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Abstract
Autism is a neurodevelopmental disorder in which the first diagnostic symptom is unusual
reciprocal social interactions. Approximately half of the children diagnosed with an autism
spectrum disorder also have intellectual impairments. General cognitive abilities may be
fundamental to many aspects of social cognition. Cognitive enhancers could conceivably be of
significant benefit to children and adults with autism. AMPAKINE compounds are a novel class
of pharmacological agents that act as positive modulators of AMPA receptors to enhance
excitatory glutamatergic neurotransmission. This class of compounds was reported to improve
learning and memory in several rodent and non-human primate tasks, and to normalize respiratory
abnormalities in a mouse model of Rett syndrome. Here we evaluate the actions of AMPA
compounds in adult male and female BTBR mice, a well characterized mouse model of autism.
Acute treatment with CX1837 and CX1739 reversed the deficit in sociability in BTBR mice on the
most sensitive parameter, time spent sniffing a novel mouse as compared to time spent sniffing a
novel object. The less sensitive parameter, time in the chamber containing the novel mouse versus
time in the chamber containing the novel object, was not rescued by CX1837 or CX1739
treatment. Preliminary data with CX546, in which β-cyclodextrin was the vehicle, revealed
behavioral effects of the acute intraperitoneal and oral administration of vehicle alone. To
circumvent the artifacts introduced by the vehicle administration, we employed a novel treatment
regimen using pellets of peanut butter for drug delivery. Absence of vehicle treatment effects
when CX1837 and CX1739 were given in the peanut butter pellets, to multiple cohorts of BTBR
and B6 control mice, confirmed that the pharmacologically-induced improvements in sociability
in BTBR were not confounded by the administration procedures. The highest dose of CX1837
improved the cognitive deficit in novel object recognition in BTBR. No drug effects were detected
on the high levels of repetitive self-grooming in BTBR. In open field tests, CX1837 and CX1739
did not induce hyperactivity or sedation in either strain. It is interesting to speculate that the ability
of CX1837 and CX1739 to restore aspects of sociability in BTBR mice could utilize synaptic
mechanisms regulating social cognition, suggesting a potential pharmacological target for
interventions to treat symptoms of autism.
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1. Introduction
Social cognition, a subcategory of general cognitive abilities, has been variously defined.
Generally understood as the processes by which people understand themselves and other
people, social cognitive abilities include learning through observation, and an understanding
of the intentions and emotions of others during social interactions (Beer and Ochsner, 2006;
De Jaegher et al., 2010; Frith and Frith, 2012). While social cognition abnormalities appear
in many neuropsychiatric disorders such as schizophrenia (King and Lord, 2011;
Nuechterlein et al., 2008; Penn et al., 1997), mood disorders (Cusi et al., 2012), and
frontotemporal dementia (Gregory et al., 2002), the most iconic may be autism. Autism is a
neurodevelopmental disorder in which the primary diagnostic symptom is unusual reciprocal
social interactions, including dramatic deficiencies in social cognition in many cases
(Chevallier et al., 2012; Constantino, 2011; Lord et al., 2000; Lord et al., 2012; Volkmar et
al., 2009). Incorrect interpretations of social cues and inappropriate responses in social
settings, conceptualized as impaired Theory of Mind, mentalization, or mindblindness, are
hallmarks of the diagnostic symptoms of autism (Frith and Frith, 2012; Lombardo and
Baron-Cohen, 2011). Eye contact is minimal while looking at the mouth rather than on the
eyes is common, gaze following and joint attention are rare, imitation skills are low, and
attention to inanimate objects rather than social opportunities is characteristic (Davies et al.,
2011; Klin et al., 2002; McPartland et al., 2011; Pelphrey et al., 2005). Brain regions
normally activated by social cues are less activated in autistic individuals, as measured by
functional magnetic resonance imaging and diffusion tensor imaging. These include the
frontal-parietal cortex, superior temporal sulcus, fusiform gyrus, cingulate cortex,
orbitofrontal cortex, somatosensory cortex, amygdala, and their connections (Adolphs et al.,
2001; Just et al., 2012; Pelphrey and Carter, 2008; Philip et al., 2012; Pina-Camacho et al.,
2011; Solomon et al., 2009; Williams and Minshew, 2007). Attention is often highly
focused, characterized by unusually low distractibility, inability to disengage attention,
deficits in divided attention, seeing the details but not the big picture, and intense
involvement with a single special interest (Casey et al., 1993; Frith, 2003; Landry and
Bryson, 2004).

Approximately half of the children diagnosed with an autism spectrum disorder have
intellectual disabilities, with IQ scores under 70 (Charman et al., 2011). Low functioning
cases of autism often present as comorbid with Fragile X syndrome or another intellectual
impairment syndrome with a known genetic cause (Fombonne, 2005; Miles et al., 2003;
Muhle et al., 2004). However, intellectual impairments in autism are not diagnostic. High IQ
and remarkable special abilities in categorization skills, mathematics, computer
programming, music and art have been reported, particularly in cases of high functioning
autism and Asperger’s syndrome (Baron-Cohen et al., 2009; Black et al., 2009; Casey et al.,
1993; Frith, 2003; Kennedy and Squire, 2007; Pring et al., 1995; Williams et al., 2008).

Cognitive enhancement could benefit people with low functioning autism directly. Further,
since general cognitive abilities are essential to many aspects of social cognition, higher
functioning individuals could benefit indirectly through improvements in attentional
abilities, ability to understand social cues, and executive functions. Compounds under
consideration as cognitive enhancers include glutamaterigic AMPA receptor modulators,
glycine transporter inhibitors, GABA receptor inhibitors such as alpha5 inverse agonists,
stimulants such as Ritalin and modafinil, and cholinergic agonists such as nicotine and
alpha4beta2 agonists (Chambers et al., 2004; Hagerman et al., 2012; Levin et al., 2011;
Lynch et al., 2011; Mehta et al., 2000; Mohler et al., 2008; Robbins et al., 1997; Sarter et al.,
2009; Turner et al., 2003).
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AMPAKINES are particularly interesting for their mechanism of action as positive
modulators of AMPA receptors, acting to increase open ion channel times to enhance
excitatory glutamatergic neurotransmission and synaptic plasticity (Arai and Kessler, 2007;
Lynch, 2004; Lynch et al., 2008; Mueller et al., 2011b; Mueller et al., 2011c; Mueller et al.,
2011d; Suppiramaniam et al., 2001). Characterization and specificity for these molecules
has been shown by potentiated glutamate evoked calcium signals in cells that express
various AMPA receptor subunits, with the most potent effects at the GluR1-flop containing
receptor (Mueller et al., 2011a; Street et al., 2009). These compounds improved learning and
memory in several rodent and non-human primate tasks (Broberg et al., 2009; Hamlyn et al.,
2009; Hampson et al., 1998a; Porrino et al., 2005; Zheng et al., 2011), reversed striatal
pathology, elevated BDNF, improved rotarod motor performance in the R6/2 mouse model
of Huntington’s disease (Simmons et al., 2009), normalized respiratory abnormalities in a
mouse model of Rett syndrome (Ogier et al., 2007), and protected against opiate-induced
respiratory depression in rats and humans (Greer and Ren, 2009; Oertel et al., 2010).

We reasoned that mouse models of autism could be employed to evaluate pharmacological
agents which improve cognitive abilities in other animal models. Mouse models of autism
that display both social and cognitive deficits would be the most useful for evaluating
cognitive enhancers. BTBR T+tf/J (BTBR) is an inbred strain of mice that displays well-
replicated social deficits, reduced ultrasonic vocalizations in social settings, and high levels
of repetitive self-grooming, relevant to each of the three diagnostic categories of autism,
with no abnormalities in general health or physical abilities (McFarlane et al., 2008; Scattoni
et al., 2008; Scattoni et al., 2011; Silverman et al., 2010b; Silverman et al., 2010c; Wohr et
al., 2011; Yang et al., 2012a; Yang et al., 2007a; Yang et al., 2007b; Yang et al., 2009). In
addition, BTBR displays deficits on cognitive tasks including fear conditioning,
probabilistic reversal learning and Morris water maze (Amodeo et al., 2012; MacPherson et
al., 2008; Rutz and Rothblat, 2012; Yang et al., 2012a). Since BTBR is a comprehensively
characterized mouse model of autism, and is a genetically homogenous, commercially
available inbred strain, it provides a useful model system for assessing novel
pharmacological agents in autism relevant behavioral tasks.

