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Children with autism often have language impairments and degraded cortical responses to
speech. Extensive behavioral interventions can improve language outcomes and cortical
responses. Prenatal exposure to the antiepileptic drug valproic acid (VPA) increases the
risk for autism and language impairment. Prenatal exposure to VPA also causes weaker
and delayed auditory cortex responses in rats. In this study, we document speech sound
discrimination ability in VPA exposed rats and document the effect of extensive speech
training on auditory cortex responses. VPA exposed rats were significantly impaired at
consonant, but not vowel, discrimination. Extensive speech training resulted in both
stronger and faster anterior auditory field (AAF) responses compared to untrained VPA
exposed rats, and restored responses to control levels. This neural response improvement
generalized to non-trained sounds. The rodent VPA model of autism may be used to
improve the understanding of speech processing in autism and contribute to improving
language outcomes.
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INTRODUCTION
Individuals with autism often have significantly impaired
language acquisition and social interactions. While typically
developing children exhibit a listening preference for speech over
non-speech sounds, children with autism frequently exhibit a
listening preference for non-speech sounds (Klin, 1991; Kuhl
et al., 2005). Cortical responses to speech sounds in individuals
with autism are both weaker and delayed compared to typically
developing children (Kuhl et al., 2005; Whitehouse and Bishop,
2008; Roberts et al., 2010), particularly in non-primary auditory
fields (Lai et al., 2011; Samson et al., 2011). A recent study found
that the cortical response to words in 2 year olds with autism
accurately predicts language ability at the age of six. Two year
old children with autism that exhibited a left rather than right
ERP response to words had better language outcomes 4 years later
compared to two year old children with autism that exhibited
an atypical ERP response to words (Kuhl et al., 2013). Extensive
early intervention therapy in young children with autism has been
shown to improve language function, IQ, and adaptive behavior
(McEachin et al., 1993; Dawson et al., 2010; Klintwall et al., 2013).
This improved outcome following intervention is also associated
with faster and stronger cortical responses (Russo et al., 2010;
Dawson et al., 2012).

Autism has multiple genetic and environmental causes. For
example, prenatal exposure to the antiepileptic drug valproic
acid (VPA) causes epigenetic changes (Milutinovic et al., 2007)
that increase the risk for both autism and language impair-
ment (Christensen et al., 2013; Meador and Loring, 2013). Both

expressive language and language comprehension are impaired
in children prenatally exposed to VPA (Meador et al., 2011;
Shallcross et al., 2014). The dose of VPA that children were
exposed to during the first trimester strongly predicts language
scores: children who received a higher dose of VPA had a
larger language impairment compared to children who received
a lower dose of VPA (Nadebaum et al., 2011). Although no
animal model can capture all of the aspects of autism, the
well-established VPA model exhibits many behavioral and neu-
ral abnormalities observed in autism. For example, rodents
prenatally exposed to VPA exhibit reduced social interactions,
delayed motor development, improved learning on simple tasks,
disturbed emotional responses, increased repetitive behaviors,
and reduced ultrasonic vocalizations (Schneider and Przewlocki,
2005; Schneider et al., 2007; Gandal et al., 2010; Edalatmanesh
et al., 2013; Roullet et al., 2013). These behavioral abnormalities
are associated with many neural abnormalities, including altered
synaptic plasticity, connectivity, and excitability (Rinaldi et al.,
2008; Silva et al., 2009). Abnormal neural properties have been
documented in cortex, hippocampus, amygdala, cerebellum and
brainstem (Ingram et al., 2000; Markram et al., 2008; Gandal
et al., 2010; Mychasiuk et al., 2012; Martin and Manzoni, 2014).
VPA exposed rats exhibit impaired neural processing of speech
sounds. Speech responses in the anterior auditory field (AAF)
of VPA exposed rats are both slower and weaker than normal
(Engineer et al., 2014a). We hypothesize that the degraded cortical
representation of speech will interfere with the learning of a
simple speech discrimination task and that long term speech
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training in VPA exposed rats will strengthen cortical responses to
speech sounds and restore speech sound discrimination ability to
normal.

MATERIALS AND METHODS
We trained 21 rats to discriminate between consonants and
vowels (n = 10 VPA exposed speech trained rats; n = 11 saline
exposed speech trained rats), and recorded AAF responses to
speech sounds following training in a subset of these rats (n =
5 VPA speech trained rats; n = 4 saline speech trained rats). The
University of Texas at Dallas Institutional Animal Care and Use
Committee approved all protocols and recording procedures.

VALPROIC ACID EXPOSURE
Pregnant rats received an intraperitoneal injection of either saline
or 600 mg/kg sodium valproate (Sigma Aldrich) on embryonic
day 12.5 (Schneider and Przewlocki, 2005; Banerjee et al., 2013;
Favre et al., 2013). Male offspring were used for behavioral train-
ing and neurophysiology experiments (Schneider et al., 2008).

SPEECH STIMULI
The speech sounds used in this study were identical to the
sounds used in our previous studies (Engineer et al., 2008,
2014c; Centanni et al., 2013; Perez et al., 2013). All sounds were
consonant-vowel-consonant words spoken by a female native
English speaker, and the sound set included the words: “bad”,
“chad”, “dad”, “dead”, “deed”, “dood”, “dud”, “gad”, “sad”, “shad”,
and “tad”. Sounds were shifted into the rat hearing range using the
STRAIGHT vocoder (Kawahara, 1997) and intensity adjusted so
that the loudest 100 ms of the vowel was presented at 60 dB SPL.
Spectrograms, power spectrums, and acoustic cue measurements
for these same sounds have been published previously (Engineer
et al., 2008, 2013; Perez et al., 2013).

