startle
response system (San Diego Instruments, San Diego, CA). Mice were placed in a
nonrestrictive Plexiglas cylinder (3.2 cm internal diameter) resting on the sensor platform
within the ventilated apparatus. A piezoelectric accelerometer, attached to the base of the
sensor platform, detected and transduced all mouse movements, which were digitized and
stored by computer. Acoustic startle stimuli, prepulse stimuli and the continuous background
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white noise of 65 decibels (dB) were delivered via a high-frequency speaker (frequency
range of 0.4–16 kHz) located 28 cm above the containment cylinder. The speakers,
containment cylinder and sensor platform were housed within a sound-attenuated chamber.
The startle amplitude was taken to be the maximal response that occurred within 65 msec of
the presentation of the startle stimulus (recorded every msec). The sound levels for
background noise and startle/prepulse stimuli were verified with a digital sound level meter,
and the SR-Lab calibration unit was used routinely to ensure uniform sensitivity between
test chambers.

Following an acclimation period of 5 min within the containment cylinder, mice were
exposed to an acoustic startle stimuli at each of five different startle stimulus intensities (80,
90, 100, 110, 120 dB) with the startle reflex amplitude being recorded and stored via
computer interface. PPI was evaluated by the presentation of a non-startling acoustic
prepulse just prior to a startling stimulus with measurements reflecting the percentage
inhibition of the normal startle amplitude that occurred in the absence of the prepulse. Each
PPI trial consisted of a startle stimulus (120 dB, 40 msec), which was preceded by a
prepulse of 70, 80 or 90 dB with a fixed interval (100 msec) between onsets of the prepulse
and startle stimuli. A prepulse was 20 msec in duration with a rise/fall time of less than 1
msec. Each trial was presented once in a pseudo-random sequence within each test session
block with a variable inter-trial interval (ITI) of 12–30 sec (average 15 sec). A total of 10
trial blocks for each startle and PPI session were presented. The following formula was used
to calculate % prepulse inhibition of a startle response: % PPI= 100 − [(startle response with
prepulse presented before the startle stimulus/startle stimulus response alone) × 100].

Accelerating Rotarod—In the accelerating rotarod task, a mouse is required to constantly
make postural adjustments in order to maintain balance on the rotarod and avoid falling off.
The rotarod (Smartrod Model SRTC, AccuScan Instruments, Columbus, OH) consists of a
10-cm-diameter rubber-coated cylinder that can revolve at varying speeds. Each trial was
started by placing a mouse on the stationary rod for 30 sec to acclimate, followed by the rod
being accelerated from 3 to 19 rpm over a 180 sec period. Each mouse received one trial per
day for seven consecutive days. Latency time to fall off the accelerating rotarod was
recorded automatically by the Smartrod.

Marble burying—The marble burying procedure has been reported to assess obsessive-
compulsive tendencies as well as repetitive/perseverative responses in mice [63, 67]. The
marble burying procedure used was adapted, with minor modifications, from previous
studies [67]. Briefly, mice were acclimated to the testing room for 1 hr prior to test chamber
adaptation (Day 1) and prior to testing (Day 2). During adaptation, each animal was
individually acclimated for 30 min to the clear polypropylene testing chamber (13 cm × 20
cm × 30 cm) containing a 5 cm deep layer of sawdust bedding. On day 2, mice were
individually placed back into the test chamber, which now contained 24 clear glass marbles
(one cm in diameter) placed in six rows of four, on top of a 5 cm deep layer of sawdust. The
number of marbles fully buried in 30 min was recorded.

Wire hanging test—The wire hanging test is a simple approach used to measure
neuromuscular ability (muscle tone and grip strength) of a rodent by assessing the animal’s
ability to hang suspended by its forepaws from a wire (2 mm diameter) 30 cm above a
sawdust covered surface for a maximum time of 1 min [32, 49]. Latency to fall was
measured from the time a mouse was placed hanging by its forepaws on the wire until it fell.
The test was performed twice for each mouse with results from each mouse being averaged
and data analyzed.
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Pentylenetetrazol (PTZ) induced seizures—PTZ induced seizure sensitivity
experiments were conducted using a minimal number of animals. A sub-convulsant dose of
PTZ (35 mg/kg) in 0.9% sodium chloride solution was administered via intra-peritoneal
(i.p.) injection. Mice were scored using the seizure scoring method of Schwaller et al., [60].
Specifically, seizures were scored as follows: 1) behavioral arrest and staring, 2) whole body
twitching or mild tremor, 3) myoclonic jerking of the head and forelimbs numbering less
than 20, 4) myoclonic jerking of the head and forelimbs number more than 20, 5) bilateral
forelimb clonus 6) generalized tonic-clonic seizures, often involving wild running and
jumping behavior with loss of postural control, 7) status epilepticus defined as 10 min or
more of continuous or closely spaced seizures with no return to normal behavior, often
resulting in death. All sessions were videotaped for 30 min and scored by two blinded
observers.

