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Abstract
Rationale Abnormalities in excitatory/inhibitory neurotransmission are hypothesized to contribute to autism spectrum
disorder (ASD) etiology. BTBR T+Itpr3tf/J (BTBR), an inbred
mouse strain, displays social deficits and repetitive selfgrooming, offering face validity to ASD diagnostic symptoms. Reduced GABAergic neurotransmission in BTBR suggests that GABAA receptor positive allosteric modulators
(PAMs) could improve ASD-relevant BTBR phenotypes.
The neuroactive steroid ganaxolone acts as a PAM, displaying
anticonvulsant properties in rodent epilepsy models and an
anxiolytic-like profile in the elevated plus-maze.
Objectives We evaluated ganaxolone in BTBR and C57BL/6J
mice in standardized assays for sociability and repetitive behaviors. Open field and anxiety-related behaviors were tested
as internal controls and for comparison with the existing neuroactive steroid literature.
Results Ganaxolone improved aspects of social approach and
reciprocal social interactions in BTBR, with no effect on repetitive self-grooming, and no detrimental effects in C57BL/
6J. Ganaxolone increased overall exploratory activity in
BTBR and C57BL/6J in the open field, social approach, and
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elevated plus-maze, introducing a confound for the interpretation of social improvements. Allopregnanolone and diazepam similarly increased total entries in the elevated plusmaze, indicating that behavioral activation may be a general
property of GABAA receptor PAMs in these strains.
Conclusions Ganaxolone shows promise for improving sociability. In addition, ganaxolone, as well as other GABAA
receptor PAMs, enhanced overall BTBR activity. The translational implications of specific sociability improvements and
nonspecific behavioral activation by ganaxolone in the BTBR
model remain to be determined. Future studies to explore
whether PAMs provide a novel profile with unique benefits
for ASD treatment will be worthwhile.
Keywords Autism spectrum disorder . Neuroactive steroid .
Ganaxolone . Allopregnanolone . Diazepam . Anxiety .
Sociability . Social approach . Repetitivebehaviors . Open field

Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental
disorder characterized by (a) unusual reciprocal social interactions and impaired communication and (b) restricted and repetitive patterns of interests and behaviors (American
Psychiatric Association 2013). Currently, there are no FDAapproved pharmacological treatments that ameliorate the core
ASD symptoms of social impairments and repetitive behaviors. Animal models of autism-relevant behaviors provide preclinical tools for deciphering the genetic and environmental
contributions to ASD etiology. In addition, mouse models of
autism provide research tools to explore the efficacy and safety of potential pharmacological therapeutics for the reversal of
autism-relevant behaviors.
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BTBR T+Itpr3tf/J (BTBR), a mouse model of idiopathic
autism, displays a lack of sociability, reduced ultrasonic vocalizations, and high levels of repetitive behaviors such
as self-grooming and marble burying (Blanchard et al.
2012; Bolivar et al. 2007; Han et al. 2014; McFarlane
et al. 2008; Silverman et al. 2010), as compared to
other inbred strains of mice with high sociability and
low repetitive behaviors, such as C57BL/6J (B6).
Recently, hippocampal neurons from BTBR mice were
found to have a reduced frequency of GABAA receptormediated spontaneous inhibitory synaptic currents (Han
et al. 2014). Further, GABAergic circuits utilized in
multisensory integration in the insular cortex were reported to be deficient in BTBR (Gogolla et al. 2014).
Enhancement of GABAergic neurotransmission by administration of benzodiazepines to BTBR, including diazepam and
a low dose of clonazepam, reversed deficits in inhibitory
synaptic events, and improved social interaction, as measured
by the 3-chambered social approach task (Blanchard et al.
2012; Han et al. 2014). These findings suggest that pharmacological agents that reverse the deficit in inhibitory neurotransmission in mouse models of ASD can improve ASDrelevant behaviors by correcting the excitatory/inhibitory
imbalances in synaptic activity implicated in ASD
(Rubenstein and Merzenich 2003).
Allopregnanolone, an endogenous metabolite of progesterone, and its synthetic 3β-methyl analog ganaxolone
are potent positive allosteric modulators (PAMs) of
GABAA receptors, the major inhibitory neurotransmitter
receptor in the central nervous system (Dubrovsky 2005;
Morrow 2007; Paul and Purdy 1992; Reddy and
Rogawski 2012). These compounds have dosedependent biphasic effects on many behaviors in several
animal models (Belelli and Lambert 2005; Lambert et al.
1995). Consequently, ganaxolone is attractive as a potential therapy for ASD-relevant behaviors that may result
from reduced inhibitory neurotransmission. Ganaxolone
is currently being investigated for its preclinical and clinical efficacy in the treatment of epilepsy (Beekman et al.
1998; Hogenkamp et al. 2014; Reddy and Rogawski
2010, 2012; Ungard et al. 2000) (ClinicalTrials.gov
NCT02358538, NCT01963208, NCT00441896,
NCT00465517), post-traumatic stress disorder (Pinna and
Rasmusson 2014) (NCT01339689), anxiety (Hogenkamp
et al. 2014), and fragile X syndrome (Heulens et al. 2012;
Kooy et al. 2013) (NCT01725152).
Here we address the hypothesis that ganaxolone will
improve social behaviors and/or reduce repetitive behaviors in BTBR mice. B6 mice were used to characterize
ganaxolone in a second, commonly used inbred mouse
strain. Standard tests for exploratory locomotion and
anxiety-related behaviors were conducted to compare
the effects of ganaxolone in BTBR versus B6 and for
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comparison with previously published ganaxolone findings (Hogenkamp et al. 2014; Ungard et al. 2000).