SPEECH TRAINING
Rats were trained to discriminate speech sounds by consonant
(e.g., “dad” vs. “bad”) or vowel (e.g., “dad” vs. “deed”). The
speech training procedure used was identical to our previous
studies (Engineer et al., 2008, 2014c; Perez et al., 2013). Each rat
was initially trained to press a lever to receive a sugar pellet reward
(45 mg, Bio-Serv). Rats had to independently press the lever 100
times in a session for two sessions to advance to the next stage
of training. Rats were then trained to press the lever in response
to hearing the target sound (e.g., “dad”). They initially had to
press the lever within 8 s of hearing the target sound, but this
window was decreased to 3 s through the course of training. Rats
stayed on this stage of training until they reached a criteria of a
d′ ≥ 1.5 for 10 sessions. Rats were then trained to press the lever
for the target sound (e.g., “dad”), and refrain from lever pressing
to all non-target sounds (e.g., “bad”, “gad”, “sad”, and “tad” for
the consonant task and “dead”, “deed”, “dood”, and “dud” for
the vowel task). For the consonant discrimination task, some rats
were trained to press the lever for the sound “dad” and refrain
from pressing for the sounds “bad”, “gad”, “sad”, and “tad”; other
rats were trained to press the lever for the sound “bad” and refrain
from pressing for the sounds “dad”, “tad”, “gad”, and “sad”. For
the vowel discrimination task, some rats were trained to press the

lever for the sound “dad” and refrain from pressing for the sounds
“dead”, “dud”, “deed”, and “dood”; other rats were trained to press
the lever for the sound “deed” and refrain from pressing for the
sounds “dad”, “dead”, “dud”, and “dood”. Some rats trained on the
consonant discrimination task first, while other rats trained on
the vowel task first. Each discrimination task lasted for a period of
3 weeks. Pressing the lever in response to a target sound resulted
in a sugar pellet reward, while pressing the lever in response
to a non-target sound resulted in the program pausing and the
training booth lights extinguishing for a period of 6 s.

PHYSIOLOGY
Within 24 h after the last day of speech sound discrimina-
tion training, auditory cortex recordings were obtained from
speech trained rats. The recording procedure used was iden-
tical to our previous studies (Engineer et al., 2008; Centanni
et al., 2013; Perez et al., 2013). Auditory cortex responses from
92 AAF recording sites were recorded in 5 (of the 10) VPA
exposed speech trained rats (VPA speech trained group) were
compared to 106 AAF recording sites recorded in 11 VPA exposed
untrained rats (VPA untrained group), 116 AAF recording sites
recorded in six saline exposed untrained rats (Saline untrained
group), and 88 AAF recording sites recorded in 4 (of the 11)
saline exposed speech trained rats (Saline speech trained group).
Neural recordings from the remaining VPA exposed and saline
exposed speech trained rats were made in other auditory fields
(primary auditory cortex, ventral auditory field, and posterior
auditory field), and are not included in this study. Rats were
anesthetized with sodium pentobarbital (50 mg/kg), and were
provided with supplemental doses of pentobarbital throughout
the experiment (8 mg/mL). A tracheotomy was performed and
humidified air was provided to facilitate breathing throughout
the experiment. A cisternal drain was performed to prevent
swelling, and a craniotomy and durotomy were performed over
right auditory cortex. Body temperature was maintained with
a heating pad at 37◦C, and a lactated Ringer’s and dextrose
solution was provided throughout the experiment to maintain
hydration. Multiunit responses were recorded from right AAF
using four Parylene-coated tungsten microelectrodes (FHC, 1–
2 M�) lowered simultaneously. Recordings were made imme-
diately following the surgery, and recording sessions lasted an
average of 10.8 ± 0.9 h (range 3–18.5 h). Recording sites were
chosen to evenly sample AAF while avoiding blood vessels.
Tucker-Davis speakers (FF1), hardware (RA16 and RX5), and
software (SigGen and Brainware) were used for sound generation
and data acquisition. Tone frequency intensity tuning curves
(25 ms tones ranging from 1–32 kHz in 0.125 octave steps and
ranging from 0–75 dB SPL in 5 dB steps) were obtained to
determine the characteristic frequency of each auditory cortex
site. Trains of six noise bursts (1–32 kHz range, 10 Hz) and
each of the speech sounds used during speech discrimination
training were also presented at each recording site (20 repeats
each).

DATA ANALYSIS
Consonant and vowel discrimination performance was quantified
in units of percent correct, which is defined as the average of the
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correct lever presses to target sounds and the correct rejections of
non-target sounds.

AAF recording sites were defined based on relative location, a
distinctive tonotopy of low to high characteristic frequencies from
anterior to posterior, and fast response latencies to tones (Polley
et al., 2007; Centanni et al., 2013). The response strength to speech
sounds was quantified as the number of spikes evoked in the first
40 ms of consonant onset. The onset latency to speech sounds
was quantified as the time point where the neural response was
three standard deviations above the spontaneous firing rate, and
the peak latency to speech sounds was quantified as the time point
of maximum neural firing.

Neural speech sound classification accuracy was measured
using a PSTH-based nearest neighbor classifier to quantify neural
discrimination using spike timing (40 1-ms bins) from single
sweeps of neural activity (Foffani and Moxon, 2004; Schnupp
et al., 2006; Engineer et al., 2008; Centanni et al., 2013; Perez et al.,
2013). The response of each trial was compared with the average
activity pattern evoked by each of two speech sounds. Euclidean
distance was used to determine the similarity between each sin-
gle response trial and the average activity pattern generated by
each of the two speech sounds. The classifier assigned the single
response trial to the speech sound whose average activity pattern
it most closely resembled. Vector strength was used to quantify the
degree of synchronization between the noise bursts and the neural
response (Lu et al., 2001; Bao et al., 2004; Centanni et al., 2014a).
A vector strength value of 0 indicates no synchronization, while
a value of 1 indicates perfect synchronization. Vector strength is
calculated as:

VS =
1

n

√
x2 + y2; x =

n∑
i =1

cos θi; y =
n∑

i =1

sin θi θi = 2π
ti

T

(1)
where ti is the timing of the ith action potential, T is the inter-
stimulus interval between noise bursts, and n is the total number
of action potentials. The tone threshold for each recording site
was defined as the lowest intensity that evoked a response at the
characteristic frequency. The bandwidth for each recording site
was defined as the frequency range (in octaves) that evoked a
response 40 dB above the tone threshold.