Collection of dorsal root ganglia (DRG), spinal cord and whole brain—Mice
were sacrificed by CO2 inhalation. The posterior elements of the spine were removed and
the segmental nerves were cut immediately distal to the ganglion using spring scissors and
whole spinal cord removed and placed in 4°C RNA Later buffer (Ambion Austin, TX)
followed by RNA extraction. To remove lumbar DRGs (L1–L6) the dorsal root was gently
tugged to pull the DRG into the vertebral canal, then nerves were clipped and connective
tissue removed prior to DRG removal. Although removal of the spinal cord improves access
to DRGs, care was taken to minimize the amount of nerve collected with the ganglia.
Lumbar DRGs were collected using a dissection microscope (Model 570, AO Instrument
Co., Buffalo, NY) and transferred to Eppendorf tubes kept on dry ice and then stored at
−80°C until used. The whole brain was removed from the skull and placed in 4°C RNA
Later buffer (Ambion Austin, TX) followed by RNA extraction.

Laser Capture Microdissection (LCM)
Preparation—Mice were exposed to CO2 for 30 sec and perfused transcardially with 20
ml phosphate buffered saline (0.1 M) in diethyl pyrocarbonate (DEPC) treated water. The
brains were removed and embedded in Optimal Cutting Temperature (OCT) compound
(Triangle Biomedical Sciences, Durham, NC) and kept at −80°C until used.

Coronal sections (20 μm thick) were prepared using a cryostat microtome (Leica CM 1850,
Houston, TX), collected onto membrane slides (Molecular Machines & Industries Inc.,
Haslett, MI), and stored at −80°C. Tissue slides were fixed, processed and stained as
follows, 70% ethanol for 30 sec followed by DEPC-treated water for 5 sec, stained for 30
sec with 0.5% toluidine blue and washed in DEPC-treated water for 1 min. Subsequent
dehydration of slides was accomplished using a series of increasing alcohol solutions (50%
– 100%) for 30 sec each and lastly placed in xylenes for 2 min [66].

The Laser Microdissection System MMI version 2.3 (Molecular Machines & Industries Inc.,
Haslett, MI) with settings of speed 37%, focus 46% and energy 99% was used to dissect out
the reticular thalamic nucleus (RTN) (bregma −0.46 to −1.70 mm), bed nucleus of stria
terminalis, (supracapsular part) (BNST) (bregma −0.58 to −1.34 mm) and the amygdala
(basolateral nucleus (anterior part) and the lateral nucleus) (bregma −0.70 to −1.46 mm)
from the coronal sections [51]. A total area of 100–200 μm2 was taken from 2–3 sections
from each mouse using a 4x or 10x objective. The collected samples were placed on a
diffusor cap of a LCM plastic collection tube (Molecular Machines & Industries Inc. Haslett,
MI) and immediately stored at −80°C until mRNA extraction.

RNA extraction and cDNA synthesis—Whole brain, spinal cord and DRG tissue
samples were homogenized in TRI Reagent (1 ml per 100 mg of tissue) (Sigma, St. Louis,
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MO) using a Polytron homogenizer for brain and Pyrex glass/glass homogenizer for spinal
cord and DRG tissue. Total RNA was extracted according to manufacturer guidelines.
Briefly, homogenized tissue samples were allowed to stand for five min at room
temperature. Subsequently, 0.2 ml chloroform, per ml of TRI Reagent, was added to the
sample and shaken vigorously for 30 s followed by 10 min incubation at room temperature.
Samples were centrifuged at 12,000× g for 15 min at 4°C. The upper phase (300–450 μl)
was transferred to a fresh Eppendorf tube. Room temperature isopropyl alcohol (0.5 ml per 1
ml TRI Reagent)was added and allowed to sit for 10 min in order to precipitate the total
RNA. This was followed by centrifugation at 12,000 × g for 15 min at 4°C. The resulting
RNA pellets were washed with 1 ml 75% ethanol. Total RNA was dissolved in RNase-free
water and kept at −80°C until used. Total RNA isolation from LCM samples, including
DNase treatment, were performed using the RNAqueous-Micro kit (Ambion, Austin, TX)
according to the manufacturer’s instructions and stored at −80°C until used.

RNA was reverse transcribed to cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). The reverse transcription reaction
was performed at 25°C for 10 min, 37°C for 120 min, and 85°C for 5 sec. The cDNA was
stored at −20°C until used in RT-PCR.

