
Sensory and Motor Characterization in the Post-natal Valproate
Rat Model of Autism

Stacey Reynolds, PhD, OTR/L1, Alexandre Millette2, and Darragh P. Devine, PhD3

1Department of Occupational Therapy, Virginia Commonwealth University, Box 980008
Richmond, VA 23298; reynoldsse3@vcu.edu
2Department of Department of Applied Physiology and Kinesiology, University of Florida, Box
118205, Gainesville, FL 32611-8205 millette1991@hotmail.com
3Department of Psychology, Behavioral and Cognitive Neuroscience Program, University of
Florida, Box 112250, Gainesville, FL 32611-2250; dpdevine@ufl.edu

Abstract
Although autism is diagnosed according to three core features of social deficits, communication
impairments, and repetitive or stereotyped behaviors, other behavioral features such as sensory
and motor impairments are present in more than 70% of individuals with autism spectrum
disorders. Exposure of rat pups to the teratogen valproate during sensitive periods of brain
development has been shown to elicit behavioral features associated with autism diagnosis and has
been proposed as a valid animal model of the disorder. The purpose of this study was to
characterize sensory and motor performance in rats post-natally treated with valproate. Thirty four
rat pups were injected with either valproate (150 mg/kg) or saline on post-natal days 6–12.
Auditory and tactile startle as well as auditory sensory gating was assessed during both the
juvenile and adolescent stages of development; motor testing was conducted during late
adolescence and included a sunflower seed eating task and a vermicelli-handling task. Valproate-
treated rats were under-responsive to auditory stimuli, showed deficits in auditory sensory gating,
and demonstrated impairments in motor speed and performance. These findings suggest that post-
natal valproate treatment elicits sensory and motor features often seen in individuals with ASD.
Further, the hypo-sensitivity seen in post-natally valproate-treated rats contrasted with hyper-
sensitivity previously reported in pre-natally valproate-exposed rats. This suggests that timing of
teratogenic exposure during early brain development may be important to consider when
investigating the neurobiological basis of sensory-motor impairments in ASD.

1. Introduction
Autism is a neurodevelopmental disorder characterized by three core diagnostic features:
social deficits, communication impairments, and repetitive or stereotyped behaviors.
Associated autistic characteristics such as sensory processing impairments and deficits in
motor coordination are highly prevalent, yet have received less attention from the research
community. As scientists continue to study patterns of symptom manifestation and the
developmental course of the disorder, sensory and motor features may be particularly
important to consider in both human and animal paradigms.
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1.1 Sensory and Motor features of Autism Spectrum Disorders
Atypical responses to sensory stimulation have been reported in approximately 70–90% of
individuals with autism spectrum disorders (ASD) [1, 2]. Behavioral manifestations of
atypical sensory processing have been most commonly classified as over-responding
(hypersensitivity) and under-responding (hyposensitivity) [3] with both patterns being
identified in the ASD population [1, 4]. Further, these patterns of over or under responding
appear to be strongly associated with other autism related behaviors and functional
performance in this population.

Tactile over-responsivity in particular has been associated with rigid and inflexible behavior,
repetitive verbalizations, and visual stereotypies [5]. Over-responsivity in or across other
sensory systems (e.g. visual & auditory) have also been found to predict high levels of
stereotypies, compulsions, and rituals/sameness behaviors in children with autism;
suggesting that over-responsivity and repetitive behaviors may share a common underlying
neurobiology [6]. Similarly, Liss and colleagues [7] found that over-responsive children
with ASD tended to have high over-focusing scores and high rates of perseverative
behavior. These authors suggest that over-responsivity and repetitive behaviors may both be
related to deficits in arousal regulation (over-arousal) which may lead to over-selective
attention to sensory stimuli, perseverative preoccupations and repetitive movements. While
the arousal theory has not been fully explored, sensory over-responsivity has been strongly
associated with anxiety in children and adolescents with Asperger’s syndrome [8], adults
with autism [9], and in children with other neurodevelopmental disorders [10]. Elevated
sympathetic arousal (electrodermal reactivity) in response to normal levels of sensory
stimulation has also been shown to predict sleep deficits in children with autism, and
behavioral patterns of over-responding have been strongly correlated with sleep problems in
this population [11].