RESULTS
SPEECH SOUND DISCRIMINATION
Rats were trained to discriminate between speech sounds differing
by consonant (e.g., “dad” vs. “bad”) or vowel (e.g., “dad” vs.
“deed”). VPA exposed rats were significantly impaired at con-
sonant discrimination, but not vowel discrimination. For the
consonant discrimination task, rats were trained to press the
lever in response to the target speech sound, and refrain from
lever pressing in response to the non-target speech sounds. Over
3 weeks of training, both the VPA exposed and saline exposed
rats responded more accurately over time (F(14,210) = 30.73,
p < 0.0001, two-way repeated measures ANOVA, Figure 1A).
However, the VPA exposed rats were significantly more impaired
at consonant discrimination compared to saline exposed rats
(F(1,210) = 5.72, p = 0.03, two-way repeated measures ANOVA,
Figure 1A). There was not a significant interaction between rat

FIGURE 1 | VPA exposed rats are impaired at consonant discrimination,
but not vowel discrimination. (A) Consonant discrimination time courses
for VPA exposed (n = 10 rats; green line) and saline exposed rats (n = 10
rats; cyan line). Error bars indicate s.e.m. across rats. Stars indicate time
points where VPA exposed rats perform significantly worse than saline
exposed rats (p < 0.05). (B) Vowel discrimination time courses for VPA
exposed (n = 10 rats) and saline exposed rats (n = 11 rats).

group and time for the consonant discrimination task (F(14,210) =
0.72, p = 0.76, two-way repeated measures ANOVA, Figure 1A).

For the vowel discrimination task, rats were trained to press
the lever in response to the target speech sound (for exam-
ple, “dad”), and refrain from lever pressing in response to the
non-target speech sounds (for example, “dead”, “dud”, “deed”,
and “dood”). Over 3 weeks of training, both the VPA exposed
and saline exposed rats responded more accurately over time
(F(14,210) = 26.39, p < 0.0001, two-way repeated measures
ANOVA, Figure 1B). In contrast to the consonant discrimination
task, the VPA exposed rats were unimpaired at vowel discrim-
ination compared to saline exposed rats (F(1,210) = 0.03, p =
0.86, two-way repeated measures ANOVA, Figure 1B). There was
not a significant interaction between rat group and time for the
vowel discrimination task (F(14,210) = 0.38, p = 0.98, two-way
repeated measures ANOVA, Figure 1B). Our finding that VPA
exposed rats are impaired at consonant, but not vowel, discrimi-
nation is consistent with behavioral findings in individuals with
autism, showing intact processing of spectral information, but
impaired processing of rapid temporally complex information
(Samson et al., 2011). We predicted that AAF responses to speech
sounds would be enhanced following extensive speech sound
training.

NEURAL RESPONSES TO SPEECH SOUNDS AFTER TRAINING
We have previously documented the impaired AAF responses
to speech sounds in rats that were prenatally exposed to VPA
(Engineer et al., 2014a). Speech training enhanced the AAF
response to speech sounds in VPA exposed speech trained rats
(Figure 2). Following speech training, the response strength to
speech sounds significantly improved in AAF in VPA speech
trained rats (1.3 ± 0.1 spikes VPA untrained vs. 2.3 ± 0.1 spikes
VPA speech trained, p< 0.0001, Figure 3). The response strength
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FIGURE 2 | Speech training enhances the neural response to the
speech sound “gad”. The weakened response to “gad” in AAF in
VPA untrained rats (n = 11 rats; magenta line) is normalized in VPA
speech trained rats (n = 5 rats; green line), and is compared to

saline untrained rats (n = 6 rats; blue line) and saline speech trained
rats (n = 4 rats; cyan line). Gray shading indicates s.e.m. across
recording sites. The waveform for the speech sound “gad” is plotted
in gray.

in speech trained VPA rats was indistinguishable from saline
untrained rats (2.3 ± 0.1 spikes VPA speech trained vs. 2.3 ± 0.1
spikes saline untrained, p = 0.89, Figure 3).

In addition to weaker responses, untrained VPA exposed AAF
responses to speech sounds are delayed (Engineer et al., 2014a).
Following speech training, the onset latency to speech sounds
was significantly faster in VPA speech trained rats compared to
VPA untrained rats (16.9 ± 0.4 ms VPA untrained vs. 14.1 ±
0.3 ms VPA speech trained, p < 0.0001, Figure 4A). The peak
latency was also significantly improved in VPA speech trained rats
compared to VPA untrained rats (24.2 ± 1.9 ms VPA untrained
vs. 17.8 ± 0.7 ms VPA speech trained, p = 0.003, Figure 4B).
Extensive speech training improved both the response strength
and response latency deficits observed in VPA exposed rats.

As expected from the weaker and slower AAF responses
to speech, VPA exposed neurons are less able to discriminate
between pairs of speech sounds (Engineer et al., 2014a). Using
a nearest-neighbor classifier, VPA exposed AAF neurons were
significantly less able to correctly identify the consonant that
produced each neural activity pattern. Neural discrimination
of speech sounds was restored in speech trained VPA exposed
rats. The classifier percent correct impairment in VPA untrained
rats (70 ± 1 percent correct, p = 0.005 compared to saline

FIGURE 3 | Mean spike count in response to speech sounds is restored
in VPA speech trained rats compared to VPA untrained rats. The
number of driven spikes is the average of the 40 ms onset response across
the 11 speech sounds presented. Error bars indicate s.e.m. across AAF
recording sites. Asterisks indicate groups that are statistically significant
compared to VPA speech trained rats (p < 0.05).
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FIGURE 4 | Speech sound response latency in AAF is normalized
following speech training. (A) The slower onset latency to speech
sounds observed in VPA untrained rats is significantly faster following
speech training. Error bars indicate s.e.m. across recording sites. (B)

The slower peak latency to speech sounds observed in VPA untrained
rats is restored following speech training. Asterisks indicate groups that
are statistically significant compared to VPA speech trained rats (p <

0.05).

untrained rats) was restored to saline untrained levels in VPA
speech trained rats (75 ± 1 percent correct saline untrained vs.
74 ± 1 percent correct VPA speech trained, p = 0.48, Figure 5).
Neural discrimination was significantly improved in VPA exposed
rats following speech training (VPA untrained vs. VPA speech
trained, p = 0.03, Figure 5). These findings suggest that improving
both the response strength and the temporal precision of the
response is sufficient to restore the unique spatiotemporal activity
patterns produced by each speech sound in saline untrained
rats.