Quantitative Real-Time PCR (RT-RCR)—A volume of 20 μl of cDNA from DRG and
spinal cord was diluted 1:10 with sterile water and used as the template while 20 μl of the
cDNA from brain tissues was diluted 1:20 with sterile water and used as the template.
Quantitative RT-PCR was performed using the SYBR Green PCR master kit (Applied
Biosystems, Foster City, CA). In brief, RT-PCR amplification mixtures contained 2.5μl
template cDNA, 2x SYBR Green I Master Mix buffer (2.7μl) and 0.3μl forward and reverse
primers (2.5 pmol). The cycling conditions included 10 min polymerase activation step at
95°C and then 40 cycles of 95°C for 15 sec followed by 60°C for 60 sec. All PCR reactions
were done in triplicate. Relative quantitation of data obtained from the ABI PRISM 7700
Sequence Detection System was performed using the comparative method. The amount of
target expressed in the spinal cord and DRG was normalized to an endogenous reference
housekeeping gene for hypoxanthinephophoribosyltransferase (Hprt). The amount of target
expressed in brain was normalized to an endogenous reference housekeeping gene for β-
actin. The primers used in the real-timePCR were as follows:

Forward primer for Hprt: 5′-GCTTGCTGGTGAAAAGGACCTCTCGAAG-3′

Reverse primer: 5′-CCCTGAAGTACTCATTATAGTCAAGGGCAT-3′, PCR product
size: 117 bp.

Forward primer β-actin: 5′-GGCTGGCCGGGACCTGACAGACTAC-3′

Reverse primer: 5′-GCAGTGGCCATCTCCTGCTCGAAGTC-3′, PCR product size:
150 bp.

Forward primer Gabrb3 (Exon 4): 5′-AGTGAAAAACCGCATGATCC-3′

Reverse primer (Exon 5): 5′-GCAGTTTTGCTCATCCAGTG-3′, PCR product size:
121 bp.

Primers were designed using software from Integrated DNA Technologies
(http://www.idtdna.com).

Monitoring the real-time increase in fluorescence of SYBR-Green dye provided a means for
semi-quantitative analysis of the data. All data were normalized to the Hprt or β-actin
mRNA threshold cycle (CT) level and then relative to a calibrator (reference sample placed
on each plate) and expressed as mRNA relative fold change.
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Statistical analysis—Data were analyzed for statistical significance using Prism 4.03
software (GraphPad, San Diego, CA) with a value of p<0.05 being considered statistically
significant. One-way ANOVA with Tukey’s post hoc multiple comparison tests were used
to determine the level of significant differences between genotypes and their respective
gender-matched controls in the tactile and heat sensitivity experiments as well as in the
marble burying and wire hanging experiments. The data from the acoustic startle stimulus
were analyzed using a two-way ANOVA with pairwise comparisons at each acoustic
intensity performed post hoc using unpaired two-tailed t tests. PPI data were statistically
analyzed using a two-way ANOVA with post hoc pairwise comparisons using Bonferroni
tests. Rotarod data were analyzed by two-way repeated measures ANOVA with pairwise
comparisons for each trial day performed using unpaired two-tailed t tests. In the PTZ
experiments, significant differences were determined by a nonparametric Kruskal-Wallis
test followed by a Mann-Whitney U test. Expression of the Gabrb3 gene in heterozygous
and control mice were compared using Kruskal-Wallis test followed by a Mann-Whitney U
test.

Results
Breeding

Mating between female heterozygotes and male C57BL/6J mice produced percentages of
offspring that were in accordance with what would be predicted by Mendelian genetics,
roughly 48% +/+ and 52% +/−. However, mating between male heterozygotes and female
C57BL/6J mice produced slightly skewed percentages of 58% +/+ and 42% +/−. Although,
little can be made of such results, it suggests p−/m+ heterozygotes may experience a slightly
higher mortality rate prior to weaning than p+/m− heterozygotes.

Mechanical Threshold
Upon application of von Frey filaments to the hind-paw, wildtype (+/+) mice displayed
withdrawal thresholds of 1.63 ± 0.24 g for females (n=14) and 1.44 ± 0.12 g for males
(n=15). Female heterozygotes of both genotype distinctions displayed a trend towards lower
paw withdrawal thresholds than controls but genotype differences were found to be non-
significant (F2,45=2.46, p=0.10) (Fig 1). However, between male genotypes, differences
were found to be significant (F2,38=23.20, p<0.001), suggesting an increase in mechanical
responsiveness (Fig 1). Post hoc analysis revealed significant differences between controls
and p+/m− and p−/m+ male mice (p<0.05 and p<0.001, respectively). In addition, male p−/
m+ mice were found to be significantly more responsive to innocuous mechanical stimuli
than were male p+/m− mice (p<0.01) (Fig. 1).

Heat Sensitivity
Assessment of Hargreaves heat sensitivity revealed mean baseline paw withdrawal latencies
for female +/+ mice (n=7) of 9.8 ± 0.2 sec and for male +/+ mice (n=7) of 9.2 ± 0.4 sec.
Genotype differences were found to be significant in paw withdrawal latencies amongst
female (F2,18=7.9, p<0.01) and male (F2,18=21.4, p<0.001) cohorts. Post hoc analysis
revealed significant differences in heat hyperalgesia between each heterozygous variant and
its respective control (Fig. 2). In addition, male p−/m+ mice were found to be significantly
more sensitive to heat stimulation than male p+/m− mice (p<0.05), while female p+/m−
mice did not differ significantly from female p−/m+ mice (Fig. 2).