In the present experiments, we evaluated the actions of three AMPAKINES on social,
repetitive, and cognitive behaviors in adult male and female BTBR mice. The dose regimens
and time courses for CX546, CX1739, and CX1837 were based on guidance kindly
contributed by Mark Varney and Stephen Johnson at Cortex Pharmaceuticals Inc., as well as
previously published experimental designs for in vivo assays with this class of compounds
(Carmichael et al., 2009; Lipina et al., 2007b; Ogier et al., 2007; Street et al., 2009), and the
available literature on treatments in mouse models of other syndromes (Lipina et al., 2007b;
Simmons et al., 2009). Using an experimental protocol previously reported for testing
mGluR5 receptor compounds (Silverman et al., 2010a; Silverman et al., 2012), we employed
C57BL/6J (B6) as the control strain. B6 is a standard inbred strain of mice which
consistently displays normal sociability, low repetitive behaviors, and high performance on
most cognitive tasks. A control for general exploratory activity in a novel open field was
conducted for each drug dose. As BTBR displayed a deficit on novel object recognition,
CX1837 was further evaluated in the novel object recognition cognitive task, in light of the
literature on cognitive improvements with other compounds in this class (Lynch et al., 2011;
Lynch et al., 2008; Simmons et al., 2009; Street et al., 2009).

Methods
2.1. Mice

C57BL/6J (B6) and BTBR T+ tf/J (BTBR) mice were the offspring of breeding pairs
purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were housed and bred
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in a conventional mouse vivarium at the National Institute of Mental Health (NIMH),
Bethesda, Maryland, USA, using harem breeding trios. After two weeks with a male,
females were separated into individual cages (Tecniplast, USA) before parturition. Pups
were kept with the dam until weaning at postnatal day 21. After weaning, juveniles were
group housed in cages of three and four by sex and strain in standard plastic cages. Cages
were maintained in ventilated racks in a temperature (20°C) and humidity (~55%) controlled
vivarium on a 12 hour circadian cycle, lights on from 0700 to 1900 hr. Standard rodent
chow and tap water were available ad libitum. In addition to standard bedding, enrichment
that included a Nestlet square, shredded brown paper and a cardboard tube were provided in
each cage. Light levels were approximately 325 lux during the light phase. Background
noise measured approximately 50-60 dB. All procedures were approved by the National
Institute of Mental Health Animal Care and Use Committee.

2.2. Preparation of compounds
Doses of CX546, CX1837 and CX1739 were based on previous literature (Carmichael et al.,
2009; Gainetdinov et al., 2001; Lipina et al., 2007a; Ogier et al., 2007; Street et al., 2009)
and personal communications with Drs. Stephen Johnson and Mark Varney (Cortex,
Pharmaceuticals, Inc., Irvine, CA). AMPAKINES CX1837 and CX1739 were generously
contributed by Drs. Mark Varney and Stephen Johnson at Cortex Pharmaceuticals, Inc.,
Irvine, CA. CX546 was purchased from Sigma Aldrich, St. Louis, MO. CX546 was
administered acutely by intraperitoneal (i.p.) or per os (p.o.) injection in a volume of 10 ml/
kg, at doses of 25 mg/kg, 50 mg/kg, 75 mg/kg and 100 mg/kg, CX1837 was administered at
doses of 0.3 mg/kg, 1.0 mg/kg and 3.0 mg/kg and CX1739 at doses of 3.0 mg/kg, 10 mg/kg
and 30 mg/kg. CX1837 and CX1739 were dissolved in 25% β-cyclodextrin in water in early
experiments, and CX1739 mixed into 100 mg pellets of peanut butter in later experiments.
For the dietary administration, CX1837 and CX1739 were dissolved in peanut butter (Jif,
Cincinnati, OH, USA) to achieve the target dosage. The mixture was heated to 37°C for
approximately 15 min, spread into plastic molds (100 mg pellet molds, catalog 106A , Ted
Pella, Inc., Redding, CA, USA), and stored frozen at 80°C until treatment time. Doses were
calculated based on group mean weights at the start of each behavioral testing session, as
described previously (Cope et al., 2005).

2.3. Administration of compounds
Mice were trained to consume pellets of peanut butter using a novel design by our
laboratory, which adapted techniques learned through personal communication with Dr.
Cathy Gonzales (Pfizer Global Research, Groton, CT). First, a small weigh boat filled with
peanut butter was placed in the homecage overnight to avoid neophobia and allow
independent exploration of the novel, palatable substance. Second, all of the mice in a single
cage were provided the opportunity to consume peanut butter once a day for 5-7 days during
the last hour of the light cycle, when food consumption is high. During this second stage,
consumption was not monitored. In the final training phase, the home cage that housed four
mice was placed adjacent to an empty cage. Three mice were placed into the empty cage and
one mouse remained in his/her home cage during pellet administration. A dose was
administered by placing a 100 mg peanut butter pellet on a cotton-tipped applicator and
resting it on the wire insert in the top of the home cage. The experimenter held the applicator
in place and/or secured it with tape. When each mouse was given its peanut butter pellet in
its home cage, alone but adjacent to its cagemates with maintenance of olfactory and visual
contact with cagemates, consumption of the entire peanut butter pellet was rapid, typically in
less than 2 minutes. The above process was repeated for each animal until all littermates in a
cage had each eaten its peanut butter pellet rapidly, daily and completely for 5-7 days. Mice
were then randomly assigned to groups such that variable members of each litter were
selected at random to either vehicle control or a particular compound dose, thus eliminating
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the confound of litter effects. The experimenter was blinded to the contents of the various
pellets by a pellet tray number coding system.

All treatments were single acute doses. Compounds administered intraperitoneally or orally
were given 30 min prior to behavioral testing, as previously described in the literature
(Gainetdinov et al., 2001; Lipina et al., 2007b; Street et al., 2009). For the dietary
administration, each subject mouse fully consumed a single dose or vehicle pellet 30 min
prior to behavioral testing. Drug administration using peanut butter pellets provided a drug
delivery protocol that appeared to be non-stressful, avoiding risks for behavioral effects that
are sometimes associated with i.p. or p.o. injections, and biological confounds associated
with various vehicles. A comparison of the effects of various vehicles given i.p. and p.o. on
the three-chambered social approach task appears in the Supplementary Results, Figure S7.

2.4. Experimental Design for Behavioral Assays
We used a between-subjects design with a one week washout period, such that each mouse
received a single acute dose of CX546, CX1837, CX1739 or vehicle, and was tested in a
single behavioral task, one task per week. Testing was conducted in dedicated behavioral
testing rooms during the standard light phase, usually between 0900 and 1600 hr. Prior to all
experiments, mice were acclimatized to the behavioral testing area for at least 60 minutes.
Testing began at ages 6-8 weeks. Treatment groups consisted of 10-20 mice per strain for
each dose of drug or vehicle. Previous studies in our laboratory documented no sex
differences on either sociability or self-grooming in BTBR or B6 (McFarlane et al., 2008;
Silverman et al., 2010a; Yang et al., 2007a; Yang et al., 2007b; Yang et al., 2009).
Therefore, male and female mice were used in all studies in approximately equal
proportions. The behavioral task order was social approach (week 1), self-groom (week 2)
and open field (week 3). A separate cohort of all male BTBR and B6 mice was utilized for
the male-female social interaction task. Half of those males went on to be tested in the novel
object recognition task following a one week drug washout period. The other half of the
cohort tested in novel object recognition was made up of an independent group of females.
Drug doses, toe tattoo patterns, and digital videotapes were coded to ensure that the raters
were blind to the treatment condition. All procedures were conducted in strict compliance
with the NIH Guidelines for the Care and Use of Laboratory Animals and approved by the
Animal Care and Use Committees of the National Institute of Mental Health.