NEURAL RESPONSES TO NON-SPEECH SOUNDS AFTER TRAINING
Impaired temporal processing has been previously documented
in VPA exposed rats (Gandal et al., 2010; Engineer et al.,
2014a). VPA exposed rats had both decreased synchronization
and decreased response strength to rapidly presented stim-
uli. In addition to presenting speech sounds during the neu-
ral recordings following speech training, we also presented a
10 Hz train of noise burst stimuli and recorded AAF responses
(Figure 6). Following speech training, synchronization was sig-
nificantly enhanced in VPA speech trained rats compared to
VPA untrained rats (0.77 ± 0.02 VPA untrained vs. 0.89 ±
0.2 VPA speech trained, p < 0.0001, Figure 7A). The aver-
age peak firing rate was also significantly improved in VPA
speech trained rats compared to VPA untrained rats (493.9 ±
24.5 Hz VPA untrained vs. 829.8 ± 31.4 ms VPA speech trained,
p < 0.0001, Figure 7B). Extensive speech training improved
the temporal processing deficits observed in VPA exposed
rats.

FIGURE 5 | Neural discrimination of speech sounds in AAF is restored
in VPA speech trained rats. The classifier percent correct impairment in
VPA untrained rats is restored in VPA speech trained rats. The classifier
uses the 40 ms onset response with 1 ms precision to discriminate
between pairs of consonants. Error bars indicate s.e.m. across AAF
recording sites. Asterisks indicate groups that are statistically significant
compared to VPA speech trained rats (p < 0.05).

In addition to impaired temporal processing, we have also
observed a reduced response to tones in VPA exposed rats
(Engineer et al., 2014a). AAF responses to tones were reduced in
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FIGURE 6 | Speech training enhances the neural response to a 10 Hz
train of six noise bursts. The weak response to noise bursts in AAF in
VPA untrained rats (magenta line) is enhanced in VPA speech trained rats
(green line), and is compared to saline untrained rats (blue line) and saline
speech trained rats (cyan line). Gray shading indicates s.e.m. across
recording sites.

VPA exposed rats at intensities between 20 and 70 dB (Figure 8).
Following speech training, responses to tones were restored to
saline untrained response strengths across the intensity range
(p < 0.0031, Bonferroni correction, Figure 8). Additionally, VPA
exposed rats needed a higher intensity tone in order to evoke a
neural response (26.6 ± 1.4 dB threshold in VPA untrained rats
vs. 21.7 ± 0.9 dB threshold in saline untrained rats, p = 0.003).

This intensity threshold was restored to saline untrained levels
following speech training (22.3± 1.5 dB threshold in VPA speech
trained rats, p = 0.72 compared to saline untrained rats; p =
0.03 compared to VPA untrained rats). While VPA exposed rats
also exhibited an increase in the range of frequencies that evoked
a response 40 dB above threshold (3.1 ± 0.1 octave bandwidth
in VPA untrained rats vs. 2.8 ± 0.1 octave bandwidth in saline
untrained rats, p = 0.04), this frequency range was not restored
following speech training (3.2 ± 0.1 octave bandwidth in VPA
speech trained rats, p = 0.002 compared to saline untrained rats;
p = 0.61 compared to VPA untrained rats). In addition to improv-
ing speech sound discrimination and the AAF representation
of speech sounds, extensive speech training generalized to non-
trained sounds and strengthened the AAF response to tones and
temporally modulated sounds.

TRAINING DOES NOT ENHANCE RESPONSES IN UNEXPOSED RATS
Our results demonstrate that training improves AAF responses
in VPA speech trained rats. However, it is possible that training
also improves responses in rats not exposed to VPA, such that
VPA speech trained rats remain impaired relative to saline speech
trained rats. To test this hypothesis, we quantified AAF responses
to speech and non-speech sounds in a subset of saline exposed
speech trained rats (n = 4 out of the 11 saline speech trained
rats). Our results indicate that speech training did not enhance
the response strength or response latency to speech and non-
speech sounds in saline speech trained rats. Saline speech trained
rats responded to speech sounds with 2.2 ± 0.1 spikes, which
was not significantly different from saline untrained (2.3 ± 0.1
spikes, p = 0.57) or VPA speech trained rats (2.3 ± 0.1 spikes,
p = 0.61, Figure 3). Saline speech trained rats responded to

FIGURE 7 | Cortical phase locking is enhanced in VPA speech
trained rats. (A) The decreased degree of synchronization in VPA
untrained rats compared to saline untrained rats is restored
following speech training. Error bars indicate s.e.m. across recording

sites. Asterisks indicate groups that are statistically significant
compared to VPA speech trained rats (p < 0.05). (B) The mean
peak firing rate across all six noise bursts is enhanced following
speech training.
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FIGURE 8 | The response strength to tones is enhanced in VPA speech
trained rats. VPA untrained rats evoke fewer spikes per tone in AAF
compared to saline untrained rats, and this deficit is reversed in VPA speech
trained rats. The number of spikes evoked per tone is presented at a range
of intensities (0–75 dB). Responses to tones within 1 octave of each site’s
characteristic frequency were averaged together. Error bars indicate s.e.m.
across recording sites. Asterisks indicate intensities that are statistically
significant between VPA untrained rats and VPA speech trained rats (p <
0.0031, Bonferroni correction).

speech sounds with an onset latency of 15.5 ± 0.4 ms, which
was not significantly different from saline untrained rats (15.5 ±
0.3 ms, p = 0.91) and was significantly slower than VPA speech
trained rats (14.1 ± 0.3 ms, p = 0.002, Figure 4A). Saline
speech trained rats responded to speech sounds with a peak
latency of 19.1 ± 0.6 ms, which was not significantly different
from saline untrained rats (18.3 ± 1.4 ms, p = 0.67) or VPA
speech trained rats (17.8 ± 0.7 ms, p = 0.18, Figure 4B). As
expected since AAF responses to speech sounds were not faster
and stronger, neural discrimination of speech sounds in saline
speech trained rats (76 ± 1 percent correct) was not significantly
different from saline untrained (75 ± 1 percent correct, p = 0.64)
or VPA speech trained rats (74 ± 1 percent correct, p = 0.2,
Figure 5).