Acoustic startle
Statistically significant genotype differences in acoustic startle were observed amongst the
female (F2,161=23.24, p<0.001) and male (F2,166=14.78, p<0.001) cohorts. In general, at
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acoustic intensities of between 100–120 dB, heterozygotes (p+/m− and p−/m+) of both
genders displayed lower startle responses in comparison to controls (Fig. 3).

Prepulse inhibition (PPI)
Significant genotype differences were found in regards to PPI of the acoustic startle reflex
amongst female genotype variants (F2,99=4.16, p<0.05) and amongst male genotype variants
(F2,96=14.22, p<0.001). However, Bonferroni post hoc tests found no significant differences
between female heterozygotes and controls. At prepulse intensities of 70 dB and 80 dB post
hoc analysis indicated a significant increase in PPI of male p−/m+ mice relative to controls,
as well as a significant difference between p−/m+ and p+/m− male mice (Fig. 4).

Rotarod
Motor learning and sensorimotor coordination, as measured by the latency to fall off an
accelerating rotarod, revealed significant genotype differences amongst female genotype
variants (F2,154=11.10, p<0.001) and male genotype variants (F2,140=9.35, p<0.001). Post
hoc analysis revealed significant differences between female p−/m+ and control mice on
trial days 2, 3 and 7, while no significant difference was noted between female p+/m− mice
and controls (Fig. 5). Mean weights ± SEM of female mice were: +/+ 23 ± 1, p+/m− 22 ± 1
and p−/m+ 26 ± 1 g. Male heterozygotes appeared to reach a plateau in their ability to
improve their performance on the rotarod with post hoc analysis revealing significant
differences between male heterozygotes of both variant (p+/m− and p−/m+) and male
controls on days 5–7 (Fig. 5). Mean weights ± SEM of male mice were: +/+ 30 ± 2, p+/m−
30 ± 2 and p−/m+ 31 ± 1 g.

Marble burying
We observed no gender difference in the number of marbles buried by male or female
control mice as has also been reported elsewhere [26, 46]. Significant genotype differences
in marble burying behavior was observed amongst female mouse variants (F2,41=4.86,
p<0.05) with post hoc tests revealing female p−/m+ mice, but not p+/m− mice, to be
significantly different from female controls (p<0.01). Likewise, a significant genotype
difference in marble burying behavior was also observed between male mouse variants
(F2,41=4.26, p<0.05) with post hoc tests indicating male p−/m+ mice, but not male p+/m−
mice, to be significantly different from male controls (p<0.05) (Table 1).

Wire hanging test
No significant gender difference in wire hanging behavior was observed between control
mice (Table 2). In addition, no significant genotype difference in wire hanging performance
was observed between female genotype variants (F2,27=0.04, p=0.96) or male genotype
variants (F2,31=2.25, p=0.12) (Table 1). Weights and ages (mean ± SD) of mice used in the
wire hanging task were: male, 26 ± 2 g, 12 ± 2 weeks old and female, 24 ± 3 g, 15 ± 4 weeks
old.

PTZ seizure threshold
PTZ induced seizure scores for each genotype variant are presented in Table 1. Significant
genotype differences were observed amongst females [H(3)=13.18, p<0.01] and male mouse
variants [H(3)=14.89, p<0.001]. Within gender comparison revealed both female p+/m− and
p−/m+ to be significantly more sensitive to the effects of PTZ than were female controls,
p<0.01 and p<0.001, respectively, with no significant difference observed between female p
+/m− and p−/m+ mice (Table 1). Within gender comparisons revealed both male p+/m−
and p−/m+ to be significantly more sensitive to the effects of PTZ than were male controls
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(p<0.001 and p<0.01, respectively), with no significant difference observed between male p
+/m− and p−/m+ mice.

Gene expression
Kruskal-Wallis analysis revealed significant group differences in Gabrb3 expression
between same gender genotypes in the DRG (female [H(3)=11.42, p<0.01]; male
[H(3)=10.59, p<0.01]), spinal cord (female [H(3)=8.19, p<0.05]; male [H(3)=8.00, p<0.05])
and whole brain (female [H(3)=7.71, p<0.05]; male [H(3)=10.66, p<0.01]). Mann-Whitney
U post hoc tests further indicated significant reductions of Gabrb3 gene expression in
heterozygous variants, compared to same-gender controls. However, no significant
differences were observed between heterozygous variants of the same gender (Table 2).