2.5. Social Approach
Social approach was tested in an automated 3-chambered apparatus from a design originally
developed by our group (Nadler et al., 2004), using improved methods as recently described
(Silverman et al., 2010a; Silverman et al., 2012; Yang et al., 2011b; Yang et al., 2012a).
Briefly, the apparatus was a rectangular, 3-chambered box made from clear polycarbonate.
Retractable doorways within the two dividing walls allowed access to the side chambers. A
top mounted CCTV camera (Security Cameras Direct, Luling, TX, USA) placed over the
boxes recorded the session for subsequent scoring. The apparatus was cleaned with 70%
ethanol and water between subjects. At least five minutes elapsed between cleaning and the
start of the next test session, to allow for ethanol evaporation and clearance of ethanol vapor
odors. To increase throughput, four mice were run simultaneously, in four adjacent
chambers. Mice used as the novel stimulus target were 129Sv/ImJ, aged 12–20 weeks old,
bred and maintained in the NIMH vivarium from breeding pairs originally purchased from
JAX, and matched to the subject mice by sex and age. Time spent in each chamber and
number of entries into each chamber were calculated by the automated software, based on
the movements of the subject mouse in sequentially breaking and unbreaking a series of
photocell beams embedded in the openings between chambers (Yang et al., 2011b). Number
of entries served as a within-task control for levels of general exploratory locomotion. An
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observer blind to the drug treatments scored the videos with a stopwatch for cumulative time
in which the subject mouse sniffed the novel target mouse and the novel object. At the end
of each testing day, test chambers were thoroughly cleansed with Alconox detergent
(Alconox, White Plains, NY, USA) diluted with warm water, followed by extensive rinsing
with hot water and air drying.

2.6. Male-female social interaction test
The male-female reciprocal social interaction test was conducted as previously described
(Bozdagi et al., 2010; Scattoni et al., 2011; Yang et al., 2012b). Each mouse was provided
with a single dose or vehicle peanut butter pellet 30 min prior to the interaction session.
Briefly, each freely moving male BTBR or B6 subject was paired with a freely moving
unfamiliar estrus B6 female for 5 min. A digital closed-circuit television camera (Panasonic,
Secaucus, NJ, USA) was positioned horizontally 30 cm from the cage. An ultrasonic
microphone (Avisoft UltraSoundGate condenser microphone capsule CM15; Avisoft
Bioacoustics, Berlin, Germany) was mounted 20 cm above the cage. Sampling frequency for
the microphone was 250 kHz, and the resolution was 16 bits. The entire apparatus was
contained in a sound-attenuating environmental chamber (ENV-018V; Med Associates, St.
Albans, VT, USA) under red light illumination (10 lux). Social sniffing (sum of nose-to-
nose sniffing, nose-to-anogenital sniffing, and sniffing of other body regions) and
exploratory activity were scored using Noldus Observer software (Noldus Information
Technology, Leesburg, VA, USA) as previously described (Scattoni et al., 2011). Ultrasonic
vocalization spectrograms were displayed using Avisoft software (Bozdagi et al., 2010).
Ultrasonic calls were identified manually by a highly trained investigator blinded to drug
treatment.

2.7. Self-grooming assay
Mice were scored for spontaneous repetitive self-grooming behavior as previously described
(Silverman et al., 2010b; Silverman et al., 2012; Yang et al., 2011a). Briefly, each mouse
was placed individually into a standard mouse cage, (46 cm length × 23.5 cm wide × 20 cm
high). Cages were empty, to eliminate digging in the bedding, a potentially competing
behavior. The room was illuminated at ~15 lux. A trained observer uninformed of the drug
treatment scored the videos. Cumulative time spent self-grooming was scored from the
videos using a high-accuracy Traceable© stopwatch (Thomas Scientific, Swedesboro, NJ)
with the auditory component silenced.

2.8. Open field locomotion
General exploratory locomotion in a novel open field environment was assayed as
previously described (Holmes et al., 2002; Silverman et al., 2010a; Silverman et al., 2012).
Individual mice were placed in a standard Accuscan open field (AccuScan Instruments,
Columbus, OH, USA). Illumination in the testing room measured ~ 15 lux. Test chambers
consisted of clear Plexiglas sides and floor, approximately 40 × 40 × 30.5 cm. Mice were
placed in the center of the open field at the initiation of the testing session. Photocells at
standard heights for recording activity were aligned 8 to a side, dividing the chamber into 64
equal squares. Total distance, horizontal activity, vertical activity, and center time were
automatically collected using the Versamax activity monitor and analyzer software system.
Test chambers were cleaned with 70% ethanol between test subjects. At least five minutes
between cleaning and the start of the next session was allowed for ethanol evaporation and
odor dissipation.
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2.9. Novel object recognition
The novel object recognition test was conducted with a cohort of mice in the open field
arena, using methods similar to those previously described (Yang et al., 2012b). The
experiment consisted of three sessions, a 30 minute exposure to the open field arena, a 10
min familiarization session and a 5 min recognition test. On day 1, each subject was
habituated to a clean empty open field arena for 30 minutes. Twenty four hours later, each
mouse was provided with a single dose or vehicle peanut butter pellet 20 min prior to
habituation. Each subject was returned to the open field arena for the habituation phase, for
10 minutes. The mouse was then removed from the open field and placed in a clean
temporary holding cage for approximately 2 minutes. Two identical objects were placed in
the arena. Each subject was returned to the open field in which it had been habituated, and
allowed to freely explore for 10 minutes. After the familiarization session, subjects were
returned to their holding cages, which were transferred from the testing room to a nearby
holding area. The open field was cleaned with 70% ethanol and let dry. One clean familiar
object and one clean novel object were placed in the arena, where the two identical objects
had been located during in the familiarization phase. Thirty minutes after the end of the
familiarization session, each subject was returned to its open field for a 5 min recognition
test, during which time it was allowed to freely explore the familiar object and the novel
object. The familiarization session and the recognition test were videotaped and
subsequently scored by two highly-trained investigators, uninformed of drug treatment,
whose inter-rater reliability was within 1 sec of one another or > 95%. Object investigation
was defined as time spent sniffing the object when the nose was oriented toward the object
and the nose-object distance was 2 cm or less. Recognition memory was defined as spending
significantly more time sniffing the novel object than the familiar object. Total time spent
sniffing both objects was used as a measure of general exploration. Time spent sniffing two
identical objects during the familiarization phase confirmed the lack of an innate side bias.
Objects utilized were plastic toys of widely divergent shapes, from the Safari coral reef and
jungle bundles (Safari Ltd ®, http://www.safariltd.com). The objects sizes were
approximately 4 - 7.5 cm. Objects were counterbalanced to include various combinations of
the coral, cowry shell, bear, tiger and treasure chest.

2.10. Statistical analysis
For social approach, a Repeated Measures ANOVA was conducted within each drug dose
group and for the vehicle group, for each strain. Since times spent in each of the three
chambers added to 10 minutes, and therefore were not independent, the test condition factor
compared time spent only in the right versus left chambers. Center chamber times are shown
in the graphs for illustrative purposes. Time spent sniffing the novel object versus the novel
mouse was similarly analyzed within each dose for each strain. For number of entries during
social approach, drug effects were compared within each strain by a separate between
groups drug by entries Repeated Measures ANOVA. In cases where the overall ANOVA for
entries was significant, the treatment factor for each strain was further analyzed with a
Dunnett’s posthoc test to compare each drug dose group to its vehicle control group. For
ultrasonic vocalizations and reciprocal interactions, a one-way ANOVA for drug dose
within each strain was performed. Open field dose response effects of CX1837 and CX1739
were analyzed with a Repeated Measures ANOVA using a between groups factor of drug
within strain, and a within group factor of time course, for the parameters of total distance,
horizontal activity, vertical activity or center time. Dose response experiments were
followed by a Dunnett’s post hoc analysis, using SigmaPlot version 11.0 (Systat Inc., San
Jose, CA) that compared individual means in cases where the ANOVA was significant at p
< 0.05. Self-grooming was analyzed using a within strain one-way ANOVA for drug dose,
using StatView statistical software (Citewise.com, Acton, MA, USA). For novel object
recognition time spent sniffing, a Repeated Measures ANOVA was conducted on the raw
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data within each drug dose group and for the vehicle group, for each strain. For novel object
recognition derived parameters of difference score and discrimination ratio, a within strain
one-way ANOVA for drug dose was performed. All data were graphed using SigmaPlot
version 11.0 (Systat Inc., San Jose, CA). Significance was defined as p < 0.05.