Methods
Mice Male and female BTBR T+Itpr3tf/J (BTBR), C57BL/6J
(B6), and 129S1/SvImJ (129) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) and bred at
the University of California Davis School of Medicine
in Sacramento, CA. An AAALAC-accredited vivarium
maintained the breeding cages and subject mice in ventilated cages on a conventional lighting cycle, with temperature and humidity controls, and with food and water
ad libitum. Behavioral testing was conducted in dedicated
testing rooms during the light phase of the circadian cycle (07:00–19:00). Male and female mice were used in a
between-subjects design, as previous studies have demonstrated no sex differences in BTBR and in B6 on assays of sociability, repetitive behaviors, and open field
locomotion (Silverman et al. 2010, 2012). An experimenter blind to the drug treatment of subject mice manually scored behavioral videos, which were labeled only
with the coded animal number. For ganaxolone studies,
behavioral assays were conducted sequentially in the following testing order beginning at 6 weeks of age: elevated plus-maze, three-chambered social approach, spontaneous repetitive behaviors, open field, marble burying,
and male-female reciprocal social interactions. For elevated plus-maze testing, separate groups of experimentally naïve mice were used for the allopregnanolone (male
and female BTBR and B6) and diazepam (male B6) studies. All procedures were conducted in compliance with
the NIH Guidelines for the Care and Use of Laboratory
Animals and approved by the UC Davis Institutional
Animal Care and Use Committee.
Drug preparation and treatment Ganaxolone (ScinoPharm,
Taiwan Limited, Tainan, Taiwan) was prepared in 30 %
Captisol (a polyanionic β-cyclodextrin derivative;
Ligand Pharmaceuticals, La Jolla, CA) in saline
(United States Pharmacopeia (USP) standard formulation) and sonicated with heat for 30 min. Allopregnanolone
was prepared in 22 % Captisol in USP saline. Diazepam was
prepared in 1 % Tween in USP saline. Doses of ganaxolone (5,
10, 20, and 30 mg/kg) or its vehicle, allopregnanolone (5 and
10 mg/kg) or its vehicle, and diazepam (1 and 2 mg/kg) or its
vehicle were acutely administered intraperitoneally 30 min
prior to behavioral testing using a 10 ml/kg injection volume.
Separate cohorts of mice were used for each drug study. Drug
treatments within a cohort of mice were counterbalanced
across behavioral tasks, with a washout of at least 4 days
between experiments.
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Behavioral assays
Elevated plus-maze anxiety-related test Subject mice were
placed in the center area of a black Plexiglas automated elevated
plus-maze (Med-Associates, St. Albans City, VT), under 300-lx
white light illumination, for a 5-min test session as previously
described (Flannery et al. 2015; Silverman et al. 2015).
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covered with convoluted foam sheets (Uline, Pleasant
Prairie, WI), and under dim, red light conditions (10 lx).
Each female partner was given at least 30 min of rest time
between tests. Frequency and duration of social behaviors
were scored from videos using Noldus Observer software
(Noldus Information Technology, Leesburg, VA).
Statistical analysis

Three-chambered social approach Evaluation of sociability
was conducted under low light conditions (40 lx) in four
identical units of our three-chambered social approach
apparatus, beginning 30 min after drug administration,
and employing two 10-min habituation sessions and a
10-min social approach session with a novel 129 partner
as previously described (Brielmaier et al. 2014;
Silverman et al. 2015).
Repetitive behaviors Mice were individually placed in an
empty standard mouse cage covered with a filter top lid under
low light conditions (40 lx) and video recorded for 20 min for
the manual scoring of repetitive self-grooming during the last
10 min of the test session, as previously described (McFarlane
et al. 2008; Silverman et al. 2010).
Open field locomotion Open field activity was evaluated to
control for any direct drug effects on general activity.
Exploratory locomotion was assessed in individual mice using
a VersaMax Animal Activity Monitoring System (AccuScan
Instruments, Columbus, OH) for a 1-h test session under low
light conditions (40 lx), as previously described (Silverman
et al. 2015).
Marble burying The number of marbles buried during a
30-min test session under low light conditions (40 lx)
was scored as a corroborative measure of repetitive behavior. Individual animals were placed in a standard
mouse cage filled with 2 cm of corncob bedding, in
which 20 black glass marbles (14 mm in diameter;
landofmarbles.com; product code, chin204) were placed
in a 4×5 grid on top of the bedding. After 30 min, the
number of marbles buried (>50 % covered) was counted
as an index of repetitive behavior at the end of the
testing session, as previously described (Silverman
et al. 2015).
Male-female reciprocal social interactions Testing procedures were conducted as previously described (Scattoni et al.
2011; Yang et al. 2013). Male subjects were group housed and
sexually naïve at time of testing. B6 females in pro-estrus or
estrus (open vagina with pink or reddish pink surrounding
tissue) were used as partner mice. A 5-min testing session
was conducted in a sound attenuating chamber (ENV-018V;
Med Associations, St. Albans, VT), with interior walls