Whereas sensory under-responsivity has been commonly reported in ASD [12], it has been
less well studied than over-responsivity. Under-responsive behaviors demonstrated by
children with autism include not responding to their name being called, lacking attention to
novel objects, ignoring loud sounds, and not responding to touch/pain stimuli [1]. Patterns of
sensory under-responsivity have been associated with impaired academic performance, poor
attention to cognitive tasks and social skill deficits in children with ASD [13, 8]. Liss and
colleagues [7] found under-responsivity clustered with low adaptive functioning in children
with autism, and suggested that under-responsivity may be related to low intellectual
functioning in this population. Interestingly, academic performance and social interactions
are areas that can be affected by depression [14]. In children and adolescents with ASD
under-responsiveness has been correlated with depressive symptoms, with the strength of
the relationship between under-responsivity and depression increasing with age [8].

Similar to sensory processing impairments, motor impairments are highly pronounced in
individuals with ASD, with multiple studies indicating that 100% of their sample population
show impairments in at least one area of motor development [15–17]. Gross motor
clumsiness and impairments in gait and balance have been commonly reported in both
children and adults with ASD [18]. In addition to a delayed onset of walking, toddlers with
autism have also been shown to lack a mature heel-toe pattern and have a more waddling
gait compared to age-matched controls [19]. These delays may be related to the high
prevalence of hypotonia in ASD, which is present in approximately 50% of children with the
disorder [20]. Fine motor deficits and impairments in upper limb coordination have also
been commonly reported in the ASD population. Gernsbacher and colleagues [21] showed
that in the first two years of life, fine motor skills such as pointing, clapping, reaching and
constructional play were delayed in children later diagnosed with ASD. Older children and
adolescents with autism have been shown to have difficulty with modulation of grip and
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force and with accuracy in reach-to-grasp movements that are needed for tasks such as shoe
tying and buttoning [22, 23]. Though a fair degree of variability in performance has been
reported, gross and fine motor coordination problems have been associated with reduced
performance in daily life skills, play (e.g. running, throwing, jumping) and academic tasks
such as handwriting in children with ASD, making these important behaviors to consider for
this population [24, 25].

Interestingly, atypical sensory and motor features have been found to be salient early
markers for ASD, identifiable as early as four months of age [26, 27]. While the cause of
atypical sensory and motor features in autism is not known, their manifestation early in life
suggests that exploration of factors inducing neurological changes during early brain
development is warranted.

1.2 Teratogenic Effects of Valproate
Exposure of the developing brain to teratogens is known to produce a myriad of symptoms
and disorders that influence sensory and motor function. Valproate use during pregnancy
(used by mothers as an anti-epileptic, mood-stabilizing drug or migraine medication) has
been associated with a higher prevalence of autism and autistic-linked behaviors in offspring
[28, 29]. Whereas autism prevalence in the typical population has been estimated around 1%
[30], Rasalam and colleagues [28] found that 8.9% of children exposed to valproate met the
criteria for either autistic disorder or Asperger syndrome; this suggests that exposure to
valproate leads to approximately a 10 fold increase in the risk for developing an autism
spectrum disorder. While sensory and motor behaviors in children exposed to valproate have
not been fully characterized, case study reports lend insight into features of that may be of
particular relevance to this population. Williams and Hersh [31] described a 5 ½ year old
boy exposed to valproate in utero and later diagnosed with autism. In addition to meeting
core diagnostic criteria for autism, the child presented with muscular hypotonia, awkward
gait, hyper-reflexia, and was reported to cover his ears in response to hearing certain sounds.
He also had insistence on routines connected with bathing and eating; features common in
children with sensory over-responsivity. In a larger case report, Williams and colleagues
[32] presented five children with both fetal valproate exposure and autism. In each of these
cases children presented with some form of motor impairment including decreased muscle
tone, gross and fine motor incoordination, and atypical gait; sensory responsivity was not
described in this group.