Results
3.1. CX1837 increased social sniffing in BTBR in the 3-chambered social approach task

Figure 1 illustrates the sociability scores from the automated 3-chambered social approach
task following a single dose of CX1837 or vehicle delivered via peanut butter pellets in B6
and BTBR mice. Sociability, defined as spending more time spent in directed sniffing to the
novel mouse than in sniffing the novel object in the side chambers, was significant in B6
mice treated with peanut butter vehicle, and not significant in BTBR mice treated with the
peanut butter vehicle, as expected (Panel A, B6 vehicle: F (1,9) = 35.9, p < 0.05; Panel B,
BTBR vehicle: F (1,12) = 3.9, p > 0.05), and as previously reported with various other
vehicles (McFarlane et al., 2008; Silverman et al., 2012; Silverman et al., 2010a; Yang et al.,
2007a; Yang et al., 2007b; Yang et al., 2009). All other B6 groups treated with CX1837
exhibited scores similar to vehicle B6 and significantly spent greater time sniffing the novel
mouse than sniffing the novel object (Panel A, B6 CX1837 0.3 mg/kg: F (1,9) = 34.2, p <
0.001; B6 CX1837 1.0 mg/kg: F (1,8) = 8.0, p < 0.01; B6 CX1837 3.0 mg/kg: F (1,9) = 20.4,
p < 0.001). Time spent sniffing the novel mouse was greater than time spent sniffing the
novel object in the BTBR treated with CX1837 (Panel B, BTBR CX1837 0.3 mg/kg: F (1,11)
= 7.0, p < 0.05; BTBR CX1837 1.0 mg/kg: F (1,9) = 6.2, p < 0.05; BTBR CX1837 3.0 mg/
kg: F (1,11) = 4.81, p < 0.05), at every dose, reversing BTBR’s usual low sociability sniffing
scores. Time spent sniffing the novel mouse is considered a more direct and sensitive
measure of sociability than chamber times (Fairless et al., 2011; Yang et al., 2011b).

Sociability in B6 but not BTBR treated with the peanut butter vehicle was again observed
using the time spent in the chamber parameter, comparing the time spent in the chamber
with the novel mouse versus the novel object (Panel C, B6 vehicle: F (1,9) = 43.8, p < 0.001;
Panel D, BTBR vehicle: F (1,11) = 0.03, p > 0.05). All B6 groups treated with CX1837 also
exhibited significantly greater time spent in the chamber with the novel mouse than in the
chamber with the novel object (Panel C, B6 CX1837 0.3 mg/kg: F (1,9) = 48.2, p < 0.001; B6
CX1837 1.0 mg/kg: F (1,8) = 4.9, p < 0.05; B6 CX1837 3.0 mg/kg: F (1,9) = 13.7, p < 0.05).
Time in the chamber with the novel mouse was not different from time in the chamber with
the novel object for BTBR treated with CX1837 (Panel D, BTBR CX1837 0.3 mg/kg:
F (1,11) = 0.006, p > 0.05; BTBR CX1837 1.0 mg/kg: F (1,9) = 0.07, p > 0.05; BTBR
CX1837 3.0 mg/kg: F (1,11) = 0.011, p > 0.05), similar to vehicle.

Entries into the side chambers were not affected by CX1837 in B6 (Panel E, F (3,37) = 1.8, p
> 0.05) or BTBR (Panel F, F (3,47) = 1.27, p > 0.05), indicating that the drug treatment had
no direct effect on exploratory locomotion during the social approach task. No innate side
preference was present in B6 (F (3,37) = 2.14, p > 0.05) or BTBR (F (3,37) = 1.34, p > 0.05)
during the task, as shown by similar amounts of time in the left and right side chambers
during the 10 minute habituation session before the start of social testing.

3.2. CX1739 increased social sniffing in BTBR in the 3-chambered social approach task
Figure 2 illustrates the sociability scores from the automated 3-chambered social approach
task following a single dose of CX1739 or vehicle delivered via peanut butter pellets in B6
and BTBR mice. Sociability, defined as spending more time spent directed sniffing the
novel mouse than sniffing the novel object, was significant in the peanut butter vehicle
treated group of B6 mice and not significant in the peanut butter treated group of BTBR
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mice (Panel A, B6 vehicle: F (1,10) = 27.5, p < 0.01; Panel B, BTBR vehicle: F (1,11) = 2.12,
p > 0.05), as observed in Figure 1. All B6 groups treated with CX1739 exhibited scores
similar to vehicle B6 and spent significantly greater time sniffing the novel mouse than
sniffing the novel object (Panel A, B6 CX1739 3.0 mg/kg: F (1,10) = 66.3, p < 0.001; B6
CX1739 10 mg/kg: F (1,10) = 81.3, p < 0.001; B6 CX1739 30 mg/kg: F (1,10) = 72.5, p <
0.001). As previously seen after CX1837, time spent sniffing the novel mouse was greater
than time spent sniffing the novel object in the BTBR treated with CX1739 at two doses
tested (Panel B, BTBR CX1739 3.0 mg/kg: F (1,11) = 12.3, p < 0.01 and BTBR CX1739 30
mg/kg: F (1,11) = 32.6, p < 0.001). In addition, a strong trend toward sniffing time reversal
was detected in BTBR administered CX1739 at the 10 mg/kg dose (F (1,11) = 4.21, p =
0.064).

Sociability in B6 but not BTBR in the peanut butter vehicle groups was observed for time
spent in the chamber parameter, comparing the time spent in the chamber with the novel
mouse versus the novel object (Panel C, B6 vehicle: F (1,9) = 4.10, p < 0.05; Panel D, BTBR
vehicle: F (1,11) = 0.28, p > 0.05). B6 groups treated with CX1739 exhibited significantly
greater time spent in the chamber with the novel mouse than in the chamber with the novel
object (Panel C, B6 CX1739 3.0 mg/kg: F (1,9) = 47.6, p < 0.001; B6 CX1739 10 mg/kg:
F (1,9) = 5.6, p < 0.05; B6 CX1739 30 mg/kg: F (1,8) = 7.3, p < 0.05). Time in the chamber
with the novel mouse was not different from time in the chamber with the novel object for
BTBR treated with CX1739 (Panel D, BTBR CX1739 3.0 mg/kg: F (1,10) = 0.41, p > 0.05;
BTBR CX1739 10 mg/kg: F (1,11) = 0.75, p > 0.05; BTBR CX1739 30 mg/kg: F (1,9) = 0.11,
p > 0.05).

Entries into the side chambers were not affected by CX1739 in B6 (Panel E, F (3,40) = 0.88,
p > 0.05) or BTBR (Panel F, F (3, 44) = 1.60, p > 0.05), indicating that the drug treatment had
no direct effect on exploratory locomotion during the social approach task. No innate side
preference was present in B6 (F (3,40) = 0.52, p > 0.05) or BTBR (F (3,44) = 0.97, p > 0.05)
during the task, as shown by similar amounts of time in the left and right side chambers
during the 10 minute habituation session before the start of social testing.

3.3. Oral CX546 improved social sniffing in BTBR in the 3-chambered social approach task
Figure 3 illustrates the sociability scores from the automated 3-chambered social approach
task following a single oral dose of CX546 in 25% β-cyclodextrin in water in B6 and BTBR
mice. Sociability was significant in the vehicle treated group of B6 mice but not in the p.o.
vehicle injected BTBR mice (Panel A, B6 vehicle: F (1,18) = 19.52, p < 0.001; Panel B,
BTBR vehicle: F (1,10) = 2.22, p > 0.05), as expected. All other B6 groups treated with
CX546 exhibited scores similar to vehicle B6, by spending more time sniffing the novel
mouse than sniffing the novel object (Panel A, B6 CX546 25 mg/kg: F (1,11) = 19.74, p <
0.001; B6 CX546 50 mg/kg: F (1,16) = 42.84, p < 0.001; B6 CX546 75 mg/kg: F (1,11) =
20.5, p < 0.001 and B6 CX546 100 mg/kg: F (1,11) = 15.95, p < 0.001). Time spent sniffing
the novel mouse was greater than time spent sniffing the novel object in the BTBR treated
with all CX546 doses tested (Panel B, BTBR CX546 25 mg/kg: F (1,8) = 7.85, p < 0.02;
BTBR CX546 50 mg/kg: F (1,17) = 45.29, p < 0.001; BTBR CX546 75 mg/kg: F (1,11) =
11.76, p < 0.01 and BTBR CX546 100 mg/kg: F (1,11) = 16.79, p < 0.001).