For social approach, a paired t test was conducted to compare
time spent in the chamber with the novel object versus time
spent in the chamber with the novel mouse, within each strain
and within each drug dose or vehicle treatment group, as previously described (Silverman et al. 2015). The number of
seconds spent with the novel mouse is highly variable across
cohorts of the same strain or genotype. In contrast, the comparison of time spent with the novel mouse versus time spent
with the novel object is highly consistent across cohorts of the
same strain or genotype. Therefore, an ANOVA comparison
across treatment groups or across strains is inappropriate for
the parameter of time with the novel object and novel mouse,
thus requiring individual paired t tests. Effect size estimates
for significant pairwise comparisons were calculated using
Cohen’s d. Cohen’s d values greater than 0.5 were considered
to be medium in strength, while values greater than 0.8 were
considered to have a large effect size. Center chamber times
are shown in the graphs for illustrative purposes. Time spent
sniffing the novel object versus the novel mouse was analyzed
by a paired t test. Sociability was defined as significantly more
time spent in the chamber with the novel mouse than in the
chamber with the novel object and/or significantly more time
spent sniffing the novel mouse than sniffing the novel object.
For number of entries into the two side chambers, data were
analyzed within strain by repeated measures analysis of variance (ANOVA), using a between-groups factor of dose and a
within-group factor of chamber. A priori Bonferroni or
Dunnett’s test was used to compare each drug group to its
vehicle control group. Male-female reciprocal social interactions, repetitive self-grooming, marble burying, and elevated
plus-maze data were analyzed with a one-way ANOVA conducted within strain for each behavioral parameter. After a
significant overall ANOVA, a Dunnett’s post hoc test was
used to compare each drug dose group to its vehicle control
group. Open field activity across time was analyzed with a
repeated measures ANOVA conducted within strain, using a
between-groups factor of dose and a within-group factor of
time, to evaluate drug effects on total distance, horizontal activity, vertical activity, and center distance. After a significant
ANOVA, a priori Dunnett’s test was used to compare each
drug group to its vehicle control group. Statistical analyses
were performed using GraphPad Prism (Version 5.02) and
Statistica (Version 12). Data graphs were created using
GraphPad Prism.
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Results
Three-chambered social approach In the social approach
task, B6 mice displayed its usual species-typical normal sociability after vehicle and after each dose of ganaxolone (Veh:
t(14)=3.8, p<0.002, Cohen’s d=1.87; 5 mg/kg: t(14)=2.3,
p<0.04, Cohen’s d=1.17; 10 mg/kg: t(16)=8.8, p<0.0001,
Cohen’s d=4.10; 20 mg/kg: t(17)=2.2, p<0.05, Cohen’s d=
0.79; Fig. 1a). B6 mice administered with vehicle or
ganaxolone also displayed significantly more sniffing of a
novel mouse compared to a novel object after vehicle and after
each dose of ganaxolone (Veh: t(14)=6.2, p<0.0001, Cohen’s
d=2.36; 5 mg/kg: t(14)=4.6, p<0.0004, Cohen’s d=2.07;
10 mg/kg: t(16)=10.6, p<0.0001, Cohen’s d=3.47; 20 mg/kg:
t(17)=5.4, p<0.0001, Cohen’s d=1.95; Fig. 1c).
BTBR mice displayed its usual lack of sociability,
showing no significant difference between time spent in
the chamber with the novel mouse and time spent in the
chamber with the novel object after vehicle or ganaxolone
administration (Fig. 1b). BTBR mice administered with
vehicle or ganaxolone at the lower doses, 5 and 10 mg/kg,
also exhibited a characteristic lack of sociability (i.e., no
significant difference between time spent sniffing the novel
mouse versus the novel object) (Fig. 1d). In contrast, after
the 20 mg/kg dose of ganaxolone, BTBR mice displayed
sociability, i.e., spent significantly more time sniffing the
novel mouse versus the novel object (t(15)=2.7, p<0.02,
Cohen’s d=0.75).
Ganaxolone increased the number of entries B6 mice made
into the chambers containing the novel object and novel
mouse during social approach testing (main effect of dose:
F(3,61)=8.6, p<0.0001; Fig. 1e), significant at the highest
dose tested, 20 mg/kg ganaxolone (112 % increase)
(Dunnett’s test, p<0.0002). Ganaxolone similarly increased
the number of entries BTBR mice made into the side chambers with the novel object and novel mouse (main effect of
dose: F(3,61) = 6.0, p < 0.002; Fig. 1f), significant at the
highest dose, 20 mg/kg ganaxolone (65 % increase)
(Dunnett’s test, p<0.0003).