The strong association between valproate exposure in utero and the development of autism
led Rodier and colleagues [33] to explore the effects of prenatal valproate treatment in rats.
Since this publication, multiple studies have been published using pre- or post-natal
valproate treatment to elicit neurological and behavioral features of autism in rodent models.
The use of this valproate rodent model has potential utility for understanding the
development and neurobiological basis of sensory and motor features seen in ASD.

1.3 The Valproate Model of Teratogenicity in Rodents
A single pre-natal injection of valproate on embryonic day 12.5 (E12.5; corresponding to
human 1st trimester following neural tube closure) has been shown most consistently to
elicit autistic-like features such as repetitive behaviors and decreased social interaction in
rodents [34]. Neurological features observed in rats treated with valproate on E12.5 are
similar to those seen in post-mortem ASD human brains; these features include loss of
cerebellar neurons [35] and altered dendritic arborization in pyramidal cells suggestive of
impaired pruning [36]. These valproate-exposed rats also show signs of tactile
hypersensitivity during pre-pubertal adolescence on post-natal days (PND) 30–50, and
impaired auditory sensory gating during adolescence and adulthood (PND 90–120) [37, 38].
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Impairments in sensory gating have been proposed to lead to sensory overload and strong
reactions to environmental stimuli [37].

Evaluation of motor skills in this model is limited. Schneider and Przewłocki [38] found
impaired swimming performance in pre-natally valproate-exposed rats on PND8 and
PND12; however, no delays were noted on PND10 or PND11. Wagner and colleagues [39]
found that mice pre-natally exposed to valproate had impaired righting reactions in the early
juvenile stage but found no differences in vestibular function (negative geotaxis test) or
motor development. Tests of fine motor function have not been assessed in this model.

Valproate has also been administered to rodents during the early post-natal period (PND 0–
14). Since rodents are born in an altricial state, the status of their developing neurological
sensory systems roughly correspond with features associated with human brain development
in the third trimester. For example, in the rodent auditory system, it has been shown that the
cochlea matures and hearing onset occurs around PND11, and that bone conduction-related
events can be measured as early as PND7 [40]. In humans, auditory responses can be evoked
in utero as early as the 27th prenatal week, around the beginning of the third trimester [41,
42]. Further, general patterns of brain development, such as the brain growth spurt that
occurs near the end of the third trimester in humans, occurs between PND1–10 in rats [43,
44] supporting the notion that brain development in the final human trimester corresponds
roughly to the first 1–2 weeks of rodent post-natal development [45, 46].

During this early rodent post-natal period there is also a high degree of synaptogenesis and
refinement of neurological connections, which is dependent on a balance between cellular
excitation and inhibition [47]. Since valproate enhances inhibitory GABAergic activity [48,
49], it has the potential to disrupt brain development during this period. Similar to pre-natal
injections, post-natal valproate injections in rats have been shown to elicit autistic-like
behaviors. Chomiak and colleagues [50] administered single doses of valproate (150 mg/kg)
to rat pups for a maximum of two weeks starting at PND 6; these rats showed a significant
reduction in social play compared to litter-matched controls. Further, the post-natally
valproate-treated rats showed an enlarged temporal association cortex and a temporarily
accelerated pattern of neuronal development in the temporal lobe; these findings correspond
to research indicating enlargement of temporal lobe regions in individuals with autism [51,
52]. In mice, post-natal injection of valproate has been shown to impair vestibular function
and mid-air righting reactions [39]. To our knowledge, no tests of sensory responsivity or
skilled motor coordination have been conducted in the rodent post-natal valproate model.
The purpose of this study, therefore, was to characterize sensory responsivity, sensory
gating, and skilled motor performance in rats post-natally treated with valproate.