Sociability in vehicle (25% β-cyclodextrin, p.o.) treated B6 but not BTBR was again
observed using the time spent in the chamber parameter, comparing the time spent in the
chamber with the novel mouse versus the novel object (Panel C, B6 vehicle: F (1,16) = 64.12,
p < 0.001; Panel D, BTBR vehicle: F (1,16) = 0.24, p > 0.05). All B6 groups treated with
CX546, p.o. also exhibited significantly greater time spent in the chamber with the novel
mouse than in the chamber with the novel object (Panel C, B6 CX546 25 mg/kg: F (1,11) =
55.6, p < 0.001; B6 CX546 50 mg/kg: F (1,16) = 92.34, p < 0.05; B6 CX546 75 mg/kg:
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F (1,11) = 65.20, p < 0.001; B6 CX546 100 mg/kg: F (1,11) = 32.53, p < 0.001). Time in the
chamber with the novel mouse was not different from time in the chamber with the novel
object for BTBR treated with CX546, p.o. (Panel D, BTBR CX546 25 mg/kg: F (1,8) = 0.09,
p > 0.05; BTBR CX546 50 mg/kg: F (1,17) = 3.70, p = 0.07; BTBR CX546 75 mg/kg: F (1,11)
= 0.53, p > 0.05; BTBR CX546 100 mg/kg: F (1,11) = 4.02, p > 0.05).

Entries into the side chambers were not affected by CX546, p.o. in B6 (Panel E, F (4,69) =
1.71, p > 0.05) or BTBR (Panel F, F (4,62) = 0.76, p > 0.05), indicating that the drug
treatment had no direct effect on exploratory locomotion during the social approach task. No
innate side preference was present in B6 (F (4,69) = 1.15, p > 0.05) or BTBR (F (4,62) = 2.25,
p > 0.05) during the task, as shown by similar amounts of time in the left and right side
chambers during the 10 minute habituation session before the start of social testing.

3.4. Effects of CX1837 on repetitive self-grooming and open field locomotion in B6 and
BTBR

Figure 4A,B illustrates self-grooming scores in B6 and BTBR mice treated with vehicle
(25% β-cyclodextrin in water) or CX1837 (0.3 mg/kg, 1.0 mg/kg and 3.0 mg/kg), delivered
by injection per os. The cyclodextrin vehicle was employed in the grooming experiments
because it produced no effects alone in this assay. Bioavailability is likely higher with the
p.o. injection route than with a dietary route. If the compound given p.o. produced sedating
effects on motor activity that could potentially confound the self-grooming results, these
should easily have been detected in the open field assay with the same doses given in peanut
butter pellets. CX1837 had no significant effect on the normal self-grooming scores in B6
(Panel A, F (3,27) = 3.6, p > 0.05), or the high levels of repetitive self-grooming in BTBR
(Panel B, F (3,33) = 0.71, p > 0.05), as compared to vehicle treatment. Figure 4C,D illustrates
CX1837 dose-response curves for distance travelled in the Accuscan open field which
measured exploratory locomotion in B6 and BTBR, beginning 30 minutes after CX1837
(0.3 mg/kg, 1.0 mg/kg and 3.0 mg/kg) delivered orally via peanut butter pellets. Across the
30 minute session, the time course for total distance traversed by both B6 and BTBR
declined as expected, representing habituation to the novel open field (Panel C, B6: F (5,38) =
20.9, p < 0.0001; Panel D, BTBR: F (5,43) = 113.2, p < 0.0001). Total distance scores were
similar across doses of CX1837 and vehicle in B6 (Panel C, B6: F (3,38) = 1.27, p > 0.05)
and BTBR (Panel D, BTBR: F (3,43) = 1.54, p > 0.05), indicating the absence of confounding
hyperactivation or sedation following CX1837 administration. Additional CX1837 open
field results appear in Supplementary Figure S3.

3.5. Effects of CX1739 on repetitive self-grooming and open field locomotion in B6 and
BTBR

Figure 5A,B illustrates self-grooming scores in B6 and BTBR mice treated with vehicle
(25% β-cyclodextrin in water) or CX1739 (3.0 mg/kg, 10 mg/kg and 30 mg/kg), delivered
by injection per os. CX1739 had no significant effect on the normal self-grooming scores in
B6 (Panel A, F (3,36) = 0.81, p > 0.05), or the high levels of repetitive self-grooming in
BTBR (Panel B, F (3,34) = 0.55, p > 0.05), as compared to vehicle treatment. Figure 5C,D
also illustrates CX1739 dose-response curves for distance travelled in the Accuscan open
field which measured exploratory locomotion in B6 and BTBR, beginning 30 minutes after
CX1739 (3.0 mg/kg, 10 mg/kg and 30 mg/kg) delivered orally via peanut butter pellets.
Across the 30 minute session, the time course for total distance traversed by both B6 and
BTBR declined as expected, representing habituation to the novel open field (Panel C, B6:
F (5,60) = 135.3, p < 0.0001; Panel D, BTBR: F (5,77) = 169.84, p < 0.0001). Total distance
scores were similar across doses of CX1739 and vehicle in BTBR (Panel D, F (3,77) = 0.68,
p > 0.05), indicating the absence of confounding hyperactivity or sedation follow CX1739
administration in BTBR. However, total distance scores were slightly lower in the CX1739
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treated B6 (Panel C, F (3,60) = 6.67, p < 0.01, Dunnett’s p < 0.05 for doses of 3.0 mg/kg, 10
mg/kg and 30 mg/kg as compared to vehicle). Additional CX1739 open field results appear
in Supplementary Figure S4.

3.6. Effects of oral administration of CX546 on repetitive self-grooming and open field
locomotion in B6 and BTBR

Figure 6A,B illustrates self-grooming scores in B6 and BTBR mice treated with vehicle
(25% β-cyclodextrin in water) or CX546 (25 mg/kg, 50 mg/kg, 75 mg/kg and 100 mg/kg),
delivered per os. CX546 p.o. had no significant effect on the normal self-grooming scores in
B6 (Panel A, F (4,69) = 1.18, p > 0.05), or the high levels of repetitive self-grooming in
BTBR (Panel B, F (4,64) = 1.69, p > 0.05), as compared to p.o. vehicle (25% β-cyclodextrin
in water) administration. Figure 6C,D also illustrates orally delivered CX546 dose-response
curves for distance traveled in the Accuscan open field which measured exploratory
locomotion in B6 and BTBR, beginning 30 minutes after CX546 (25 mg/kg, 50 mg/kg, 75
mg/kg and 100 mg/kg). Across the 30 minute session, the time course for distance traversed
by both B6 and BTBR declined as expected, representing habituation to the novel open field
(Panel C, B6: F (5,69) = 100.2, p < 0.0001; Panel D, BTBR: F (5, 68) = 141.12, p < 0.0001).
Total distance traversed did not differ in B6 across groups treated with CX546, at any dose
(Panel C, B6: F (4,69) = 0.87, p > 0.05). Total distance traversed was elevated in BTBR at the
highest dose, 100 mg/kg, and reduced in BTBR at the lowest dose of CX546, 25 mg/kg,
(Panel D, F (4,68) = 3.78, p < 0.01, Dunnett’s p < 0.05 for doses 25 mg/kg and 100 mg/kg
compared to vehicle). Additional orally delivered CX546 open field results appear in
Supplementary Figure S5.