During the habituation session preceding social approach
testing, ganaxolone had no effect on chamber time (Fig. 2a, b).
There was no significant interaction between drug treatment
and chamber entries in either strain (Fig. 2c, d). Ganaxolone
(20 mg/kg) increased the number of entries made into the two
side chambers by both B6 (91 % increase; main effect of dose:
F(3,61)=6.5, p<0.0008; Dunnett’s test, p<0.0004; Fig. 2c)
and BTBR (77 % increase; main effect of dose: F(3,61)=
8.2, p<0.0002; Dunnett’s test, p<0.0001; Fig. 2d), consistent
with increased exploratory activity. While a slight side bias
was seen, with more chamber entries made into chamber 1
compared to chamber 3 in B6 (main effect of chamber: F(1,
61)=11.4, p<0.002) and in BTBR (main effect of chamber:
F(1,61)=16.3, p<0.0002), the effect was small, and the novel
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object and novel mouse were counterbalanced during the sociability phase to avoid any potential influences on sociability
due to side bias.
Male-female reciprocal social interactions Ganaxolone had
no effect on the duration of total social sniffing or on specific
types of social sniffing (e.g., nose-to-nose, nose-to-anogenital,
and nose-to-body) in male B6 mice interacting with an estrous
female (Fig. 3a, c, e, g). In BTBR, ganaxolone at 20 mg/kg
increased nose-to-nose sniffing behavior by 158 % compared
to vehicle (main effect of dose: F(3,43) = 6.1, p < 0.002;
Dunnett’s test, p < 0.05; Fig. 3b). Similarly, 20 mg/kg
ganaxolone increased the duration of nose-to-anogenital
(209 % increase) and nose-to-body sniffing (163 % increase),
and total social sniffing (181 % increase) in BTBR (nose-toanogenital: main effect of dose: F(3,43)=4.6, p<0.008; noseto-body: main effect of dose: F(3,43)=8.0, p<0.0003; total
social sniffing: main effect of dose: F(3,43)=7.9, p<0.0003;
Dunnett’s tests, p<0.05; Fig. 3d, f, h). Ganaxolone treatment
had no significant effect on total arena exploration in male B6
or BTBR mice (Fig. 3i, j).
Repetitive self-grooming and marble burying Ganaxolone
had no significant effect on self-grooming (Fig. 4a, b) or on
marble burying (Fig. 4c, d) in either B6 or BTBR mice.
Open field Ganaxolone significantly increased total distance
travelled in BTBR (main effect of dose: F(3,57) = 6.4,
p<0.001; Dunnett’s test, p<0.001 and 0.06, for 20 mg/kg
(78 % at 20 mg/kg compared to vehicle) and 10 mg/kg, respectively; Fig. 5a–d) but not in B6. This effect varied across
time in both strains (dose×time interaction: B6: F(33,
638)=1.7, p<0.013; BTBR: F(33,627)=3.4, p<0.0001).
During the 1-h test session, the total distance traversed
by B6 and BTBR mice declined over time, indicating that
both strains habituated normally to the novel open field
chamber, independent of dose (main effect of time: B6: F(11,
638)=81.6, p<0.0001; Fig. 5a; BTBR: F(11,627)=215.3,
p<0.0001; Fig. 5b).
Ganaxolone significantly increased horizontal activity in
BTBR mice at 10 (38 % increase) and 20 mg/kg (51 % increase) (main effect of dose: F(3,57)=4.1, p<0.02; Dunnett’s
test, p<0.05; Fig. 5f), but not in B6 mice (Fig. 5e). Horizontal
activity in B6 and BTBR mice varied by ganaxolone dose
(dose×time interaction: B6: F(33,638)=1.5, p<0.05; BTBR:
F(33,627)=1.5, p<0.0001). Horizontal activity significantly
decreased over time in both strains (main effect of time: B6:
F(11,638) = 76.6, p < 0.0001; BTBR: F(11,627) = 173.6,
p<0.0001). Although ganaxolone reduced vertical activity in
B6 mice, marginally significant at the 20 mg/kg dose (43 %
decrease; main effect of dose: F(3,58) = 4.0, p < 0.02;
Dunnett’s test, p<0.09; Fig. 5g), ganaxolone did not alter
BTBR vertical activity (Fig. 5h). Vertical activity in B6 and
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Fig. 1 Lack of specific effects of ganaxolone on three-chambered social
approach in adult C57BL/6J (B6) and BTBR T+Itpr3tf/J (BTBR) mice. a
B6 mice displayed normal sociability after vehicle or ganaxolone
administration, as measured by more time spent in the chamber with the
novel mouse than in the chamber with the novel object. b BTBR mice
displayed their characteristic lack of sociability, spending approximately
equal amounts of time in the chamber with the novel mouse and in the
chamber with the novel object after vehicle or ganaxolone. c B6 mice
administered with vehicle or ganaxolone displayed significant sociability,
spending more time sniffing the novel mouse than the novel object. d
BTBR mice administered with vehicle or ganaxolone doses of 5 and
10 mg/kg exhibited a characteristic lack of sociability on the sniffing
parameter, displaying approximately equal amounts of sniffing directed