2. Methods
2.1 Animals

Thirty-four Long-Evans rats (24 male, 10 female) were bred in our lab using four
experimentally-naïve females. On PND3, four litters were cross fostered so there were 8–9
pups per litter. The same day, the gender of each animal was established and each pup was
randomly assigned to either the valproate or control group. To the best of our ability, each
group had the same number of males (11 control, 13 valproate-treated) and females (5
control, 5 valproate-treated), and the same number of pups from each litter. Every day from
PND6 – PND12 the offspring received an i.p. injection of saline (control) or sodium
valproate dissolved in 0.9% saline at 150 mg/kg/day [50]. The weight of the pups was
monitored daily. Eye opening was recorded on PND13–PND16 and scored as either 0=Both
Eyes Closed, 1=One Eye Open, or 2=Both Eyes Open. Pups were weaned on PND23 and
pair-housed with animals matched by group and gender.
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2.2 Measures
2.2.1 Sensory Responsivity and Gating—Sensory testing was conducted for each rat
(n=34) on PND23 (juvenile stage, prior to weaning) and PND45 (adolescence) during the
first five hours of the light part of the daily light cycle. Auditory startle responses, tactile
startle responses, and auditory sensory gating were measured using SR-LAB equipment
(San Diego Instruments, San Diego, CA). The background sound level in the chamber was
70dB. Prior to the testing, each rat was acclimated to the test chamber for five minutes. Each
rat was then exposed to 20 consecutive trials of the auditory startle stimuli which were
bursts of white noise (10 KHz, 120 dB/40 milliseconds) presented at an average inter-trial
interval of 10 seconds (variable 5–15 second range). At the end of the 20 trials a no-stimulus
trial was presented. The auditory startle session was followed by a two minute break with
background level sound (70dB) only. Next, each rat was exposed to 20 consecutive trials of
an auditory prepulse (80dB/20 milliseconds) paired with the startle stimulus (120 dB/40
milliseconds). Frequency for the prepulse and stimulus was set at 10KHz and there was a
100ms interval between the prepulse and the stimulus. Each rat was exposed to 20 trials
followed by a no-stimulus trial. The average inter-trial interval was 10 seconds. Following
another 2 minute break, each rat was exposed to 20 consecutive trials of the tactile startle
stimulus which was a gentle air puff (PSI=20; lasting ~40 milliseconds) delivered to the
mid-dorsal surface. Again, the inter-trial interval was 10 seconds and the 20 trials were
followed by a single no-stimulus trial. The primary variable of interest for each session was
the peak response magnitude (V-Max) which was defined as the highest voltage during the
response window.

2.2.3 Sunflower Seed Task—Grasp and bilateral manual coordination was assessed
using a sunflower seed eating task [53] on PND49. During the week prior to testing, all rats
were exposed to sunflower seeds in their home cages (5 days of exposure, 3 seeds each time)
in order to overcome neophobic responses and establish skill in handling [54]. Each rat was
then acclimated to a clear plastic arena (14”×11”×11”) for five minutes one day prior to
testing. Each rat was partially food restricted (8–10g/day/rat) for one night prior to testing to
increase motivation for task performance. On the morning of the test, three sunflower seeds
were positioned in the front right corner of the testing chamber. The time needed to open all
three seeds, as well as the number of pieces of shell produced, was measured. All testing
was done within the first four hours of the light part of the daily light cycle in a dimly
illuminated room.