Speech training also did not enhance responses to non-speech
sounds in saline speech trained rats. Synchronization to noise
bursts in saline speech trained rats (0.89 ± 0.01) was not signifi-
cantly different from saline untrained rats (0.86 ± 0.02, p = 0.08)
or VPA speech trained rats (0.89 ± 0.02, p = 0.58, Figure 7A).
The response strength to noise burst sounds in saline speech
trained rats (772.9 ± 33.8 Hz) was not significantly different
from saline untrained rats (724.6 ± 33.4 Hz, p = 0.32) or VPA
speech trained rats (829.8 ± 31.4 Hz, p = 0.22, Figure 7B).
Responses to tones in saline speech trained rats were not sig-
nificantly different across the intensity range compared to both
saline untrained and VPA speech trained rats (p < 0.0031,
Bonferroni correction, Figure 8). These results provide further
support that training ameliorates the degraded AAF responses
to speech and non-speech sounds caused by in utero exposure
to VPA.

DISCUSSION
Delayed language acquisition and social impairments are often
observed in children with autism. We have previously reported
impaired AAF responses to speech sounds in the prenatal VPA
exposure rodent model of autism. In this study, we extend that
finding by showing that prenatal VPA exposure also significantly
impairs speech sound discrimination ability. VPA exposed rats
were less able to perform a consonant discrimination task, while
vowel discrimination was unimpaired. Extensive speech sound
training improved both consonant discrimination performance
and AAF responses to speech sounds. Responses were faster and
stronger following speech training, and this neural improve-
ment also generalized to non-trained sounds. The weak and
slow cortical responses to speech sounds and impaired speech
discrimination may limit language acquisition in children with
autism. Impaired communication could exacerbate many of the
other symptoms of autism; improved communication likely plays
a major role in their alleviation (Dawson et al., 2010). Although
we did not test other symptoms of autism, we expect that speech
training would not generalize to improve repetitive behavior,
social, and other impairments, which would support proposals
that behavioral therapy should address each of the behavioral
impairments. Intensive early intervention that makes cortical
responses faster and stronger and improves speech discrimination
performance may also support improved language acquisition
and social interactions in children with autism.

SPEECH SOUND DISCRIMINATION
In this study, we documented that VPA exposed rats have
impaired consonant discrimination, but normal vowel discrim-
ination. This finding is consistent with both the auditory and
visual system literature in individuals with autism showing nor-
mal or enhanced performance on tasks using simple stimuli, but
impaired performance on tasks using complex stimuli (Bertone
et al., 2005; Marco et al., 2011; Samson et al., 2011). For example,
children with autism often have enhanced pitch discrimination,
but are less able to discriminate between speech sounds in
background noise (O’Connor, 2012). While studies documenting
neural responses to simple stimuli in individuals with autism have
conflicting results, neural responses to spectrotemporally com-
plex stimuli in individuals with autism are consistently impaired
(Čeponienė et al., 2003; Marco et al., 2011; O’Connor, 2012).

Studies in both humans and rats have documented that
consonants and vowels are processed differently. Our previous
study showed that precise action potential timing information
is necessary for accurate neural discrimination of consonants,
while the neural discrimination of vowels is accomplished with
only the average spike rate information (Perez et al., 2013). The
finding that VPA exposed rats are impaired at consonant, but not
vowel, discrimination matches previous studies showing a rapid
temporal processing deficit in individuals with autism (Oram
Cardy et al., 2005; Kwakye et al., 2011).

NON-PRIMARY AUDITORY CORTEX
Many studies have reported intact auditory processing in primary
auditory cortex in individuals with autism, but impaired auditory
processing in non-primary auditory cortex (Čeponienė et al.,
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2003; Lai et al., 2011; Samson et al., 2011; Abrams et al., 2013). We
have also observed intact auditory processing in primary auditory
cortex, but impaired auditory processing in non-primary audi-
tory cortex in the rodent VPA model of autism (Engineer et al.,
2014a). The neural responses in this study were recorded from
AAF in VPA exposed and saline exposed rats, which is a field
known to be important for pattern and temporal discrimination
tasks. Deactivating AAF in cats impairs pattern discrimination
ability (Lomber and Malhotra, 2008), while removing AAF in rats
impairs speech sound discrimination ability (Kudoh et al., 2006).
Together, these findings suggest that low-level sensory processing
of less complex sounds is preserved in autism, while higher level
processing of more complex sounds is impaired.

TEMPORAL PROCESSING DEFICITS
Auditory temporal processing deficits are not unique to autism,
and have been observed in other patient populations, such as
dyslexia or specific language impairment (Tallal et al., 1997).
We have previously demonstrated reduced neural discrimina-
tion of speech sounds and increased trial-by-trial variability in
the response to speech sounds in primary auditory cortex of a
rat model of dyslexia (Centanni et al., 2014a). These rats were
impaired at both consonant and vowel discrimination. Extensive
speech sound training normalized both discrimination ability and
auditory cortex responses to speech (Centanni et al., 2014b).
Temporal processing abnormalities have also been observed in
both individuals with fragile X syndrome and a rodent model
of fragile X syndrome (Frankland et al., 2004). We observed
significantly impaired responses to speech, noise bursts, and tones
in AAF, primary auditory cortex, and ventral auditory field in
the Fmr1 KO rat model of fragile X syndrome (Engineer et al.,
2014b). Fmr1 KO rats were unimpaired at consonant and vowel
discrimination, and weeks of speech training did not improve
auditory cortex responses. While the autism, dyslexia, and fragile
X syndrome rodent models all exhibit a reduced response strength
to noise burst trains, the behavioral and neural ability to dis-
criminate speech sounds varies across the models. More research
is needed to help disambiguate the training profiles of different
populations.

INTERVENTION THERAPY
Our results demonstrate that thousands of speech discrimination
trials over many weeks can improve speech discrimination ability
and AAF responses to sounds in VPA exposed rats. Thousands of
children have been prenatally exposed to the antiepileptic drug
valproate, and these children have at least a four-fold increased
risk of developing autism (Moore et al., 2000; Rasalam et al., 2005;
Christensen et al., 2013; Meador and Loring, 2013). It is estimated
that more than 60% of children exposed to VPA require speech
therapy or educational support (Moore et al., 2000; Adab et al.,
2001; Viinikainen et al., 2006). Clinical trials could be used to
determine how well children who have been prenatally exposed
to VPA respond to intensive speech therapy and whether such
training alters cortical evoked responses.