The mRNA extracted from the RTN (Fig 6A) revealed significant group difference amongst
the genotypes in regards to Gabrb3 expression as indicated by the Kruskal-Wallis test
(females: [H(3)=9.08, p<0.05]; males: [H(3)=14.64, p<0.001]). Mann-Whitney U post hoc
tests indicated that all heterozygotes exhibited significantly less Gabrb3 expression than
gender-matched controls and that male p+/m− mice exhibited significantly less Gabrb3
expression than male p−/m+ mice, whereas, no significant difference was detected between
female heterozygotes (Fig. 6B). The maximum % variability in the housekeeping gene β-
actin between same gender samples was 3%. Raw Ct values (mean ± SEM) were as follows:
male, +/+ 31.1 ± 0.6; p−/m+ 32.7 ± 0.4; p+/m− 32.6 ± 0.4; Female, +/+ 30.4 ± 1.0; p−/m+
32.1 ± 0.5, p+/m− 33.0 ± 0.3.

The mRNA extracted from the BNST (Fig. 7A) revealed significant group differences in
regards to Gabrb3 expression in males [H(3)=9.8, p<0.01], but not females [H(3)=5.52,
p>0.05]. However, post hoc tests indicated that both male and female p−/m+ mice expressed
significantly less Gabrb3 than controls, p<0.01 and p<0.05, respectively while p+/m− mice
did not (Fig. 7B). In addition, male p−/m+ mice expressed significantly less Gabrb3 than
male p+/m− mice (p<0.01) (Fig. 7B). The maximum % variability in β-actin between
samples was 1% for the male samples and 4% for female samples. Raw Ct values (mean ±
SEM) were as follows: male, +/+ 28.2 ± 1.6; p−/m+ 32.8 ± 0.7; p+/m− 32.3 ± 0.2; Female,
+/+ 28.1 ± 1.2; p−/m+ 31.6 ± 0.4, p+/m− 32.2 ± 0.4.

The mRNA extracted from the amygdala (Fig. 8A) revealed significant group difference
amongst genotypes, in regards to Gabrb3 gene expression (females: [H(3)=11.00, p<0.01;
males: [H(3)=9.76, p<0.01]). Post hoc tests indicated a significant reduction of Gabrb3
expression in all heterozygotes relative to controls with no significant difference being
observed between p+/m− and p−/m+ mice of the same gender (Fig. 8B). The maximum %
variability in β-actin between samples was 4% for the male samples and 3% for female
samples. Raw Ct values (mean ± SEM) were as follows: male, +/+ 31.9 ± 0.4; p−/m+ 31.9 ±
0.4; p+/m− 32.6 ± 0.6; Female, +/+ 30.4 ± 1.0; p−/m+ 31.7 ± 0.5, p+/m− 32.3 ± 0.2.

Discussion
All heterozygotes were overly sensitive to subthreshold heat stimuli, displayed reduced
startle reactivity and were more susceptible to PTZ-induced seizures than gender-matched
controls. Male heterozygotes also displayed tactile hypersensitivity and reduced
sensorimotor competence on the accelerating rotarod, whereas female heterozygotes only
exhibited mild effects in these two tasks. Furthermore, male p−/m+ mice were
distinguishable from male p+/m− mice as having greater tactile and heat sensitivity as well
as increased PPI. The presence of heightened seizure susceptibility, hypersensitivity to touch
and heat and decreased sensorimotor competence are of particular interest as these features
are common to ASD [6, 42, 57, 64].
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Reductions in Gabrb3 expression of between 46–59% were observed in whole brain, spinal
cord and DRG of all heterozygous variants (Table 2). A previous study by Liljelund et. al.
[38] involving Gabrb3 heterozygotes maintained on a mixed background, reported an 80%
decrease in β3 protein content in whole brain, with the exception of male p−/m+ mice,
which displayed a 37% reduction. These mice were described as being phenotypically
normal with only subtle differences in EEG, however only a limited behavioral assessment
was performed in that study. Both the current study and the Liljelund study indicate that a
significant reductions in Gabrb3 gene expression occurs in heterozygotes, likely causing an
increase in excitability of the central nervous system, accounting for the observed EEG
changes in the earlier study [38] and an increase in seizure susceptibility in the current
study. A more in depth comparison between these two studies was not practical as the
heterozygotes in the earlier study were of a mixed background and the assessments differed.
Similar to the current study, the Liljelund study likewise concluded that differences
observed between heterozygous mice was dependent on gender and parent-of-origin effects.
Simple haploinsufficiency likely accounts for the seizure susceptibility in all heterozygotes
in the current study, however, it does not provide much insight into why male heterozygotes
were more affected than female heterozygotes in regards to sensorimotor competence and
tactile sensitivity or why male p−/m+ mice were distinguishable from male p+/m− mice in
regards to tactile and heat sensitivity as well as PPI.