2.2.2 Vermicelli Handling Test—The vermicelli handling test has been used as a
measure of forepaw dexterity in rodent models of stroke and neurodegenerative disease [54,
55]. We chose this task to look at fine motor dexterity, reaching accuracy, postural control,
and motor planning in the valproate- and vehicle-treated rats. During the week prior to
testing, all rats were exposed to 3” strands of Mueller’s Brand vermicelli in their home cage
(5 days of exposure, 3 strands each time) [54]. For two nights prior to testing the rats were
partially food restricted (8–10g/day/rat) to encourage task performance. On PND50, each rat
was placed individually into a clear observation cage (same as above). Three vermicelli
strands were placed one at a time in the observation cage and the rats’ eating behavior was
recorded. A digital video camera was mounted on a tripod, which was repositioned during
the test session so as to best record the rat’s paw movements and posture during eating. All
testing occurred in a dimly lit room during the first five hours of the light part of the daily
light cycle. After all testing was completed the video recordings were reviewed for quality.
Trials were removed if less than 90% of the recorded eating session showed a clear view of
the paws/digits, head and body posture. Eight trials did not meet these criteria and therefore
a total of 94 trials were included for analysis.
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Videos were scored by personnel blinded to the experimental conditions. Inter-observer
reliability for all coded behaviors was greater than 80% with an average agreement rate of
89.9% (± 6.4%). During coding the videos were played at 6% normal speed. The primary
variable of interest was the total number of paw adjustments per trial. As defined by other
groups, an adjustment was scored each time there was a visible release of the pasta (not a
drop) or a reformation of the digits holding the pasta via motor patterns of flexion/extension,
or abduction/adduction [55].

A code sheet was developed for specific and relevant atypical sensory motor behaviors
based on an initial blinded review of 18 pasta-trials, nine trials randomly selected from each
experimental group. Behaviors included on the code sheet were number of drops, failure to
contact reaches, angling with head tilt, abnormal posture, use of a unilateral paw technique,
and twirling of the pasta. Specific descriptions of the first four behaviors are defined
elsewhere [54, 55]. Unilateral contact was defined as any time the rat held the pasta in one
paw for five seconds or more during eating without visible contact with the other paw. This
was distinct from a Failure to Contact code which was indicated each time the rat reached
for the pasta but failed to make contact with its target. Twirling was defined as any time the
pasta was rotated 180 degrees during positioning of the pasta for eating. This was seen as a
potential indicator of impaired motor planning. The total time the rat spent actively eating
(biting, chewing) the three pasta strands was recorded. All rats completed the task by
consuming all three pasta pieces.

2.3 Statistical Analysis
For all analyses an alpha ≤ 0.05 significance level was considered to be significant. The
assumption of normality was assessed for all outcome variables and when the assumption
was rejected the appropriate non-parametric tests were utilized. Statistical analyses were
conducted using PSAW Statistical Package 18.0. When examining group differences for
multiple dependent variables, MANOVA models were used. A repeated measures ANOVA
was used for analysis of weight data which were taken over several days during early
development. For sensory and motor variables all the rats were initially analyzed in one
model, followed by a separate analysis for males and females.

3. Results
3.1 Health and Development

All rats gained weight from approximately 14g on PND 6 (14.4g ± 1.2g) up to
approximately 60g on PND 23 (60.4 ± 4.8). A two-factor repeated measures ANOVA was
used to analyze body weight between control and valproate-treated groups from PND6 (pre-
treatment) to PND23 (weaning). The analysis revealed a significant increase in weight over
time (F(17, 544)=2130.89; p<.0001). There was no significant time*group interaction (F(17,
544)=1.38; p=.218).

There were also no significant differences found between groups for eye opening from
PND13–PND16. By PND15, 81% of the controls and 78% of the valproate-treated rats had
their eyes open. All pups had both eyes open by PND16.

3.2 Startle Responsivity
Valproate-treated rats exhibited significantly smaller auditory startle responses compared to
responses of control rats (F(1, 33)=4.72; p<.05). These differences were present in male rats
on PND23 (F(1, 23)=5.36; p<.05) and PND45 (F(1, 23)=11.65; p<.01). Female rats treated
with valproate showed significantly smaller responses on PND45 (F(1, 9)=8.03; p<.05) but
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not on PND23 (F(1, 9)=1.62; p=.240). Tactile startle response magnitude did not differ
significantly between groups (F(1, 33)=.689; p=.509) (Figure 1).