Our result is consistent with previous studies in children with
autism which demonstrate that extensive intervention therapy
occurring for 20 or more hours per week over many months

drastically improves outcomes. Children who underwent this
extensive therapy had an average gain of 18 IQ points and exhibit
normalized cortical activity (McEachin et al., 1993; Dawson et al.,
2010, 2012). Studies have shown that the mental age at the start
of therapy and the extent of the therapy are both important
predictors of outcome (Klintwall et al., 2013). In addition, brain
responses at age two in children with autism can predict language
outcomes at age six after extensive training (Kuhl et al., 2013). It is
not yet clear whether training was associated with changes in the
spatial distribution of cortical responses to speech sounds in VPA
exposed rats. Many studies have documented improved outcomes
in adolescents and adults with autism (Piven et al., 1996; Seltzer
et al., 2004). Additional studies are needed to determine if there
are persistent impairments in auditory processing in untrained
VPA exposed rats throughout their lifetime, or if the impairments
improve over time without training. Rodent models of autism
may prove valuable for understanding why some subtypes of
autism benefit from training more than others. For example,
while the rodent VPA model represents an environmental cause
of autism, additional studies are needed to determine whether
speech sound processing is similarly affected in genetic models of
autism.
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Čeponienė, R., Lepistö, T., Shestakova, A., Vanhala, R., Alku, P., Näätänen, R., et al.
(2003). Speech-sound-selective auditory impairment in children with autism:
they can perceive but do not attend. Proc. Natl. Acad. Sci. U S A 100, 5567–5572.
doi: 10.1073/pnas.0835631100

Christensen, J., Grønborg, T. K., Sørensen, M. J., Schendel, D., Parner, E. T.,
Pedersen, L. H., et al. (2013). Prenatal valproate exposure and risk of autism
spectrum disorders and childhood autism. JAMA 309, 1696–1703. doi: 10.
1001/jama.2013.2270

Dawson, G., Jones, E. J. H., Merkle, K., Venema, K., Lowy, R., Faja, S., et al. (2012).
Early behavioral intervention is associated with normalized brain activity in
young children with autism. J. Am. Acad. Child Adolesc. Psychiatry 51, 1150–
1159. doi: 10.1016/j.jaac.2012.08.018

Dawson, G., Rogers, S., Munson, J., Smith, M., Winter, J., Greenson, J., et al. (2010).
Randomized, controlled trial of an intervention for toddlers with autism: the
early start denver model. Pediatrics 125, e17–e23. doi: 10.1542/peds.2009-0958

Edalatmanesh, M. A., Nikfarjam, H., Vafaee, F., and Moghadas, M. (2013).
Increased hippocampal cell density and enhanced spatial memory in the val-
proic acid rat model of autism. Brain Res. 1526, 15–25. doi: 10.1016/j.brainres.
2013.06.024

Engineer, C. T., Centanni, T. M., Im, K. W., Borland, M. S., Moreno, N. A.,
Carraway, R. S., et al. (2014a). Degraded auditory processing in a rat model of
autism limits the speech representation in non-primary auditory cortex. Dev.
Neurobiol. doi: 10.1002/dneu.22175. [Epub ahead of print].

Engineer, C. T., Centanni, T. M., Im, K. W., Rahebi, K. C., Buell, E. P., and Kilgard,
M. P. (2014b). Degraded speech sound processing in a rat model of fragile X
syndrome. Brain Res. 1564, 72–84. doi: 10.1016/j.brainres.2014.03.049

Engineer, C. T., Perez, C. A., Carraway, R. S., Chang, K. Q., Roland, J. L., and
Kilgard, M. P. (2014c). Speech training alters tone frequency tuning in rat
primary auditory cortex. Behav. Brain Res. 258, 166–178. doi: 10.1016/j.bbr.
2013.10.021

Engineer, C. T., Perez, C. A., Carraway, R. S., Chang, K. Q., Roland, J. L., Sloan,
A. M., et al. (2013). Similarity of cortical activity patterns predicts generalization
behavior. PLoS One 8:e78607. doi: 10.1371/journal.pone.0078607

Engineer, C. T., Perez, C. A., Chen, Y. H., Carraway, R. S., Reed, A. C., Shetake, J. A.,
et al. (2008). Cortical activity patterns predict speech discrimination ability. Nat.
Neurosci. 11, 603–608. doi: 10.1038/nn.2109

Favre, M. R., Barkat, T. R., LaMendola, D., Khazen, G., Markram, H., and Markram,
K. (2013). General developmental health in the VPA-rat model of autism. Front.
Behav. Neurosci. 7:88. doi: 10.3389/fnbeh.2013.00088

Foffani, G., and Moxon, K. A. (2004). PSTH-based classification of sensory stimuli
using ensembles of single neurons. J. Neurosci. Methods 135, 107–120. doi: 10.
1016/j.jneumeth.2003.12.011

Frankland, P. W., Wang, Y., Rosner, B., Shimizu, T., Balleine, B. W., Dykens, E. M.,
et al. (2004). Sensorimotor gating abnormalities in young males with fragile X
syndrome and Fmr1-knockout mice. Mol. Psychiatry 9, 417–425. doi: 10.1038/sj.
mp.4001432

Gandal, M. J., Edgar, J. C., Ehrlichman, R. S., Mehta, M., Roberts, T. P. L., and
Siegel, S. J. (2010). Validating γ oscillations and delayed auditory responses
as translational biomarkers of autism. Biol. Psychiatry 68, 1100–1106. doi: 10.
1016/j.biopsych.2010.09.031

Ingram, J. L., Peckham, S. M., Tisdale, B., and Rodier, P. M. (2000). Prenatal expo-
sure of rats to valproic acid reproduces the cerebellar anomalies associated with
autism. Neurotoxicol. Teratol. 22, 319–324. doi: 10.1016/s0892-0362(99)00083-5

Kawahara, H. (1997). Speech representation and transformation using adaptive
interpolation of weighted spectrum: vocoder revisited. Proc. ICASSP 2, 1303–
1306. doi: 10.1109/icassp.1997.596185

Klin, A. (1991). Young autistic children’s listening preferences in regard to speech:
a possible characterization of the symptom of social withdrawal. J. Autism Dev.
Disord. 21, 29–42. doi: 10.1007/bf02206995

Klintwall, L., Eldevik, S., and Eikeseth, S. (2013). Narrowing the gap: effects
of intervention on developmental trajectories in autism. Autism doi: 10.
1177/1362361313510067. [Epub ahead of print].