Although, sensory processing involves numerous brain regions, virtually all sensory
information passes through the thalamus, with thalamocortical neurons and their regulation
by RTN neurons [27, 69] serving to filter the flow of information to the cortex. Two
separate studies have implicated thalamic abnormalities in ASD, one involving proton
spectroscopy of ASD brains [24] and the other suggesting that GABAergic dysfunction of
the thalamus contributes to somatosensory-evoked response differences observed in
Angelman syndrome, an ASD subtype, caused by a deletion of maternal chromosomal
region 15q11-13, containing the GABRB3 gene [14]. In addition, studies of Gabrb3
knockout mice found highly abnormal RTN electrophysiology [31]. As GABAergic RTN
neurons regulate the neuronal response of the ventral posterior medial thalamus to
innocuous stimuli (light touch) [37] we chose to examine the RTN. Gabrb3 expression in
the RTN was significantly reduced in all heterozygous variants with male p+/m− mice
exhibiting significantly less Gabrb3 expression than their p−/m+ counterparts (Fig. 6B).
Although intriguing, the expression data doesn’t correlate well with the behavioral data, as
one would have expected all heterozygotes to display significant differences in tactile
sensitivity, with male p+/m− mice likely exhibiting the greatest degree of tactile
hypersensitivity, which was not the case (Fig. 1). While the reduction in Gabrb3 expression
in the RTN likely contributes to the observed somatosensory hypersensitivity it doesn’t
provide a comprehensive understanding of why there are differences between heterozygous
variants.

Reduced startle response was common to all heterozygotes, but only male p−/m+ mice
displayed increase PPI. PPI serves as a model of sensorimotor gating [20], a process that
serves to filter extraneous stimuli, thereby, protecting an organism from experiencing
sensory overload, thus maintaining the integrity of higher cognitive processes [53].
Numerous midbrain structures mediate PPI [16, 62] with the BNST and the basolateral
amygdala being indirectly linked to changes in PPI phenomena [58]. Similar reductions in
Gabrb3 expression in the amygdala were noted in all heterozygotes, thereby providing little
insight into why male p−/m+ display significant increases in PPI and other heterozygous
variants do not. However, the BNST in both female and male p−/m+ mice were found to
express significantly less Gabrb3 than controls, whereas, p+/m− of both genders oddly did
not. The larger reduction in Gabrb3 expression in the BNST of male p−/m+ mice versus
female p−/m+ mice (72% vs. 43%) may be a contributing factor to the significant increase
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in PPI observed in male p−/m+ mice but not female p−/m+ mice. Interestingly, the Fmr1
knockout mouse, a model of Fragile × syndrome, a subtype of ASD, exhibits a reduction in
acoustic startle reflex and an increase in PPI similar to male p−/m+ mice in this study [19].
The Fmr1 knockout mouse also exhibits a down regulation in many elements of the GABA
signaling system [8]. However, in contrast to these mouse models, individuals with Fragile ×
syndrome, idiopathic ASD or Asperger’s syndrome exhibit a decrease in PPI [19, 40, 54].
Therefore, while the observation that both mouse models exhibit significant increases in
PPI, supporting a role for these separate genes in sensorimotor gating, there is a lack of
correspondence between the PPI phenotype observed in these mouse models and the human
disorders they are suppose to represent [19, 40, 52, 54]. Therefore, while PPI circuitry in
rodents can serve as a model for understanding the neural control of sensorimotor gating,
presuming that the neural circuitry for PPI in rodents can necessarily be translated directly
across species would be imprudent.

Marble burying behavior in mice is thought to model obsessive-compulsive [46] and
repetitive/perseverant behavior [63]. Previous studies utilizing the V1aR gene knockout
mouse [13] and the Gabrb3 gene knockout mouse [26], both models of ASD, reported
reductions in marble burying behavior. In the current study, male and female p−/m+ mice
also displayed reduced marble burying behavior while their p+/m− counterparts did not
(Table 1). The above findings appear to be counterintuitive as one would have predicted that
an autism model would exhibit more preservative behavior, not less, leading to an increase
in marbles buried. We considered whether tactile hypersensitivity or hypotonia, both
observed in Gabrb3 knockout mice [26, 65], might account for reduced digging in p−/m+
mice. However, no evidence for hypotonia, as assessed by the wire-hanging task, was
observed in any heterozygote and no association between tactile hypersensitivity and the
number of marble buried was apparent. A potential explanation for the above data comes
from a study correlating decreased marble burying with increased 5-HT expression in the
dorsal raphe nucleus [68]. Excitatory release of 5-HT within the dorsal raphe is mediated by
the locus coeruleus (LC) [56], a region that expresses an abundance of Gabrb3 [39] and has
been postulated to be functionally impaired in ASD [41]. The LC has subsequently been
found to be abnormal in Gabrb3 knockout mice [26] thereby making it conceivable that
decreased marble burying behavior exhibited by p−/m+ mice, as well as Gabrb3 knockout
mice [26], may indirectly entail changes in LC regulation of 5-HT function. Alternatively,
electrode mapping studies have linked digging behavior with the distribution of
hypothalamic efferent fibers from the BNST [36]. Therefore, a potential scenario might
include a significant reduction in Gabrb3 expression in BNST resulting in reduced burying/
digging behavior as seen in p−/m+ mice. The BNST is most often associated with stress-
responsiveness and emotionality [43], but is also involved in the expression of maternal and
paternal behavior (for review, see [47]). Therefore, rather than perseverant behavior, the
reduction in marble burying (i.e. reduced digging behavior) observed in this study, may be
indicative of a change in a parental social behavior, such as nest building, which involves
digging behavior [22, 70]. Moreover, deficits in nesting and digging behavior as well as
abnormal social behavior have been previously observed in Gabrb3 knockout mice [12]. As
abnormal social behavior is a hallmark of ASD, an in-depth evaluation of social behavior in
these heterozygotes is warranted.