3.3 Sensorimotor Gating
In the control group, the startle response after a prepulse was inhibited by 47% on PND23
and by 57% on PND45. In the valproate-treated group the percent change was less apparent,
with only a 36% reduction on PND23 and a 30% change on PND45. Group differences in
prepulse inhibition were significant overall (F(1, 33)=8.68 ; p<.01) and when examined
separately at PND23 (F(1, 33)= 4.31; p<.05) and PND45 (F(1, 33)=11.69; p=<.01). This
trend remained when males were examined separately on PND45 (F(1, 23)=5.76; p<.05) and
approached significance on PND23 (F(1, 23)=3.98; p=.059). In females, group differences
in percent change were not seen at PND23 (F(1, 9)=.360; p=.565) but were found to be
significant on PND45 (F(1, 9)=8.84; p<.05) with valproate-treated females showing very
little change in response magnitude when presented with a pre-pulse stimulus (Figure 2).

3.4 Motor Performance
The Sunflower Seed Eating task was completed significantly faster by the control group
compared to the valproate-treated group (F(1,33)=4.19; p<.05) but no differences were
found in the number of shell pieces left after task completion, with the group means being
nearly identical (F(1, 33)=0;. p=1.00). When group differences between males and females
were examined separately, no significant differences emerged for time or number of shell
pieces.

During the Vermicelli Handling Test, valproate-treated rats made significantly more paw
adjustments (F(1, 30)=11.85; p<.01) and dropped the pasta significantly more often (F(1,
30)=15.82, p<.001) than the control rats did. These findings remained significant when
males (F(1, 20)=5.01; p<.05) and females (F(1, 9)=7.00; p<.05) were examined separately.
Valproate-treated rats also engaged in more atypical sensory-motor behaviors. Due to the
non-normal distribution of the majority of the count variables, we used a Mann-Whitney U
Test (1-tailed Sig.) to examine group differences. Based on this analysis, valproate-treated
rats were found to use a unilateral technique significantly more often than control rats (p<.
001) and had more observed twirls (p<.05), failure to contact reaches (p<.05) and atypical
postures (p<.05) than the control group. When males were examined separately, use of the
unilateral technique, twirls, and failure to contact reaches continued to be significantly
different between the control and valproate-treated groups (p<.01– p<.05). For female rats,
only use of a unilateral technique significantly differed between the groups (p<.05) (Figure
3).

A time score was recorded for each vermicelli trial (3 trials per subject). When all three time
points were entered into a MANOVA model, the model was not found to be significant (F(1,
30)=1.78; p=.174). However, when the trials were examined separately, the third trial was
found to be significantly different between groups (F(1, 30)=5.38; p=<.05) with the
valproate-treated rats taking significantly longer to complete the final trial (Figure 5). No
differences were found between groups when males and females were examined separately.

Based upon visual examination of the vermicelli time trial data (Figure 4), there appeared to
be a learning effect, with control rats (and not valproate-treated rats) showing improved
speed with each trial. A repeated measures ANOVA was therefore used to examine the
effects of time and group*time interaction. While there was a significant effect of time (F(2,
58)=4.77; p<.05) no time*group interaction was found (F(2, 58)=.803; p=.453).

Reynolds et al. Page 7

Dev Neurosci. Author manuscript; available in PMC 2013 May 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Discussion
Here we have shown that early post-natal exposure to valproate leads to altered sensory
responsivity, sensory gating, and motor performance in rats. Post-natally valproate-treated
rats were under-responsive to auditory stimuli and showed deficits in auditory sensory
gating. Sensory under-responsivity has been identified as the more prevalent form of sensory
dysfunction in ASD, and it is the sensory characteristic that best distinguishes children with
ASD from children with other neurodevelopmental disorders [1, 12]. Further, deficits in
prepulse inhibition have been shown in adults with autism [56] and in children with autism
and Fragile-X syndrome [57]. Therefore, an animal model that exhibits auditory under-
responsivity and sensory gating deficits may be particularly relevant for this diagnostic
group.