at the novel mouse and the novel object. In contrast, after treatment with
the high dose of ganaxolone (20 mg/kg), BTBR displayed significantly
more sniffing of the novel mouse versus the novel object as measured by
observer-scored directed sniffing. e B6 mice administered with 20 mg/kg
ganaxolone exhibited significantly higher entries into both side chambers
during sociability testing. f Similarly, BTBR mice administered with
20 mg/kg ganaxolone displayed significantly higher entries into both
side chambers during sociability testing. Higher entries, indicating more
overall exploration, may confound the interpretation of specific social
improvements at the 20 mg/kg dose of ganaxolone. a–d *p<0.05,
within drug treatment group (novel mouse compared to novel object).
e–f The black line indicates a main effect of drug, with no drug×chamber
interaction. * p<0.0003, as compared to vehicle

BTBR mice decreased over time (B6: main effect of time:
F(11,638)=2.9, p<0.001; BTBR: main effect of time: F(11,
627)=14.5, p<0.0001).
Ganaxolone significantly increased center distance in
BTBR mice at 10 (49 % increase) and 20 mg/kg (68 %

increase) compared to vehicle-treated BTBR mice (main effect of dose: F(3,57)=4.3, p<0.009; Dunnett’s test, p<0.05;
Fig. 5j), but not in B6 mice (Fig. 5i). In BTBR mice, center
distance varied by dose (dose×time interaction: F(33,627)=
1.5, p<0.04). Center distance was reduced over time in both
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Fig. 2 Ganaxolone increased
exploratory locomotion during
the habituation phase in the threechambered apparatus in adult
C57BL/6J (B6) and BTBR mice.
a, b Ganaxolone administration
did not significantly affect
chamber time in B6 or BTBR
mice. c, d B6 and BTBR mice
administered with 20 mg/kg
ganaxolone exhibited increased
entries into both side chambers
during chamber habituation. The
black line indicates a main effect
of drug, with no drug×chamber
interaction. * p<0.0001, as
compared to vehicle

strains (main effect of time: B6: F(11,638)=30.9, p<0.0001;
BTBR: F(11,627)=94.4, p<0.0001).

Elevated plus-maze Since neuroactive steroids have been
reported to exert anxiolytic-like effects in mice, ganaxolone
was evaluated in B6 and BTBR mice in the elevated plusmaze, an anxiety-related task that is sensitive to anxiolytic
drugs (Crawley 1985; File et al. 2004; Lister 1987). An
anxiolytic-like trend was seen for ganaxolone in B6 mice on
the elevated plus-maze (Fig. 6) on open arm entries (main
effect of dose: F(4,69)=2.1, p<0.09; Fig. 6c). In BTBR mice,
ganaxolone increased the percent time spent on the open arms
(main effect of dose: F(4,71)=2.6, p<0.04; Fig. 6b) and the
number of open arm entries in BTBR mice (main effect of
dose: F(4,71)=10.4, p<0.0001; Fig. 6d). BTBR mice administered with 20 (176 % increase) or 30 mg/kg (192 % increase)
of ganaxolone made significantly more open arm entries compared to vehicle-treated BTBR mice (Dunnett’s test, p<0.05).
However, it is important to note that ganaxolone significantly increased the number of total arm entries at the
20 mg/kg and 30 mg/kg doses in both B6 and BTBR mice
(B6: 49 and 46 % increase; main effect of dose: F(4,69)=7.4,
p<0.0001; BTBR: 84 and 106 % increase; F(4,71)=10.3),
p<0.0001; Dunnett’s test, p<0.05; Fig. 6e, f). Higher total
arm entries indicate higher general exploration, consistent