The current findings indicate that simple haploinsufficiency due to heterozygous disruption
of the Gabrb3 gene, on a relatively homogenous C57BL/6J background, is sufficient to
manifest behaviors often present in ASD. These include heightened heat sensitivity and
increased seizure susceptibility. However, differences between heterozygous variants in
tactile sensitivity, heat sensitivity and PPI along with concurrent differences in Gabrb3
expression in the RTN and BNST suggest other mechanisms besides haploinsufficiency are
involved. The observation that male heterozygotes were more robustly affected in regards to
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tactile sensitivity and sensorimotor competence than were female heterozygotes is of
particular interest as ASD exhibits a strong male bias. These results suggest the Gabrb3
gene may exhibit gender dependent regulation allowing phenotypic manifestation to be more
apparent in males [18]. In addition, both Gabrb3 expression and behavior appear to be
significantly influenced by whether the intact Gabrb3 gene contributed to the heterozygous
offspring is of paternal or maternal origin. Although the GABRB3 gene is not imprinted and
expresses biallelically in normal human and mouse brain [5, 28, 45], in situations where
only one chromosomal allele containing the GABRB3 gene is present, a paternal expression
bias of the GABRB3 gene has been indicated [2, 3, 28, 35]. Hogart et. al., [28] hypothesized
that a complex epigenetic dysregulation of the chromosomal region containing the GABRB3
gene occurs in situations where only one chromosomal allele is present with the paternal
allele likely containing a more active chromatin configuration than the maternal allele. A
parental expression bias was noted in our mouse model in regards to Gabrb3 expression in
the the BNST as well as in the behavioral data, suggesting that a paternal deletion of the
Gabrb3 gene leads to a more robust behavioral phenotype. Lastly, the presence of tactile and
heat hypersensitivity in these mice, both common to ASD, is an important finding, as these
behaviors have not been previously observed in other ASD mouse models. Understanding
the source of such sensory hypersensitivities is paramount to the development of
intervention strategies aimed at maximizing the coping ability of autistic individuals whose
lives are strongly impacted by sensory over-stimulation. The current findings are congruent
with the wealth of evidence implicating the GABRB3 gene in ASD and lend strong support
for utilizing this mouse model to further investigate other behavioral abnormalities typical of
ASD.
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Figure 1.
Histograms depicting paw withdrawal thresholds (mean ± SEM) elicited by applying von
Frey monofilaments to the planter surface of the hindpaw. Mice of both genders harboring
the disrupted Gabrb3 gene on either the maternal (p+/m−) or paternal (p−/m+)
chromosomal allele were tested for mechanical sensitivity. Female +/+, n=14; female p+/m
−, n=16; female p−/m+, n=18. Male +/+, n=15; male p+/m−, n=14; male p−/m+, n=14.
*p<0.05, ***p<0.001 represents difference from gender-matched controls; ##p<0.01
represents difference between male p+/m− and p−/m+ mice.
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Figure 2.
Histograms depicting paw withdrawal latencies (mean ± SEM) to radiant heat, as measured
by the Hargreaves method. Each genotype group consisted of seven mice. *p<0.05,
**p<0.01, ***p<0.001 indicates significant differences from gender-matched controls,
#p<0.05 represents difference between p+/m− and p−/m+ male mice.
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Figure 3.
Acoustic startle threshold responsivity of heterozygous and control mice. Histograms depict
the mean peak response amplitude ± SEM of 10 trials using five separate startle stimuli
ranging from 80–120 dB. Female mice: +/+, n=12; p+/m−, n=12; p−/m+, n=12. Male mice:
+/+, n=13; p+/m−, n=11; p−/m+, n=13. *p<0.05, **p<0.01 indicates significant differences
from gender-matched controls.
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Figure 4.
Assessment of prepulse inhibition (PPI) in heterozygous and control mice. PPI was
examined using prepulses of different intensities, 70, 80 and 90 dB, and presented as
percentages (mean ± SEM) using the formula: % PPI= 100 − [(startle response with
prepulse presented before the startle stimulus/startle stimulus response alone) × 100]. A high
% prepulse inhibition value indicates that the subject showed a reduced startle response
when a prepulse stimulus was presented compared to when the startle stimulus was
presented alone. Female mice: +/+, n=12; p+/m−, n=12; p−/m+, n=12. Male mice: +/+,
n=13; p+/m−, n=11; p−/m+, n=13. *p<0.05, **p<0.01 indicates significant difference from
gender-matched controls, #p<0.05, ###p<0.001 represents difference between p+/m− and p
−/m+ male mice.
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Figure 5.
Assessment of the performance of heterozygous and control mice on the accelerating
rotarod. Mice were placed on a stationary rod for 30 sec prior to slowly rotating the rod from
3 to 19 rpm over a 180 sec trial period, performed once a day for 7 consecutive days. Data
are presented as the mean ± SEM of the time in which each mouse genotype was able to
remain on the rod. Female mice n=12 for each genotype, male mice n=11 for each genotype.
Significant differences relative to gender-matched control mice are as indicated *p<0.05,
**p<0.01, ***p<0.001.
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Figure 6.
A) Representative example of the region of the reticular thalamic nucleus (RTN) (bregma
−1.46, 4X magnification, outlined by the dashed line) that was removed by laser capture
microdissection. For reference the lateral ventricle (LV), fimbria of the hippocampus (fi),
and the CA3 field of the hippocampus have been labeled. B) Histograms depicting the
expression levels of Gabrb3 (mean ± SEM) in the RTN, relative to expression in gender-
matched controls (n=5–7 per genotype). *p<0.05, **p<0.01 represents significant difference
from controls, whereas ##p<0.01 represents significant differences between male p+/m− and
p−/m+ mice.
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Figure 7.
A) Representative example of the bed nucleus of the stria terminalis, supracapsular part
(BNST) (bregma −1.22, 10X magnification, outlined by dashed line) that was removed by
laser capture microdissection. For reference the fimbria of the hippocampus (fi) and the
internal capsule (ic) have been labeled. B) Histograms depicting the expression level of
Gabrb3 (mean ± SEM) in the BNST, relative to expression in gender-matched controls
(n=5–7 per genotype). *p<0.05, **p<0.01 indicates significant differences from controls,
whereas ##p<0.01 represents significant differences between male p+/m− and p−/m+ mice.
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Figure 8.
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A) Representative example of the amygdala including the basolateral amygdaloid nucleus,
anterior part (BLA) and the lateral amygdaloid nucleus (LA) (bregma −1.06, 10X
magnification, outlined by the solid lines) that was removed by laser capture
microdissection. For reference the caudate putamen (CPu) has been labeled. B) Histograms
depicting the expression of Gabrb3 (mean ± SEM) in the amygdala, relative to expression in
gender-matched controls (n=4–6 per genotype). *p<0.05, **p<0.01 represents significant
differences relative to controls.
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Table 1

