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ABSTRACT: Although individuals with autism are

known to have significant communication problems, the

cellular mechanisms responsible for impaired communica-

tion are poorly understood. Valproic acid (VPA) is an anti-

convulsant that is a known risk factor for autism in

prenatally exposed children. Prenatal VPA exposure in rats

causes numerous neural and behavioral abnormalities that

mimic autism. We predicted that VPA exposure may lead

to auditory processing impairments which may contribute

to the deficits in communication observed in individuals

with autism. In this study, we document auditory cortex

responses in rats prenatally exposed to VPA. We recorded

local field potentials and multiunit responses to speech

sounds in primary auditory cortex, anterior auditory field,

ventral auditory field. and posterior auditory field in VPA

exposed and control rats. Prenatal VPA exposure severely

degrades the precise spatiotemporal patterns evoked by

speech sounds in secondary, but not primary auditory cor-

tex. This result parallels findings in humans and suggests

that secondary auditory fields may be more sensitive to

environmental disturbances and may provide insight into

possible mechanisms related to auditory deficits in individu-

als with autism. VC 2014 Wiley Periodicals, Inc. Develop Neurobiol 00:

000–000, 2014

Keywords: speech; auditory cortex; autism; valproic

acid; neurophysiology

INTRODUCTION

It is estimated that 1 in 88 children in the United

States is affected by autism (Baio, 2012). Autism is

characterized by deficits in social communication and

restricted, repetitive behaviors (Rapin, 1997).

Detailed psychophysical studies have shown that

autistic individuals are severely impaired in their

ability to process the subtle cues used in everyday

communication and social interactions (Alcantara

et al., 2004; Rapin and Dunn, 2003; Siegal and

Blades, 2003).

The abnormal perception of speech sounds appears

to exacerbate the communication and social impair-

ments characteristic of autism. Functional imaging

studies have confirmed serious deficits in speech

sound processing in both children and adults with

autism (Boddaert et al., 2004; Bomba and Pang,

2004). Autistic children exhibit impaired processing

of speech sounds (Ceponiene et al., 2003; Kuhl et al.,

2005; Oram Cardy et al., 2005; Whitehouse and

Bishop, 2008). Auditory responses are delayed,

weaker, and unreliable in children with autism

(Bomba and Pang, 2004; Dinstein et al., 2012; Gan-

dal et al., 2010; Roberts et al., 2011). Autism severity

is well correlated with the delayed latency of auditory

evoked cortical responses (Russo et al., 2009).

Speech sound processing impairments do not

improve over time, and are still seen in adults with
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autism (Bomba and Pang, 2004; Buchwald et al.,

1992; Gervais et al., 2004). Although imaging results

suggest that the degradation of speech sound

responses are responsible for deficits in understand-

ing and producing spoken language (Lai et al., 2012),

the great heterogeneity in autism populations and the

limited resolution of current imaging methods makes

it difficult to precisely document speech evoked neu-

ral activity in autism. An animal model would be val-

uable to test the neural basis of speech sound

impairments in autism.

Prenatal exposure to the antiepileptic drug VPA

(which is marketed as Depakote, Epilim, and other

names) causes a large increase in the risk of autism in

children (Christensen et al., 2013; Christianson et al.,

1994; Meador and Loring, 2013; Moore et al., 2000;

Ornoy, 2009; Rasalam et al., 2005; Williams et al.,

2001). The VPA dose during the first trimester is sig-

nificantly correlated with language outcome. Children

prenatally exposed to a larger VPA dose have worse

language scores (Meador et al., 2011; Nadebaum et al.,

2010, 2011) and lower IQs (Meador et al., 2009), while

children prenatally exposed to a smaller VPA dose

have better language scores and higher IQs. More than

60% of VPA exposed children require speech therapy

or educational support (Adab et al., 2001; Moore et al.,

2000; Viinikainen et al., 2006). Prenatal exposure to

VPA is a well-validated animal model of autism that

mimics many of the classic neural abnormalities and

behavioral deficits observed in autism, including brain-

stem defects, loss of cerebellar and superior olivary

complex neurons, serotonergic abnormalities, impaired

social interactions, increased repetitive behaviors,

enhanced anxiety, locomotor hyper activity, abnormal

fear conditioning, lower sensitivity to pain, higher sen-

sitivity to non-painful sensory stimulation, impaired

pre-pulse inhibition, and enhanced eye-blink condition-

ing (Favre et al., 2013; Lukose et al., 2011; Markram

et al., 2008; Roullet et al., 2013; Schneider and Przew-

locki, 2005; Schneider et al., 2001). Neural responses

in many brain areas, including auditory cortex, in VPA

exposed rats are hyperexcitable and hyperplastic

(Banerjee et al., 2012; Markram et al., 2008; Rinaldi

et al., 2008a,b; Silva et al., 2009). Additionally,

delayed auditory responses and reduced gamma band

phase locking in auditory cortex have been reported in

both autistic children and VPA exposed mice (Gandal

et al., 2010). These results provide strong support for

the use of prenatal VPA exposure in rats as an animal

model of autism (Markram et al., 2007).