Interestingly, pre-natal valproate exposure has been shown to lead to sensory over-
responsivity, particularly in the tactile domain [38] and this characteristic is redolent of
another subset of autistic children who are overly sensitive to sensory stimuli. When
considered alongside our data, this suggests that valproate exposure during salient pre- and
post-natal periods of brain development in rodents may elicit the spectrum of over and
under-responsivity that is seen in individuals with ASD. No other animal model of autism
has been shown to exhibit this range of behaviors. The data further suggests that the timing
of teratogenic insult may invoke differing deficits in neural development and, therefore, a
comparison of the biochemical impacts of the pre- and post-natal valproate models may help
us to understand the nature of toxic insults that lead to specific behavioral abnormalities on
the autism spectrum.

The finding that under-responsivity was only found in the auditory domain, is relevant in the
context of the rats’ early post-natal brain development and the timing of the valproate
injection. Sensitive periods for development of the auditory system occur over the first few
weeks of post-natal development in rats. The injection time (PND6–12) corresponds to the
sensitive period of development of the primary auditory cortex (A1) and the sub-cortical
auditory system, which has been shown to range from PND4–14 [58,59] with refinement of
receptive fields continuing throughout the first month of life . In contrast, rapid cortical map
plasticity occurs in Layer 4 of the somatosensory cortex during the first week of post-natal
rodent development [60] with distribution of thalamic afferents in the primary
somatosensory cortex (S1) starting around PND0 and showing mature topographic
orientation in relation to cortical barrels around PND4–PND7[61, 62]. While development
of the somatosensory cortex continues to be refined over the first few weeks of life,
particularly in Layer 2/3[63, 64], it is possible that PND0 to ~PND5 would be the most
salient for disruption of tactile responsivity. This is one possible explanation for why there
were no significant differences in tactile responsivity between our control and valproate-
treated rats, since our injections did not begin until PND6. Future studies are warranted
which examine effects on tactile startle when injections are done in the first five days of
post-natal development; this has yet to be examined in the rat or mouse model.

The effects of post-natal valproate exposure on sensory gating were also interesting to
consider. Change scores (reported in percent change from auditory startle to auditory startle
+ prepulse) were significantly different between groups, with the valproate-treated rats
showing a much smaller change in response magnitude. This may be due to the fact that
their response to the auditory stimulus alone was significantly lower than that of controls
and therefore the amount of gating required was much less; it is possible that initial startle
responses in the valproate treated rats were so low that a floor effect was seen when the pre-
pulse stimulus was presented. This would suggest that in this particular animal model, the
problem may be one of initial orientation rather than inhibition. Using
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electroencephalography (EEG), children with autism have been shown to have smaller
amplitude responses to novel auditory stimuli, particularly in the P300 wave, compared to
typical children and children with learning disorders [65, 66]. Whitehouse & Bishop [67]
also showed that children with autism showed reduced orienting to novel tones presented in
a sequence of speech sounds, suggesting potential links between auditory orienting
responses and speech/language impairments in this population. While sensory gating deficits
remain important to consider in the autism population, and in animal models of the disorder,
additional testing paradigms are needed to understand and characterize these sensory
processing characteristics more fully.