with our findings in the open field and social approach tests,
thus introducing an artifact in the interpretation of an
anxiolytic-like effect of ganaxolone at 20 mg/kg.
We conducted parallel elevated plus-maze experiments
with another neuroactive steroid, allopregnanolone, shown
in Fig. 7, with the expectation that allopregnanolone would
serve as a positive control. Allopregnanolone 10 mg/kg increased open arm entries in BTBR by 118 % compared to
vehicle (main effect of dose: F(2,37) = 3.9, p < 0.03;
Dunnett’s test, p<0.05) and significantly increased total arm
entries in both strains (main effect of dose: B6: 27 and 41 %
increase; F(2,36)=6.9, p<0.003; Dunnett’s test, p<0.05 for 5
and 10 mg/kg; BTBR: 68 % increase; F(2,37)=6.0, p<0.006;
Dunnett’s test, p<0.05 for 10 mg/kg; Fig. 7g, h). Increased
number of total arm entries indicates higher levels of locomotor activity, again introducing a possible artifact in the interpretation of specific anxiety-related actions.
As a further internal control to confirm that elevated plusmaze methods and procedures were performed appropriately,
we conducted parallel treatments with diazepam, a standard
benzodiazepine with a well-established anxiolytic-like profile,
in B6 mice on the elevated plus-maze (Cole and Rodgers
1995; Crawley 1985; Griebel et al. 2000). Diazepam significantly increased the percent time spent on the open arms (main
effect of dose: F(2,27)=5.9, p<0.008; Fig. 7c) and the number
of open arm entries (main effect of dose: F(2,27) = 8.3,
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Fig. 3 Male-female reciprocal
social interaction parameters were
increased in BTBR after
ganaxolone treatment. a
Ganaxolone did not affect the
reciprocal social interaction
parameter of nose-to-nose
sniffing in B6 mice. b
Ganaxolone (20 mg/kg) increased
nose-to-nose sniffing in BTBR
male mice. c Ganaxolone did not
affect nose-to-anogenital sniffing
by B6 male mice. d Ganaxolone
(20 mg/kg) increased BTBR
nose-to-anogenital sniffing of
female stimulus mice. e
Ganaxolone did not affect noseto-body sniffing by B6 male mice.
f Ganaxolone (20 mg/kg)
increased BTBR nose-to-body
sniffing of female stimulus mice.
g Ganaxolone did not affect total
social sniffing by B6 male. h
Ganaxolone (20 mg/kg) increased
BTBR total social sniffing of
female stimulus mice. i
Ganaxolone did not alter the time
engaged in exploring the arena
during the reciprocal interaction
session in B6 or BTBR mice. j
Ganaxolone had no significant
effect on total cage exploration in
male B6 or BTBR mice.
*p<0.05, as compared to vehicle
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Fig. 4 Repetitive behaviors were
unaffected by ganaxolone
treatment. a, b Ganaxolone did
not significantly reduce repetitive
self-grooming scores in either B6
or BTBR mice. c, d Ganaxolone
did not change the number of
buried marbles in B6 or BTBR
mice

p<0.002; Fig. 7f), with significant effects at the 1 (78 and
95 % increase, respectively) and 2 mg/kg (88 and 158 % increase, respectively) doses (Dunnett’s test, p < 0.05). At
1 mg/kg, diazepam produced a clear anxiolytic-like effect,
with no increase in the control measures of total arm entries.
However, at the relatively high 2 mg/kg dose, diazepam significantly increased total arm entries by 28 % (main effect of
dose: F(2,27) = 13.6, p < 0.0001; Dunnett’s test, p < 0.05;
Fig. 7i), indicating the same potential confound due to increased general activity that we detected after neuroactive steroid treatment in B6 mice.

Discussion
Although ASD is diagnosed during childhood in approximately 1 % of the population (Elsabbagh et al. 2012; Kim
et al. 2011), there are currently no FDA-approved pharmacological interventions that improve the diagnostic symptoms of
social impairments and repetitive behaviors. Therefore, there
is a great unmet need for medical treatments for the core
symptoms of autism (Helton et al. 1996). Mouse models can
serve as preclinical tools to evaluate the safety and efficacy of
proposed targeted drug treatments for ASD-relevant behaviors. The BTBR inbred strain has been extensively characterized for its autism-relevant behaviors, including lack of sociability demonstrated in many different social assays across several laboratories, high levels of repetitive self-grooming, reduced vocalizations during social interactions, and cognitive
impairments on some tasks (McFarlane et al. 2008; Pobbe

et al. 2010; Scattoni et al. 2011; Silverman et al. 2015; Yang
et al. 2011b). In addition, pharmacological modulation of excitatory or inhibitory neurotransmission in BTBR mice has
resulted in reversals of its characteristic low sociability, high
repetitive behaviors, and cognitive impairments (Han et al.
2014; Silverman et al. 2012, 2013, 2015). These studies suggest that pharmacological manipulations of excitatory/
inhibitory imbalance may reveal promising targets for clinical
drug therapies for ASD.
Several synthetic neuroactive steroids act as positive allosteric modulators (PAMs) of the GABAA receptor (Carter
et al. 1997; Hosie et al. 2006; Lambert et al. 2003; Wang
2011). Ganaxolone and the endogenous neurosteroid
allopregnanolone reduced seizures in animal models of epilepsy (Beekman et al. 1998; Carter et al. 1997; Gasior et al.
2000; Heulens et al. 2012; Reddy 2013; Reddy et al. 2004;
Wieland et al. 1997), similar to other GABA-enhancing compounds (Bertram and Lothman 1990; Distler et al. 2013;
Oakley et al. 2013; Rundfeldt et al. 1995; Treiman 2001).
We reasoned that neuroactive steroids that act as PAMs of
GABAergic neurotransmission may be beneficial in treating
neurodevelopmental disorders in which GABA receptors,
GABAergic interneurons, or other aspects of GABAmediated inhibition are reduced. For example, risk genes implicated in ASD include mutations in the 15q11-13 chromosomal region, which encodes the three GABAA receptor subunit genes GABRB3, GABRA5, and GABRG3 (Buxbaum et al.
2002; Hogart et al. 2007, 2009). Furthermore, ganaxolone has
been proposed as a treatment for fragile X syndrome (Heulens
et al. 2012) (NCT01725152), a neurodevelopmental disorder
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Fig. 5 Open field activity was
increased by ganaxolone in
BTBR but not in B6 mice. a–f
Ganaxolone administration did
not affect total distance travelled
or horizontal activity in B6 mice.
Ganaxolone increased total
distance travelled (20 mg/kg) and
horizontal activity (10 and
20 mg/kg) in BTBR mice. g, h On
the vertical activity parameters,
ganaxolone (20 mg/kg)
marginally decreased vertical
activity in B6 mice. Ganaxolone
did not significantly alter vertical
activity in BTBR mice. i, j
Ganaxolone had no effect on
center distance travelled in B6
mice. Ganaxolone (10 and
20 mg/kg) increased center
distance travelled in BTBR mice.
*p<0.05, #p<0.09, as compared
to vehicle