It is reasonable to investigate the neural deficits in

speech sound processing in rats because the basic neu-

ral mechanism used to processes speech sounds up to

the level of auditory cortex appear to be shared with

other mammals. Rats are able to accurately discrimi-

nate between English consonant and vowel sounds

(Centanni et al., 2013; Engineer et al., 2008, 2013; Por-

ter et al., 2011; Ranasinghe et al., 2012). Importantly,

rat behavioral and neural response thresholds to speech

in noise, spectrally degraded and temporally degraded

speech sound discrimination closely parallel human

thresholds (Ranasinghe et al., 2012; Shetake et al.,

2011). In this study, we evaluated the precise spatio-

temporal firing patterns of auditory cortex neurons in

response to speech sounds presented to control rats and

rats that were prenatally exposed to VPA. We pre-

dicted that VPA exposure would degrade the millisec-

ond precision of speech sounds and reduce or eliminate

the neural responses to key acoustic features of human

speech (Boddaert et al., 2004; Bomba and Pang, 2004;

Engineer et al., 2008; Rinaldi et al., 2008a).

METHODS

Local field potentials and multiunit responses to speech

sounds were collected from four auditory cortex fields: pri-

mary auditory cortex (A1), anterior auditory field (AAF),

ventral auditory field (VAF), and posterior auditory field

(PAF). Neural responses from 980 recording sites were

recorded in 11 VPA exposed rats and 6 experimentally

na€ıve control rats (n 5 476 and 504, respectively).

Valproic Acid Exposure

Rats were prenatally exposed to VPA on embryonic day

12.5 (E12.5) (Banerjee et al., 2012; Favre et al., 2013;

Schneider et al., 2006). Pregnant Sprague-Dawley female

rats received a 600 mg/kg sodium valproate intraperitoneal

injection. The VPA exposed rats that were used in this

study came from seven litters born to seven separate moth-

ers. A maximum of two rats were used from each litter to

ensure our results were not litter specific. Pregnant

Sprague-Dawley female control rats received an intraperi-

toneal injection of saline 12.5 days after conception. The

VPA and saline injections were often performed at the

same time. The saline exposed rats that were used in this

study came from four litters born to four separate mothers.

Each litter was housed individually until weaning on post-

natal day 23, when male and female pups were separated.

Male VPA exposed and saline exposed offspring were used

for the following experiments. As reported in earlier work,

prenatally exposed VPA rats often exhibited crooked tails,

undescended testicles, chromodacryorrhea, and digit

deformities (Favre et al., 2013; Kim et al., 2013).

Speech Stimuli

The speech sounds presented in this study were identical to

the sounds used in many previous studies (Centanni et al.,
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2013; Engineer et al., 2008, 2014; Perez et al., 2013; She-

take et al., 2011). Each sound was a consonant-vowel-

consonant and differed in the initial consonant (“dad” vs.

“sad”) or vowel (“dad” vs. “deed”). These sounds were spo-

ken by a female native English speaker. To better match

the rat hearing range, the natural speech sounds were fre-

quency shifted one octave higher without altering the

amplitude envelope using the STRAIGHT vocoder (Kawa-

hara, 1997). All sounds were calibrated using an ACO-

7016 microphone, and the intensity of each speech sound

was adjusted so that the loudest 100 ms of the vowel was

60 dB SPL. The set of 11 speech sounds presented during

each recording session included the words: “bad,” “dad,”

“gad,” “tad,” “sad,” “shad,” “chad,” “deed,” “dud,” “dead,”

and “dood.”

Physiology

The recording and surgical procedures used in this study

were identical to the procedures used in many previous

studies (Centanni et al., 2013; Engineer et al., 2008; Perez

et al., 2013). Rats were anesthetized with pentobarbital and

held in a custom head holder that did not obstruct the ears.