Kudoh, M., Nakayama, Y., Hishida, R., and Shibuki, K. (2006). Requirement of
the auditory association cortex for discrimination of vowel-like sounds in rats.
Neuroreport 17, 1761–1766. doi: 10.1097/wnr.0b013e32800fef9d

Kuhl, P. K., Coffey-Corina, S., Padden, D., and Dawson, G. (2005). Links between
social and linguistic processing of speech in preschool children with autism:
behavioral and electrophysiological measures. Dev. Sci. 8, F1–F12. doi: 10.1111/j.
1467-7687.2004.00384.x

Kuhl, P. K., Coffey-Corina, S., Padden, D., Munson, J., Estes, A., and Dawson,
G. (2013). Brain responses to words in 2-year-olds with autism predict devel-
opmental outcomes at age 6. PLoS One 8:e64967. doi: 10.1371/journal.pone.
0064967

Kwakye, L. D., Foss-Feig, J. H., Cascio, C. J., Stone, W. L., and Wallace, M. T. (2011).
Altered auditory and multisensory temporal processing in autism spectrum
disorders. Front. Integr. Neurosci. 4:129. doi: 10.3389/fnint.2010.00129

Lai, G., Schneider, H. D., Schwarzenberger, J. C., and Hirsch, J. (2011). Speech
stimulation during functional MR imaging as a potential indicator of autism.
Radiology 260, 521–530. doi: 10.1148/radiol.11101576

Lomber, S. G., and Malhotra, S. (2008). Double dissociation of “what” and “where”
processing in auditory cortex. Nat. Neurosci. 11, 609–616. doi: 10.1038/nn.2108

Lu, T., Liang, L., and Wang, X. (2001). Temporal and rate representations of time-
varying signals in the auditory cortex of awake primates. Nat. Neurosci. 4, 1131–
1138. doi: 10.1038/nn737

Marco, E. J., Hinkley, L. B. N., Hill, S. S., and Nagarajan, S. S. (2011). Sensory
processing in autism: a review of neurophysiologic findings. Pediatr. Res. 69,
48R–54R. doi: 10.1203/PDR.0b013e3182130c54

Markram, K., Rinaldi, T., La Mendola, D., Sandi, C., and Markram, H. (2008).
Abnormal fear conditioning and amygdala processing in an animal model of
autism. Neuropsychopharmacology 33, 901–912. doi: 10.1038/sj.npp.1301453

Martin, H. G. S., and Manzoni, O. J. (2014). Late onset deficits in synaptic plasticity
in the valproic acid rat model of autism. Front. Cell. Neurosci. 8:23. doi: 10.
3389/fncel.2014.00023

McEachin, J., Smith, T., and Lovaas, O. I. (1993). Long-term outcome for children
with autism who received early intensive behavioral treatment. Am. J. Ment.
Retard. 97, 359–372; discussion 373–391.

Meador, K. J., Baker, G. A., Browning, N., Cohen, M. J., Clayton-Smith, J.,
Kalayjian, L. A., et al. (2011). Foetal antiepileptic drug exposure and verbal
versus non-verbal abilities at three years of age. Brain 134, 396–404. doi: 10.
1093/brain/awq352

Meador, K. J., and Loring, D. W. (2013). Risks of in utero exposure to valproate.
JAMA 309, 1730–1731. doi: 10.1001/jama.2013.4001

Milutinovic, S., D’Alessio, A. C., Detich, N., and Szyf, M. (2007). Valproate induces
widespread epigenetic reprogramming which involves demethylation of specific
genes. Carcinogenesis 28, 560–571. doi: 10.1093/carcin/bgl167

Moore, S. J., Turnpenny, P., Quinn, A., Glover, S., Lloyd, D. J., Montgomery, T.,
et al. (2000). A clinical study of 57 children with fetal anticonvulsant syndromes.
J. Med. Genet. 37, 489–497. doi: 10.1136/jmg.37.7.489

Mychasiuk, R., Richards, S., Nakahashi, A., Kolb, B., and Gibb, R. (2012). Effects
of rat prenatal exposure to valproic acid on behaviour and neuro-anatomy. Dev.
Neurosci. 34, 268–276. doi: 10.1159/000341786

Nadebaum, C., Anderson, V. A., Vajda, F., Reutens, D. C., Barton, S., and
Wood, A. G. (2011). Language skills of school-aged children prenatally
exposed to antiepileptic drugs. Neurology 76, 719–726. doi: 10.1212/WNL.
0b013e31820d62c7

O’Connor, K. (2012). Auditory processing in autism spectrum disorder: a review.
Neurosci. Biobehav. Rev. 36, 836–854. doi: 10.1016/j.neubiorev.2011.11.008

Oram Cardy, J. E., Flagg, E. J., Roberts, W., Brian, J., and Roberts, T. P. (2005).
Magnetoencephalography identifies rapid temporal processing deficit in autism
and language impairment. Neuroreport 16, 329–332. doi: 10.1097/00001756-
200503150-00005

Perez, C. A., Engineer, C. T., Jakkamsetti, V., Carraway, R. S., Perry, M. S., and
Kilgard, M. P. (2013). Different timescales for the neural coding of consonant
and vowel sounds. Cereb. Cortex 23, 670–683. doi: 10.1093/cercor/bhs045

Piven, J., Harper, J., Palmer, P., and Arndt, S. (1996). Course of behavioral change
in autism: a retrospective study of high-IQ adolescents and adults. J. Am.
Acad. Child Adolesc. Psychiatry 35, 523–529. doi: 10.1097/00004583-199604000-
00019