3.7. Novel object recognition in BTBR following CX1837
Figure 7 illustrates scores for BTBR on the novel object recognition task. Cognitive deficits
in BTBR on other tasks have been published, and novel object recognition deficits in other
cohorts of BTBR were observed in unpublished data from our laboratory (Amodeo et al.,
2012; MacPherson et al., 2008; Yang et al., 2012a). During the 10 minute familiarization
session, no innate preference for the object position was exhibited in BTBR treated with
peanut butter (100 mg/kg) vehicle (Panel A, F (1,10) = 0.28, p > 0.05) or at any dose of
CX1837 (Panel A, BTBR CX1837 0.3 mg/kg: F (1,9) = 0.04, p > 0.05; BTBR CX1837 1.0
mg/kg: F (1,9) = 0.51, p > 0.05; BTBR CX1837 3.0 mg/kg: F (1,10) = 0.07, p < 0.05), as
shown by similar amounts of time sniffing the left and right objects. During the test session,
BTBR treated with vehicle did not display novel object recognition, while BTBR treated
with CX1837 3.0 mg/kg showed a significant preference for the novel object, 3.0 mg/kg
(Panel B, vehicle F (1,10) = 0.28, p > 0.05; 3.0 mg/kg: F (1,12) = 10.7, p < 0.01). No
significant effect of CX1837 was observed when using the commonly transformed
parameters of difference score (Panel C, F (3,39) = 2.15, p = 0.10) and discrimination ratio
(Panel D, F (3,39) = 1.32, p > 0.05). However, trends toward significance were observed in
both derived parameters.

3.8. Additional results
from assays of reciprocal social interactions, social approach, open field parameters and
self-grooming, with CX1837, CX1739, CX546, and various vehicles are presented in
Supplementary Figures S1-S9.

4. Discussion
Abnormalities in social cognition have been reported for neurodevelopmental and
neuropsychiatric disorders including autism and schizophrenia (Couture et al., 2010; Sasson
et al., 2011; Schreibman, 1988; Solomon et al., 2009; Sugranyes et al., 2011). Therapeutics
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that improve general cognitive abilities have the potential to improve specific cognitive
skills that are required to understand social cues and formulate appropriate responses.
Evaluating cognitive enhancers in animal models that display social deficits could reveal
pharmacological interventions that ameliorate social dysfunctions in human syndromes.

BTBR is an inbred strain of mice which displays well replicated social deficits, reduced
ultrasonic vocalizations in social settings, and high levels of repetitive self-grooming, thus
incorporating analogies to the first, second, and third diagnostic symptoms of autism
(Blanchard et al., 2011; Bolivar et al., 2007; Defensor et al., 2011; Gould et al., 2011;
McFarlane et al., 2008; Pearson et al., 2011; Pobbe et al., 2010; Pobbe et al., 2011; Scattoni
et al., 2008; Scattoni et al., 2011; Wohr et al., 2011; Yang et al., 2009; Yang et al., 2007a;
Yang et al., 2007b; Yang et al., 2012a). We and others are employing BTBR and the control
strain B6 to test interventions that may rescue autism-relevant phenotypes in BTBR, as a
preclinical translational approach to discovering treatments for autism spectrum disorders
(Gould et al., 2012; Silverman et al., 2010a; Silverman et al., 2012;). Although BTBR is an
inbred strain rather than a targeted gene mutation with construct validity to a mutation
identified in autism, the inbred strain approach may be more analogous to the large majority
of cases of autism in which no genetic mutation has been identified, and useful for
discovering therapeutic interventions that generalize across larger numbers of cases.
Learning and memory deficits have been reported for BTBR on fear conditioning, water
maze reversal and probabilistic reversal learning (Amodeo et al., 2012; MacPherson et al.,
2008; Moy et al., 2007; Rutz and Rothblat, 2012; Yang et al., 2012a). We reasoned that the
BTBR mouse model of autism would be an appropriate research tool to test cognitive
enhancers for improvement of both social and cognitive deficits. As a first test of this
hypothesis, we focused on AMPAKINES, a class of AMPA receptor modulators that has
previously been shown to improve learning and memory in various tasks in several species
(Baudry et al., 2012; Broberg et al., 2009; Hamlyn et al., 2009; Hampson et al., 1998a, b;
Porrino et al., 2005; Simmons et al., 2009; Zheng et al., 2011). The commercially available
CX546 and two new compounds, CX1837 and CX1739, were selected for these initial
experiments.

In the 3-chambered test for social approach, we detected an improvement in social
interactions in BTBR mice treated with CX1837 on time spent sniffing a novel mouse as
compared to time spent sniffing a novel object. Time in the chamber containing the novel
mouse versus time in the chamber containing the novel object, was not affected by CX1837
treatment, indicating that the social improvement was not complete. Similarly, CX1739
improved sociability on the sniffing parameter, although not at all doses, and again not on
the chamber time parameter. Neither compound affected the normal sociability in the control
B6 strain. Concordance of results fromCX1837 and CX1739, administered to two
independent groups of BTBR and B6 mice, supports the reliability of the improvement in
one parameter of the 3-chambered social approach task. Sniff time is a more sensitive
measure of sociability than chamber time in this assay (Fairless et al., 2011; Yang et al.,
2011b). This is likely because time in the chamber with the novel mouse or novel object
includes time spent exploring the chamber environment, including the floor areas and walls
that are distant from the novel mouse. Sniff time is a more pure measure of social approach
tendencies, wherein the subject mouse is in close proximity or in physical contact with the
novel mouse or novel object. The subject mouse extends its nose toward the novel mouse or
object, and engages in directed, interactive sniffing. Sniffing is a primary approach behavior
through which mice initiate social interactions. Drug-induced increases in sniffing the novel
mouse versus the novel object in this task, therefore, represent a more socially meaningful
indicator than time spent in the chamber with the novel mouse versus novel object.
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Doses of CX1837 that improved sociability in BTBR were used to test reciprocal social
interactions in BTBR and B6. CX1837 did not rescue any of the parameters of interactions
between pairs of freely moving male BTBR and estrus female B6, including following,
crawling over/pushing past, nose-to-nose sniffing, nose-to-anogenital sniffing, whole body
sniffing, or ultrasonic vocalization emissions. CX1837 similarly did not improve or impair
the normally high reciprocal social interactions in B6 control mice. It is essential to
recognize that the partial rescues observed at this time are the result of acute single dose
administration. It is possible that following a continued treatment period, effects on various
parameters of reciprocal social interactions may be detected. Future studies will be
necessary to analyze this class of compounds on social behaviors following longer
subchronic and chronic treatment regimens. BTBR mice display generally normal olfactory
habituation/dishabituation to both non-social and social odors (Yang et al., 2012). It will be
interesting to investigate whether CX1837 and CX1739 have any direct effect on general
olfactory abilities and discrimination, given the robust olfactory cues of the social stimuli in
the social approach paradigm. CX1837, CX1739 and CX546 did not reduce the high levels
of repetitive self-grooming in BTBR, and had no effect on the low levels of self-grooming in
B6 controls, in contrast to another report in which CX546 reduced repetitive behavior
(Iijima et al., 2010). These findings argue against a global ameliorative action of CX1837 on
multiple components of behavioral phenotypes relevant to the three diagnostic symptoms of
autism. Rather, this profile of improvement on sniff time but not general proximity nor
freely moving interactions indicates a partial rescue of some of the social deficits in BTBR.
Dissecting the mechanisms through which these compounds improve some aspects of social
interaction, but not others, will be necessary to understand the potential therapeutic
usefulness of AMPA receptor modulators.