During recordings, a state of areflexia was maintained with

supplemental doses of dilute pentobarbital. Heart rate and

oxygen saturation were monitored with EKG and pulse oxi-

metry. Recordings were made in a double-walled sound

chamber. Action potentials were recorded simultaneously

from four Parylene-coated tungsten microelectrodes (1–2

MX, FHC) lowered orthogonally into the cortex. Local field

potentials (0–300 Hz) were collected from the same elec-

trodes to allow for comparison with spiking data and

evoked potentials recorded in humans. During acute physi-

ology experiments, the speaker (TDT FF1) was positioned

90 degrees left of midline to maximally activate contralat-

eral (right) auditory cortex.

Tucker–Davis neurophysiology hardware (RA16 and

RX5) and software (SigGen and Brainware) were used for

stimulus generation, signal amplification and filtering (0.3

to 8 kHz), and data acquisition. Recordings were made in

layers IV and V, and were derived from 50 to 70 recording

sites in each animal over the course of each 10–20 h experi-

ment. Penetration sites were chosen to avoid damaging

blood vessels while generating a detailed and evenly spaced

map. A1 was defined based on its well-defined tonotopy

(low to high characteristic frequencies in a posterior to

anterior direction) and short latency responses (Kilgard and

Merzenich, 1999). AAF was defined based on its well-

defined tonotopy (low to high characteristic frequencies in

an anterior to posterior direction) and short latency

responses (Centanni et al., 2013; Polley et al., 2007). VAF

was defined based on its location relative to AAF and A1,

lack of defined tonotopy and longer latency responses (Cen-

tanni et al., 2013; Polley et al., 2007). PAF was defined

based on its proximity to A1, lack of defined tonotopy, and

late latency responses (Puckett et al., 2007; Jakkamsetti

et al., 2012). Each speech sound was repeated twenty times

at each recording site. Tone frequency intensity tuning

curves (0–75 dB SPL in 5 dB steps, 1–32 kHz in 0.125

octave steps) were also obtained at every recording site.

The interstimulus interval was 2 s for speech sounds and

0.5 s for tones.

Data Analysis

The average number of action potentials in response to

speech sounds was quantified using the number of spikes

evoked in the first 40 ms of consonant onset. The onset

latency was defined as the time point where the response

was 3 standard deviations above the spontaneous firing

rate. The peak latency was defined as the time point of

maximum firing.

Neural classification accuracy was measured using a

PSTH-based nearest neighbor classifier to quantify discrim-

ination performance using spike timing from single sweeps

of neural activity recorded from rat auditory cortex (Cen-

tanni et al., 2013; Engineer et al., 2008; Foffani and

Moxon, 2004; Perez et al., 2013; Schnupp et al., 2006).

This nearest-neighbor classifier was used to quantify neural

discrimination performance based on single trial activity

patterns. The response of each single trial was compared

with the average activity pattern (PSTH) evoked by each of

the speech stimuli presented. The trial currently considered

was not included in the average activity pattern to prevent

artifacts. This model assumes that the brain region reading

out the information in the spike trials has previously heard

each of the sounds nineteen times, and attempts to identify

which of the possible choices was most likely to have gen-

erated the trial under consideration. Euclidean distance was

used to determine the similarity between each single

response and the average PSTH generated by each of the

sounds. The classifier guessed that the single trial pattern

was generated by the sound whose average pattern it most

closely resembles (i.e., minimum Euclidean distance). The

onset response to each sound was defined as the 40 ms

interval beginning when neural activity exceeds the sponta-

neous firing rate by three standard deviations. This classi-

fier used either precise spike timing information with

millisecond precision (40 1-ms bins) or used only the total

number of action potentials within the analysis window (1

40-ms bin). Analysis using a nearest-neighbor classifier

made it possible to document neural classification based on

single trial data.

Vector strength is a measure used to quantify the degree

of synchronization between the noise bursts and the neural

response, and was computed to compare synchronization

between VPA exposed and control rats. The duration of

inhibition was quantified as the amount of time between the

end of the response to the previous noise burst and the

beginning of the response to the next noise burst that was

within 2 standard deviations of the spontaneous firing rate.

The threshold, bandwidth, onset latency, and number of

driven spikes receptive field properties were quantified for

each group using customized MATLAB software (Engineer

et al., 2014). The lowest tone intensity that evoked a

response for the characteristic frequency at each site was
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defined as the threshold. The range of frequencies that

evoke a response in 10 dB increments above the threshold

was defined as the bandwidth.