Polley, D. B., Read, H. L., Storace, D. A., and Merzenich, M. M. (2007). Multi-
parametric auditory receptive field organization across five cortical fields in the
albino rat. J. Neurophysiol. 97, 3621–3638. doi: 10.1152/jn.01298.2006

Frontiers in Systems Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 137 | 9

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive


Engineer et al. Speech training improves VPA responses

Rasalam, A. D., Hailey, H., Williams, J. H., Moore, S. J., Turnpenny, P. D., Lloyd,
D. J., et al. (2005). Characteristics of fetal anticonvulsant syndrome associated
autistic disorder. Dev. Med. Child Neurol. 47, 551–555. doi: 10.1111/j.1469-8749.
2005.tb01190.x

Rinaldi, T., Silberberg, G., and Markram, H. (2008). Hyperconnectivity of local
neocortical microcircuitry induced by prenatal exposure to valproic acid. Cereb.
Cortex 18, 763–770. doi: 10.1093/cercor/bhm117

Roberts, T. P. L., Khan, S. Y., Rey, M., Monroe, J. F., Cannon, K., Blaskey, L.,
et al. (2010). MEG detection of delayed auditory evoked responses in autism
spectrum disorders: towards an imaging biomarker for autism. Autism Res. 3,
8–18. doi: 10.1002/aur.111

Roullet, F. I., Lai, J. K. Y., and Foster, J. A. (2013). In utero exposure to valproic acid
and autism-a current review of clinical and animal studies. Neurotoxicol. Teratol.
36, 47–56. doi: 10.1016/j.ntt.2013.01.004

Russo, N. M., Hornickel, J., Nicol, T., Zecker, S., and Kraus, N. (2010). Bio-
logical changes in auditory function following training in children with
autism spectrum disorders. Behav. Brain Funct. 6:60. doi: 10.1186/1744-9081-
6-60

Samson, F., Hyde, K. L., Bertone, A., Soulières, I., Mendrek, A., Ahad, P.,
et al. (2011). Atypical processing of auditory temporal complexity in autis-
tics. Neuropsychologia 49, 546–555. doi: 10.1016/j.neuropsychologia.2010.
12.033

Schneider, T., and Przewlocki, R. (2005). Behavioral alterations in rats prenatally
exposed to valproic acid: animal model of autism. Neuropsychopharmacology 30,
80–89. doi: 10.1038/sj.npp.1300518

Schneider, T., Roman, A., Basta-Kaim, A., Kubera, M., Budziszewska, B., Schneider,
K., et al. (2008). Gender-specific behavioral and immunological alterations
in an animal model of autism induced by prenatal exposure to valproic
acid. Psychoneuroendocrinology 33, 728–740. doi: 10.1016/j.psyneuen.2008.
02.011

Schneider, T., Ziòkowska, B., Gieryk, A., Tyminska, A., and Przewocki, R. (2007).
Prenatal exposure to valproic acid disturbs the enkephalinergic system func-
tioning, basal hedonic tone and emotional responses in an animal model
of autism. Psychopharmacology (Berl) 193, 547–555. doi: 10.1007/s00213-007-
0795-y

Schnupp, J. W., Hall, T. M., Kokelaar, R. F., and Ahmed, B. (2006). Plasticity of
temporal pattern codes for vocalization stimuli in primary auditory cortex. J.
Neurosci. 26, 4785–4795. doi: 10.1523/jneurosci.4330-05.2006

Seltzer, M. M., Shattuck, P., Abbeduto, L., and Greenberg, J. S. (2004). Trajectory of
development in adolescents and adults with autism. Ment. Retard. Dev. Disabil.
Res. Rev. 10, 234–247. doi: 10.1002/mrdd.20038

Shallcross, R., Bromley, R. L., Cheyne, C. P., García-Fiñana, M., Irwin, B., Morrow,
J., et al. (2014). In utero exposure to levetiracetam vs valproate: development
and language at 3 years of age. Neurology 82, 213–221. doi: 10.1212/WNL.
0000000000000030

Silva, G. T., Le Be, J., Riachi, I., Rinaldi, T., Markram, K., and Markram, H. (2009).
Enhanced long term microcircuit plasticity in the valproic acid animal model of
autism. Front. Synaptic Neurosci. 1:1. doi: 10.3389/neuro.19.001.2009

Tallal, P., Miller, S., Jenkins, W., and Merzenich, M. (1997). “The role of tem-
poral processing in developmental language-based learning disorders: research
and clinical implications,” in Foundations of Reading Acquisition and Dyslexia:
Implications for Early Intervention, ed B. A. Blachman (Mahwah, NJ: Lawrence
Erlbaum), 49–66.

Viinikainen, K., Eriksson, K., Monkkonen, A., Aikia, M., Nieminen, P., Heinonen,
S., et al. (2006). The effects of valproate exposure in utero on behavior and the
need for educational support in school-aged children. Epilepsy Behav. 9, 636–
640. doi: 10.1016/j.yebeh.2006.08.007

Whitehouse, A. J., and Bishop, D. V. (2008). Do children with autism “switch off ”
to speech sounds? An investigation using event-related potentials. Dev. Sci. 11,
516–524. doi: 10.1111/j.1467-7687.2008.00697.x

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 21 March 2014; accepted: 14 July 2014; published online: 05 August 2014.
Citation: Engineer CT, Centanni TM, Im KW and Kilgard MP (2014) Speech sound
discrimination training improves auditory cortex responses in a rat model of autism.
Front. Syst. Neurosci. 8:137. doi: 10.3389/fnsys.2014.00137
This article was submitted to the journal Frontiers in Systems Neuroscience.
Copyright © 2014 Engineer, Centanni, Im and Kilgard. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Systems Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 137 | 10

http://dx.doi.org/10.3389/fnsys.2014.00137
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

	Speech sound discrimination training improves auditory cortex responses in a rat model of autism
	Introduction
	Materials and methods
	Valproic acid exposure
	Speech stimuli
	Speech training
	Physiology
	Data analysis

	Results
	Speech sound discrimination
	Neural responses to speech sounds after training
	Neural responses to non-speech sounds after training
	Training does not enhance responses in unexposed rats

	Discussion
	Speech sound discrimination
	Non-primary auditory cortex
	Temporal processing deficits
	Intervention therapy

	Acknowledgments
	References