Behavioral analysis of heterozygous mice compared to controls.

Genotype Marble buryinga Wire hangingb Seizure susceptibilityc

Female

 +/+ 17 ± 1 29.3 ± 4.6 1.9 ± 0.3

 p+/m− 15 ± 2 30.5 ± 4.8 5.4 ± 1.0**

 p−/m+ 11 ± 2** 31.2 ± 5.5 6.8 ± 1.4**

Male

 +/+ 19 ± 1 22.0 ± 3.8 1.5 ± 0.3

 p+/m− 17 ± 1 27.4 ± 4.4 5.3 ± 0.8***

 p−/m+ 14 ± 2* 35.8 ± 5.4 5.2 ± 1.2**

Data presented as the mean ± SEM.

a
Number of marbles buried during a 30 min period, n=12–18.

b
Latency time to fall from a thin wire, n=10–12.

c
Seizure stage (see methods) induced by a subconvulsant dose of pentylenetetrazol (35 mg/kg), n=6–12.

*
p<0.05,

**
p<0.01,

***
p<0.001.
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Table 2

Relative mRNA expression levels of Gabrb3 in adult heterozygous mice compared to controls.

Genotype Dorsal root ganglia Spinal cord Whole brain

Female

 +/+ 1.00 ± 0.12 1.00 ± 0.07 1.00 ± 0.10

 p+/m− 0.41 ± 0.13** 0.46 ± 0.12* 0.50 ± 0.05*

 p−/m+ 0.41 ± 0.17** 0.46 ± 0.04* 0.50 ± 0.06*

Male

 +/+ 1.00 ± 0.12 1.00 ± 0.06 1.00 ± 0.04

 p+/m− 0.44 ± 0.16** 0.45 ± 0.13* 0.52 ± 0.07**

 p−/m+ 0.41 ± 0.09** 0.51 ± 0.12* 0.54 ± 0.08**

Data presented as the mean ± SD for six control mice, per gender, and four to six heterozygous mice from each variant. DRG and spinal cord were
normalized to the Hrpt gene with whole brain samples normalized to the β-actin gene.

*
p<0.05,

**
p<0.01 relative to gender-matched controls.
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