RESULTS

Cortical Responses to Speech Sounds
are Degraded in VPA Exposed Rats

Since individuals with autism often exhibit abnormal

auditory evoked responses, we first evaluated audi-

tory evoked responses in our rat model. (Ceponiene

et al., 2003; Kuhl et al., 2005; Oram Cardy et al.,

2005; Whitehouse and Bishop, 2008). We recorded

the local field potentials (LFPs) evoked by speech

sounds to determine if prenatal exposure to VPA

altered cortical responses in a manner that parallels

alterations observed in individuals with autism. Both

the N1 and P2 response amplitudes were significantly

weaker in AAF in VPA exposed rats compared to

control rats [Fig. 1(a)]. The peak to peak N1–P2

amplitude in AAF was 18% smaller in VPA exposed

rats (p< 0.001, Fig. 2). In A1, the N1 amplitude was

stronger in VPA exposed rats compared to controls,

leading to a 7% stronger N1–P2 amplitude in VPA

exposed rats compared to controls (p 5 0.007, Fig.

2). The N1–P2 amplitudes in VAF and PAF were not

significantly different between VPA exposed and

control rats (p> 0.05, Fig. 2). The impaired local

field potentials to speech sounds in AAF may indicate

that the cortical representation of speech sounds is

less robust in VPA exposed rats.

To determine if the auditory cortex responses to

speech sounds are impaired, we recorded multiunit

responses (Figs. 3 and 4). The average number of

action potentials in AAF evoked by the set of 11

speech sounds was 43% weaker in VPA exposed rats

compared to control rats (p< 0.001, first 40 ms

response, Fig. 5). The response strength to speech

sounds in each of the other 3 fields was not signifi-

cantly different between VPA and control rats

Figure 1 VPA exposure altered speech-evoked local field potentials in auditory cortex. (a) The

N1 and P2 amplitudes recorded in AAF in response to speech sounds were weaker in VPA exposed

rats (red line) compared to na€ıve control rats (blue line). Gray shading behind each line indicates

SEM across recording sites. The black line at the bottom of each subplot indicates time points

when VPA exposed rats respond significantly differently than na€ıve control rats (p< 0.01). (b) The

N1 amplitude in A1 was significantly larger in VPA exposed rats compared to na€ıve control rats,

while the P2 amplitude was unaltered. (c) Both the N1 and P2 amplitudes were unaltered in VAF in

VPA exposed rats compared to na€ıve control rats. (d) The P2 amplitude in PAF was significantly

weaker in VPA exposed rats compared to na€ıve control rats, while the N1 amplitude was unaltered.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2 N1–P2 amplitude in response to speech sounds in VPA exposed and control rats. The

N1–P2 amplitude in VPA exposed rats is significantly weaker in AAF, but significantly stronger in

A1. Error bars indicate SEM across recording sites.

Figure 3 Neurograms in response to the speech sound “gad” in control rats (top row) and VPA

rats (bottom row) in AAF, A1, VAF, and PAF. Multiunit data was collected from 504 recording

sites in 6 anesthetized control rats and 476 recording sites in 11 anesthetized VPA exposed rats.

Average poststimulus time histograms (PSTH) derived from 20 repeats were ordered by the charac-

teristic frequency (kHz) of each recording site (y axis). Time is represented on the x axis (250 to

400 ms). The firing rate of each site is represented in grayscale, where black indicates 400 spikes/s.

For comparison, the mean population PSTH evoked by the sound “gad” in each auditory field is

plotted above the corresponding neurogram.

Speech Processing in a Rat Autism Model 5
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Figure 4 Poststimulus time histograms (PSTHs) in response to the speech sound “gad.” (a) The

response to “gad” is weaker in AAF in VPA exposed rats (red line) compared to na€ıve control rats

(blue line). Gray shading behind each line indicates SEM across recording sites. For comparison,

the “gad” waveform is plotted in gray above each PSTH. (b) The A1 response to “gad” is largely

unaltered in VPA exposed rats compared to na€ıve control rats. (c) The VAF response to “gad” is

weaker in VPA exposed rats compared to na€ıve control rats. (d) The PAF response to “gad” is

largely unaltered in VPA exposed rats compared to na€ıve control rats. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5 Mean spike count in response to speech sounds is decreased in AAF in VPA rats com-

pared to control rats. The number of driven spikes was calculated for the 40 ms onset response.