Because social behaviors in mice depend on intact exploratory activity and motor abilities,
we conducted internal and external control experiments to evaluate the effects of the
treatments on exploratory locomotion. During the 3-chambered social approach task,
movements between the three compartments are detected by the photocells in the border
panels and automatically recorded as number of entries. Chamber entries after CX1837 and
CX1739 were not significantly different than chamber entries after vehicle treatment, either
during the 10 minute sociability test session or during the preceding 10 minute habituation
session. General exploratory locomotion was independently tested in a standard 30 minute
open field test session. Small increases in locomotion at the highest doses were detected in
BTBR of some cohorts on one parameter. A small decrease in locomotion at the highest
dose of CX1739 was detected in B6 in some cohorts on one parameter. The variability of
changes in locomotor parameters across these cohorts and compound doses indicates a
minor effect, likely of minimal biological meaning. However, it is possible that
AMPAKINE treatments contributed an activating effect in BTBR on general activity and/or
exploratory tendencies. A profile of increased exploration concomitant with increased social
sniffing was seen in BTBR mice treated with an mGluR5 negative allosteric modulator
(Silverman et al., 2012). Increased interest in exploration of the environment could lead to
increased interest in exploring other individuals. Mechanistic investigations of this class of
compounds at specific brain regions mediating exploration, social interest, and reward will
be important to pursue.

One confound throughout our experiments was the behavioral effects of the vehicles
employed to administer the compounds. The standard vehicle used for CX546, CX1837, and
CX1739 is 2-hydroxypropyl-β-cyclodextrin (β-cyclodextrin) in water administered
intraperitoneally or orally (Gainetdinov et al., 2001; Hess et al., 2003; Lipina et al., 2007a;
Ogier et al., 2007). We found that this vehicle alone produced an improvement in social
sniffing in some cohorts of BTBR. Other vehicles were then attempted. Methylcellulose
0.5% in saline did not affect the low sociability in BTBR or the high sociability in B6, but
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the compounds assessed in the present study did not completely suspend in the 0.5%
methylcellulose solution, and thus accurate dosing was not possible. DMSO 20% in saline
was particularly problematic, decreasing sociability in B6 and increasing sociability in
BTBR. The mechanism(s) by which these vehicles influence mouse behaviors are not
known, but could involve the stress of the injection procedure on social tendencies, the
viscosity of the solution, or direct gastrointestinal or subcutaneous sensory input. The 15-30
minute interval between the injection and the start of the social task is usually sufficient for
mice to recover from injection stressors. Longer intervals were not evaluated because of the
short half-life of the compounds tested. Similar vehicle effects were problematic in our pilot
experiments with the commercially available CX546. Thus, the apparent beneficial actions
of CX1837 were not separable from vehicle effects when the compound was injected
intraperitoneally or orally.

To circumvent the artifacts introduced by the vehicles administered intraperitoneally and
orally, we sought other approaches. Mice readily eat peanut butter. A method for
administering compounds in the diet by mixing in peanut butter pellets has been reported
(Cope et al., 2005). Following this protocol, we mixed CX1837 and CX 1739 in peanut
butter and fashioned 100 mg pellets containing the indicated doses of each compound. One
pellet per day was administered to each subject mouse on a moistened cotton swab. After
habituation to the peanut butter in the home cage, and subsequent daily consumption of non-
drug peanut butter pellets on the swab in mouse home cages, subject mice quickly consumed
their daily peanut butter pellet, usually within 2-3 minutes. When peanut butter pellets
containing the compounds were then administered, subject mice similarly quickly consumed
their daily dose. Using the non-stressful peanut butter pellet route of administration for
CX1837 and CX1739, we detected no effect of the peanut butter vehicle on any of the
behaviors tested. Effects of CX1837 and CX1739 were therefore not confounded by vehicle
effects in the social, cognitive, and locomotor tasks conducted. With this treatment regimen,
both CX1837 and CX1739 restored sociability in BTBR mice on time spent engaged in
social sniffing as compared to non-social object sniffing. This dietary route of administration
appears to be advantageous for pharmacological treatment of mice on behavioral tasks that
are impacted by oral and intraperitoneal injections. The peanut butter pellet approach has the
advantages of low cost and simplicity, as compared to the expense of commercial
preparations of specialized food pellets containing the compound. One disadvantage of the
peanut butter approach is the lengthy training period until the mice rapidly consume the
pellets, requiring laborious and time-intensive preparation of an adequate pellet supply. A
further issue that will require additional experiments is the bioavailability and
pharmacokinetics of compounds mixed in peanut butter and consumed orally.

AMPAKINES have been proposed as cognitive enhancers, based on both their ability to
lower the induction threshold and increase the magnitude of electrophysiological long term
potentiation, enhance the trophic effects of excitatory transmission, and behavioral assays of
cognitive measures in rodents and non-human primates (Baudry et al., 2012; Broberg et al.,
2009; Hamlyn et al., 2009; Lauterborn et al., 2003; Lauterborn et al., 2009; Lynch, 2002;
Lynch and Gall, 2006; Lynch et al., 2011; Lynch et al., 2008; Simmons et al., 2009; Street et
al., 2009; Zheng et al., 2011). To investigate the cognitive effects of doses of CX1837
employed in our social assays, we administered CX1837 in peanut butter pellets 20 minutes
before the habituation session of the novel object recognition task. B6 control mice
displayed robust novel object recognition, while BTBR mice failed to display significant
novel object recognition. CX1837 restored significant novel object recognition in BTBR at
the highest dose tested, when analyzed as the time engaged in exploring the novel versus the
familiar object, although significance was not reached when the data were analyzed on
standard derivative measures of difference scores and discrimination ratio. These
preliminary data indicate that CX1837 has a positive effect on rescuing the cognitive deficit
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on the novel object task in BTBR mice, consistent with previous literature demonstrating
positive actions of other AMPA compounds on other cognitive tasks in other animal models.

In summary, we hypothesize that AMPA receptor modulation may represent a treatment
strategy for ameliorating specific components of low sociability in autism spectrum
disorders. It is interesting to speculate that the ability of CX1837 and CX1739 to restore
sociability in BTBR mice on the sniffing parameter in the social approach task represents an
improvement in social cognition. Mice appear to detect other mice and respond by
approaching and exploring a novel individual through nose-to-nose and nose-to-anogenital
sniffing. In the 3-chambered task, it seems possible that our pharmacological interventions
enabled BTBR to better able to detect, recognize, and/or be attracted to the subject mouse
inside the wire cage. However, BTBR did not engage in more interactions with freely
moving novel mice. We have previously noted that BTBR avoid direct interactions with
conspecifics, while remaining interested in social odors on inanimate objects (Yang et al.,
2012a). The tendency of this inbred strain to avoid social contact when approached by other
mice may be harder to reverse. It may be easier to rescue the reduced tendencies of BTBR to
approach another mouse that is contained in a wire cage, and therefore cannot initiate
chasing or aggressive interactions. Further assays of other social behaviors will be needed to
evaluate the promise of an AMPA modulation strategy on social behaviors in mouse models
of autism spectrum disorders. Our early data demonstrate that modulation of glutamatergic
neurotransmission by AMPA receptor modulators improved some components of social
deficits in one mouse model, suggesting a pharmacological intervention strategy that could
convey benefits for the improvement of components of social cognition deficits in human
syndromes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Research Highlights of the manuscript “AMPAKINE enhancement of social interaction
in the BTBR mouse model of autism” by Jill L Silverman, Chicora F Oliver, Michael N
Karras, Philip T Gastrell and Jacqueline N Crawley.