Gender-specific differences in sensory processing were also interesting to consider in this
model. Female rats treated with valproate did not differ significantly from control rats
during the juvenile stage but were found to have significantly diminished auditory startle
responses and altered sensory motor gating during adolescence. It is possible that significant
differences at PND23 were not found due to the small number of subjects in the female
group. However, while effect sizes for both auditory startle and auditory gating were
moderate in adolescence (pη2 = .501, pη2 = .525) they were relatively small at the juvenile
stage (pη2 = .168, pη2 = .043). This suggests that even with a larger n, effects of valproate
treatment would likely not be found in females at PND23 for these dependent variables.
Human studies have shown that girls are often identified as autistic at a later age than boys
[68] and this may suggest differences in the timing of symptom manifestation. To the best of
our knowledge, no human studies have explored changes in sensory responsivity or sensory
gating in children with ASD over time so it is unclear if this sensory processing shift in our
adolescent rats translates to any human phenomena. Certainly, this is an area for further
exploration.

Finally, group differences in motor performance were apparent between the valproate-
treated and the control rats. Valproate-treated rats performed both the sunflower-seed eating
test and the final trial of the vermicelli handling test slower than control animals did.
Therefore, while both groups were capable of performing the task (i.e. eating the item), the
valproate-treated rats performed the task less efficiently. Since the valproate-treated rats
required more paw adjustments and engaged in more atypical sensory motor behaviors (e.g.
twirling, use of unilateral technique) it appears that these rats had more difficulties in finer
aspects of motor control and/or difficulty coordinating the functions of the forepaws
bilaterally. Since optimal motor output is guided by accurate and efficient intake and
processing of sensory input, impaired somatosensory processing is one explanation for the
observed motor deficits. Despite the fact that we did not see differences in tactile startle
responsivity between our valproate and non-valproate treated groups, the fine motor/motor-
learning deficits observed in the motor tasks suggest that sensory-motor cortical
development was affected by valproate-treatment. Future studies may consider the use of
discrimination-based tests for assessing somatosensory function in these animals, rather than
a tactile startle paradigm which assesses the modulation of stimulus response. Regardless of
the etiology, the observed deficits in motor behaviors such as forepaw dexterity and
coordinated bilateral paw movements suggest that the post-natal valproate model does in
fact mimic many of the atypical motor behaviors seen in children with ASD.

5. Conclusions
Valproate use in humans during pregnancy has been shown to lead to a significantly higher
incidence of autism and autism-related behaviors in offspring. Valproate treatment in
rodents has, therefore, been suggested as a valid model for eliciting autistic-like behaviors in
developmental neuroscience research. The goal of the present study was to characterize
sensory responsivity, sensory gating, and skilled motor performance in rats post-natally
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treated with valproate. We conclude that this model does mimic many of the features seen in
individuals with ASD including auditory under-responsivity which has not been documented
in other animal models of autism. While results clearly indicate specific effects of valproate,
future studies should consider use of an untreated and unhandled control group to establish a
developmental time course of normal sensory and motor behavior. Use of pre and post-natal
valproate injections during sensitive periods of brain development may also prove useful for
eliciting both under and over responsivity in specific sensory systems and provide a valid
model for studying the range of sensory and motor deficits observed individuals with ASD.
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Figure 1.
Auditory (top) and tactile (bottom) startle response magnitude data for male and female rats
in the control and valproate-treated groups on post-natal day (PND) 23 and 45 (* p < 0.05;
** p < 0.01).
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Figure 2.
Acoustic pre-pulse inhibition in male and female rats in the control and valproate-treated
groups on post-natal day (PND) 23 and 45 (* p < 0.05).
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Figure 3.
Sensory-motor behaviors observed in male and female rats in the control and valproate-
treated groups during the vermicelli-handling task. Each session included three pasta trials
(* p < 0.05; ** p < 0.01).

Note: Uni = Unilateral Technique; Twirl = rotation of the pasta ≥ 180°; FTC=
Failure to Contact reach; Posture= observation of atypical posture; Head= Angling
of pasta with head tilt.
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Figure 4.
Time required to complete each trial of the vermicelli-handling task in control and
valproate-treated rats (* p < 0.05).
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