in which approximately 30–60 % of cases meet the diagnostic
criteria for ASD (Abbeduto et al. 2014; Bailey et al. 1998;

Hagerman et al. 1986; Harris et al. 2008; McDuffie et al.
2014; Rogers et al. 2001; Thurman et al. 2015).
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Fig. 6 Complex effects of
ganaxolone on the elevated plusmaze. To compare the actions of
ganaxolone on social and
repetitive behaviors to previously
reported effects on anxiety-related
behaviors, ganaxolone was
evaluated in B6 and BTBR mice
in the elevated plus-maze. a, b
Ganaxolone did not significantly
affect percent open arm time in
B6 or BTBR mice. c, d High
doses of ganaxolone tended to
increase open arm entries in B6
and significantly increased open
arm entries in BTBR (20 and
30 mg/kg) mice. e, f Ganaxolone
administration (10–30 mg/kg)
increased total entries in B6 and
BTBR mice. Higher total arm
entries, indicating more overall
exploration, are consistent with
findings in the social approach
chamber (Figs. 1 and 2) and may
confound the interpretation of
specific anxiolytic-like effects of
ganaxolone. *p<0.05, as
compared to vehicle

To investigate the therapeutic potential of neuroactive steroids in treating ASD diagnostic symptoms, we employed the
BTBR inbred strain mouse model of autism, which displays
highly robust, well-replicated social deficits and repetitive behaviors (Blanchard et al. 2012; Burket et al. 2013; Gould et al.
2011; McFarlane et al. 2008; Moy et al. 2007; Pobbe et al.
2011; Yang et al. 2007, 2011a; Zhang et al. 2015) and reduced
GABAergic neurotransmission (Gogolla et al. 2014; Han et al.
2014). In BTBR mice, the highest dose of ganaxolone selectively improved social sniffing of a novel mouse in the threechambered social approach test and increased social sniffing
parameters during male-female reciprocal social interaction.
However, general activity was increased in BTBR at this dose
during the social tasks, and in a separate open field test, and on

total arm entries in the elevated plus-maze, suggesting that
increased exploratory locomotion may be contributing to the
effects of ganaxolone on sociability. Ganaxolone-induced increases in locomotion were also seen in B6 and have been
reported for other mouse strains including Swiss Webster
(Ungard et al. 2000), although hyperactivity at high doses of
ganaxolone is not reported consistently across all mouse
strains or studies (Hogenkamp et al. 2014; Pinna and
Rasmusson 2014). Strain differences may be contributing to
variable reports of ganaxolone-induced hyperactivity.
Ganaxolone did not reduce repetitive self-grooming or
marble burying in BTBR. This lack of effect of a GABAA
PAM was unpredicted and contrasts with reduced repetitive
behaviors in BTBR and C58/J mice by a GABAB agonist
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Fig. 7 A standard benzodiazepine anxiolytic, diazepam, produced a
selective anxiolytic-like effect on the elevated plus-maze, while the
neurosteroid, allopregnanolone, did not. a, b Allopregnanolone
administration did not significantly increase percent open arm time in
B6 or BTBR mice. c Diazepam administration (1 and 2 mg/kg)
significantly increased percent open arm time in B6 mice. d, e
Allopregnanolone administration did not significantly increase open
arm entries in B6 mice but did increase open arm entries in BTBR mice

(10 mg/kg). f Diazepam administration (1 and 2 mg/kg) significantly
increased open arm entries in B6 mice. g, h Allopregnanolone
administration (5–10 mg/kg) increased total entries in B6 and BTBR
mice. i A standard dose of diazepam (1 mg/kg), which showed
anxiolytic-like effects on open arm time and open arm entries, did not
affect total number of arm entries, although a high dose of diazepam
(2 mg/kg) increased total arm entries in B6 mice. *p < 0.05, as
compared to vehicle