• CX1837, CX1739 and oral CX546 reversed the sensitive parameter of
sociability in the BTBR mouse model of autism

• CX1837, CX1739 and CX546 had no effects on normal or repetitive self-
grooming in B6 and BTBR

• CX1837, CX1739 and CX546 had no confounding effects on locomotion in B6
and BTBR
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Figure 1. AMPAKINE CX1837 increased social sniffing in BTBR with no deleterious effects in
B6 control mice
Social approach was assayed in a 3-chambered arena. CX1837 was administered acutely in a
100 mg peanut butter pellet, to which the subject mice were previously habituated, 30
minutes before the behavioral test session. Vehicle controls received the peanut butter pellet
containing no drug. (A) The B6 control strain treated with vehicle or CX1837 exhibited
characteristic sociability on the directed sniffing parameter at each dose tested. (B) BTBR
exhibited its characteristic lack of sociability, i.e. did not spend more time sniffing the novel
mouse versus the novel object, after treatment with vehicle. CX1837 (0.3 mg/kg, 1.0 mg/kg
and 3.0 mg/kg), reversed the social sniffing deficits in BTBR. (C) B6 displayed normal
sociability on the chamber time parameter, spending more time in the chamber with the
novel mouse as compared to the novel object, after treatment with vehicle and at each dose
of CX1837. (D) BTBR exhibited its characteristic lack of sociability on the chamber time
parameter following vehicle administration and at each dose CX1837. Number of entries
into the side chambers was unaffected by treatment in (E) B6 and (F) BTBR, indicating the
absence of confounding increases or decreases in exploratory locomotion during the social
approach task. * p < 0.05, novel mouse versus novel object. N = 9-13 per dose for each
strain. Data are shown as mean ± SEM for all figures.
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Figure 2. AMPAKINE CX1739 increased social sniffing in BTBR with no deleterious effects in
B6 control mice
An independent cohort of B6 and BTBR mice was tested by a different investigator in the 3-
chambered social approach apparatus. (A) B6 treated with CX1739 exhibited its
characteristic sociability on the directed sniffing parameter at each dose tested. (B) BTBR
exhibited its characteristic lack of sociability, i.e. did not spend more time sniffing the novel
mouse versus the novel object, after treatment with peanut butter vehicle. CX1739 at 3.0
mg/kg and 30 mg/kg reversed the usual social sniffing deficits in BTBR on the directed
sniffing parameter. A trend toward reversal was observed at 10 mg/kg (p = 0.06). (C) B6
displayed normal sociability on the chamber time parameter, spending more time in the
chamber with the novel mouse as compared to the novel object, after CX1739. (D) BTBR
exhibited its characteristic lack of sociability on the chamber time parameter following
vehicle administration and at each dose of CX1739. No significant difference in the number
of entries into the side chambers was observed in (E) B6 and (F) BTBR at any dose of
CX1739, indicating the absence of confounding increases or decreases in exploratory
locomotion during the social approach task. *p < 0.05, novel mouse versus novel object. N =
11-12 per dose for each strain.
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Figure 3. Oral administration of CX546 increased social sniffing in BTBR with no deleterious
effects in B6 control mice
(A) B6 control strain treated with CX546 exhibited characteristic sociability on the directed
sniffing parameter at each dose tested. (B) BTBR exhibited its characteristic lack of
sociability, i.e. did not spend more time sniffing the novel mouse versus the novel object.
Vehicle was 25% β-cyclodextrin in water, administered orally. CX546 (25 mg/kg, 50 mg/
kg, 75 mg/kg and 100 mg/kg), reversed the low social sniffing in BTBR on the directed
sniffing parameter. A trend toward restored sociability was seen in BTBR treated with the
cyclodextrin vehicle (p = 0.064). In other cohorts of BTBR employed in preliminary CX546
experiments, sociability was significant on the sniff time parameter in BTBR, prompting the
search for vehicles that do not affect sociability in mice. (C) B6 displayed normal sociability
on the chamber time parameter, spending more time in the chamber with the novel mouse as
compared to the novel object, after treatment with vehicle and at each dose of CX546 tested.
(D) BTBR exhibited its characteristic lack of sociability on the chamber time parameter
following vehicle administration and at each dose of CX546. A trend toward restored
sociability (p = 0.07) on the chamber time parameter, time spent in the chamber with the
novel mouse versus time spent in the chamber with the novel object, was observed at the
highest dose of CX546 in BTBR (100 mg/kg). No significant difference in the number of
entries into the side chambers was observed in (E) B6 and (F) BTBR following treatment
with CX546, indicating the absence of confounding increases or decreases in exploratory
locomotion during the social approach task. *p < 0.05, novel mouse versus novel object. N =
9-16 per dose for each strain.
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Figure 4. CX1837 did not alter levels of self-grooming in B6 or BTBR and did not induce
hyperactivity or sedation in a novel open field
Cumulative time spent engaged in self-grooming behavior over a 10 minute session was
scored by investigators blind to drug treatment. (A) B6 mice displayed their normally low
levels of self-grooming after oral administration of CX1837. (B) BTBR displayed their usual
high levels of repetitive self-grooming after CX1837 administration. For the grooming
experiments, CX1837 was administered in 25% β-cyclodextrin in water, in accordance with
lack of vehicle issues on self-grooming, discussed in the text. N = 7-10 per dose for each
strain. Total distance traversed during a 30 minute test session in an Accuscan open field in
BTBR and B6 was unaffected, following peanut butter delivery of vehicle (0.0 mg/kg) or
CX1837 treatment at doses of 0.3 mg/kg, 1.0 mg/kg and 3.0 mg/kg in (C) B6 and (D)
BTBR. Vehicle for the open field experiments was peanut butter pellets. Data for the open
field graphs are shown in 5 minute time bins as mean ± SEM. *p < 0.05 as compared to
vehicle. N=9-13 per strain per dose. See Supplementary Material S3 for additional open
field parameters.
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Figure 5. CX1739 did not alter levels of self-grooming in B6 or BTBR and did not induce
hyperactivity or sedation in an open field
(A) Normally low levels of self-grooming in B6 mice were unchanged after treatment with
CX1739. (B) BTBR displayed their innately high levels of repetitive self-grooming after
vehicle and CX1739. For the grooming experiments, CX1739 was administered in 25% β-
cyclodextrin in water. N = 7-10 per dose for each strain. (C) Total distance traveled in a 30
minute test session in an Accuscan open field was lower after CX1739 (3.0 mg/kg, 10 mg/kg
and 30 mg/kg) in B6. *p < 0.05 as compared to peanut butter vehicle. (D) Total distance
traveled in a 30 minute test session in an Accuscan open field was not significantly different
after CX1739 or peanut butter vehicle treatment in BTBR (D). N=11 per strain per dose. See
Supplementary Material S4 for additional open field parameters.
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Figure 6. CX546, delivered orally, did not alter levels of self-grooming in B6 or BTBR but
induced mild hyperactivity and sedation in an open field
(A) Normally low levels of self-grooming in B6 mice were unchanged after treatment with
CX546. (B) BTBR displayed their innately high levels of repetitive self-grooming after
vehicle and CX546. CX546 was administered in 25% β-cyclodextrin in water, per os. N =
10-13 per dose for each strain. Total distance traveled in a 30 minute test session in an
Accuscan open field in B6, following administration of vehicle (25% β-cyclodextrin in
water, p.o.) or CX546 displayed no significant differences (C). Total distance scores in
BTBR were elevated at 100 mg/kg and lowered at 25 mg/kg compared to BTBR treated with
vehicle (D). *p < 0.05, versus vehicle. N=10-20 per strain per dose.

Silverman et al. Page 28

Neuropharmacology. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. CX1837 increased novel object recognition in BTBR
Novel object recognition was assayed in a Plexiglas arena, after vehicle (100 mg peanut
butter pellet) or CX1837 treatment. The testing sequence consisted of a 60 minute
habituation session in the empty arena, a 10 minute familiarization session in which two
identical objects were placed on the floor of the arena, and a 5 minute test session in which
one previous object and one new object was placed on the floor of the arena. No innate
object preference or side bias was observed during the familiarization session (A), in BTBR
mice treated with vehicle (100 mg peanut butter pellet) or CX1837. (B) BTBR failed to
exhibit novel object recognition after treatment with vehicle and CX1837 (0.3 mg/kg and 1.0
mg/kg), consistent with previously reported cognitive deficits in BTBR mice. CX1837, 3.0
mg/kg, rescued the deficit. (C) A commonly used derived parameter, object recall
difference, demonstrated scores ~ 0 for the vehicle and CX1837 (0.3 mg/kg and 1.0 mg/kg)
treatment groups. A trend (p = 0.09) for a significant novel object recall measured by
difference score was observed in BTBR treated at the 3.0 mg/kg dose of CX1837. (D)
Another commonly used derived parameter, the object recall discrimination ratio, showed
absence of novel object recognition, ratios ~ 0.5, for vehicle and CX1837 (0.3 mg/kg and
1.0 mg/kg) treatment groups. A trend (p = 0.09) for a significant novel object recall by
discrimination ratio was observed for BTBR treated with the 3.0 mg/kg dose. *p < 0.05,
novel object versus familiar object. N = 9-13 per dose for each strain.

Silverman et al. Page 29

Neuropharmacology. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