(Silverman et al. 2015), requiring further investigation.
Neuroactive steroids are being investigated for anxiolytic efficacy, based on their inhibition of tonic signaling via
extrasynaptic GABAA receptors in the amygdala, a region
critical for emotional behaviors (Cardinal et al. 2002;
Kuraoka and Nakamura 2006; Murray 2007; Phelps 2006;
Romo-Parra et al. 2015). To confirm that ganaxolone produced anxiolytic actions at the doses tested in our social and
repetitive behavior assays, we tested the same acute dose of
20 mg/kg in B6 and BTBR mice for its activity on the elevated
plus-maze. Results indicted a trend for increased percent open

arm time, indicating an anxiolytic-like effect. However, the
20 mg/kg ganaxolone dose also increased the total open arm
entries, which is the control measure for general exploration in
this assay. Increased general activity on the elevated plusmaze in these strains is a potential confound to the interpretation of an anxiolytic profile of ganaxolone, consistent with the
same artifact of increased exploratory activity confounding
the interpretation of a social improvement. It is important
to note that an excellent publication demonstrated that
ganaxolone produces an anxiety-like effect in mice on
the elevated plus-maze in the CD-1 strain, as opposed
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to the B6 and BTBR strains used in the present experiments (Hogenkamp et al. 2014). Strain differences in
response to ganaxolone on general activity may explain
the divergent findings.
To ensure that our methods produced results consistent with
the larger literature on anxiolytic drug responses to neuroactive
steroids (Bitran et al. 1991; Darbra and Pallares 2012; Evans
et al. 2012; Modol et al. 2011; Reddy et al. 2005; Rodgers and
Johnson 1998; Wieland et al. 1995; Zimmerberg et al. 2010),
we tested the endogenous neurosteroid allopregnanolone on
the elevated plus-maze in B6 and BTBR mice. In B6 mice,
allopregnanolone showed trends for anxiolytic activity but also
increased total entries in the elevated plus-maze. In BTBR
mice, the high dose of allopregnanolone that increased open
arm entries also increased total arm entries. Together, these
data suggest that allopregnanolone increased general activity
in these two inbred strains of mice at doses that improved
anxiety-like behavioral parameters, similar to ganaxolone.
Previous reports of improvement of anxiety-like behavior with
allopregnanolone employed different mouse strains (e.g., NIH
Swiss-Webster, DBA/2, progesterone receptor knockout mice)
without statistically significant effects on locomotion (Reddy
et al. 2005; Rodgers and Johnson 1998; Wieland et al. 1995).
Parallel experiments with the benzodiazepine diazepam
were performed to ensure that the elevated plus-maze testing
parameters were sensitive to drug-induced anxiolytic effects.
As expected, diazepam produced anxiolytic-like actions in B6
mice at the 1 mg/kg dose, which did not affect general activity,
replicating previous reports (Garrett et al. 1998; Griebel et al.
2000). At a higher dose (2 mg/kg), diazepam improved
anxiety-like parameters while also increasing locomotion. It
is important to note that many diazepam studies in mice
employed DBA/2, CD-1, and NIH Swiss mice strains (Cole
and Rodgers 1995; Dalvi and Rodgers 1999; Griebel et al.
2000; Helton et al. 1996, 1998; Johnson and Rodgers 1996;
Rodgers et al. 1992). Different strains are reported to show
differential responses to diazepam on anxiety-related and
activity-related parameters of elevated plus-maze exploration.
Diazepam-induced increases in locomotion have been noted
elsewhere, with other inbred strains of mice under other lighting conditions at doses below those that indicated behavioral
sedation (Cole and Rodgers 1995; Rodgers et al. 1992), including B6 mice (LaBuda and Fuchs 2001; Lepicard et al.
2000). Additionally, several reports suggest that B6 mice
may not be as sensitive to the anxiolytic effects of prototypical
anxiolytic drugs, compared to other strains (Griebel et al.
2000; Thompson et al. 2015).
Given the recent reports of reduced inhibitory neurotransmission in BTBR, a neuroactive steroid that acts as a PAM of
GABAA receptors presents an opportunity for therapeutic intervention in individuals with ASD who harbor a mutation in a
gene that reduces inhibitory neurotransmission. In the present
studies, the neuroactive steroid ganaxolone produced an
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apparent improvement in aspects of social behaviors in two
assays conducted in the BTBR mouse model of autism.
However, our findings appear to be confounded by increased
general exploratory activity, detected in the social, anxiolytic,
and open field assays in both BTBR and B6. In addition, like
many benzodiazepines, neuroactive steroids may display a
narrow therapeutic window in some strains and species.
Greater focus on strain differences in behavioral responses to
GABA modulators (Crawley and Davis 1982; Garrett et al.
1998; Griebel et al. 2000) may improve the translational value
of mouse models of neurodevelopmental disorders and enhance the evaluation of GABAergic PAMs as a novel therapeutic strategy with unique benefits for ASD.
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