Error bars indicate SEM across recording sites.
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(p> 0.05). In addition to having weaker responses,

AAF neurons in VPA rats also responded signifi-

cantly slower to speech sounds compared to control

rats. The AAF onset latency to speech sounds was

9% later in VPA rats compared to control rats

[p 5 0.003, Fig. 6(a)]. The peak latency in AAF was

32% later in VPA rats compared to control rats

[p 5 0.01, Fig. 6(b)]. The onset and peak latencies to

speech sounds in each of the other 3 fields was not

significantly different between VPA and control rats

(p> 0.05). The cortical representation of speech

sounds in AAF is significantly weaker and delayed in

VPA exposed rats.

In experimentally na€ıve rats, neural similarity pre-

dicts behavioral discrimination performance using all

four auditory fields (Centanni et al., 2013; Engineer

et al., 2008; Perez et al., 2013). Due to the weaker

and slower onset responses in AAF of VPA exposed

rats, we tested the hypothesis that a classifier using

neural activity from each auditory field would be

more impaired at consonant discrimination using

AAF responses. At each recording site, a nearest-

neighbor classifier was used to identify which of two

consonant sounds was presented. Classifier perform-

ance in AAF was 5% worse in VPA exposed rats

compared to control rats [p 5 0.005, Fig. 7(a), 40 ms

response window with 1 ms bins]. Classifier perform-

ance was unaltered in A1, VAF, or PAF of VPA

exposed rats compared to control rats [p> 0.05,

Fig. 7(a)].

In contrast to consonants, which rely on spike tim-

ing, the neural discrimination of vowels relies on

mean spike rate (Perez et al., 2013). Neural discrimi-

nation of vowel sounds was unimpaired in all four

auditory fields in VPA exposed rats compared to con-

trol rats [p> 0.05, Fig. 7(b), 300 ms response window

with a single 300 ms bin]. These results suggest that

consonant discrimination, which relies on precise

spike timing, is more affected in VPA exposed rats.

Degraded classifier performance could result from

less precise temporal processing or from less precise

spectral processing.

Cortical Phase Locking is Degraded in
VPA Exposed Rats

Previous studies in individuals with autism using

repeating non-speech sounds show deficits in tempo-

ral processing (Buchwald et al., 1992). To test

whether there are temporal processing impairments

in VPA exposed rats, responses to a 10 Hz train of

noise bursts were recorded in each of the four audi-

tory fields (Fig. 8). Synchronization was 12%

reduced in VPA exposed rats compared to control

rats in AAF [p< 0.001, Fig. 9(a)] and 13% reduced

Figure 6 Latency to speech sound response in multiple auditory fields. (a) The onset latency to

speech sounds is longer in AAF in VPA rats compared to control rats. Error bars indicate SEM

across recording sites. (b) The peak latency to speech sounds is longer in AAF in VPA rats com-

pared to control rats.
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in PAF [p 5 0.04, Fig. 9(a)], but was unaltered in A1

and VAF (p> 0.05). There was no difference in onset

latency to the initial noise burst between VPA and

control rats in any of the 4 fields tested (p> 0.05).

The average peak firing rate in response to the noise

bursts was 32% reduced in VPA exposed rats com-

pared to control rats in AAF [p< 0.001, Fig. 9(b)],

10% reduced in A1 [p 5 0.03, Fig. 9(b)], and 42%

reduced in VAF [p< 0.001, Fig. 9(b)]. There was no

difference in peak firing rate in PAF in VPA exposed

rats compared to control rats [p 5 0.65, Fig. 9(b)].

The PSTH plots of the response to the noise bursts

suggest that AAF in VPA rats was more quickly

released from inhibition compared to AAF in na€ıve

control rats [Fig. 8(a)]. This tendency might account

for the decrease in peak firing rate to each noise

burst. The duration of post-stimulus suppression of

spontaneous activity was quantified for both groups

in each field. As suspected, the duration of inhibition

in AAF in VPA exposed rats was shorter compared

to control rats, and the duration of inhibition

decreased with each successive noise burst. For

example, after the first noise burst, there was 90 6 1

ms of inhibition in the control rats and 87 6 1 ms of

inhibition in the VPA exposed rats (p 5 0.23). After

the fifth noise burst, there was still 81 6 1 ms of inhi-

bition in the control rats, but only 72 6 2 ms of inhi-

bition in the VPA exposed rats [p< 0.0001, Fig.

8(a)]. This finding was specific to AAF; in A1 the

duration of inhibition after each noise burst was com-

parable between control and VPA exposed rats

[87 6 1 vs. 86 6 1 ms after the first noise burst,

p 5 0.54; and 82 6 1 vs. 81 6 1 ms after the fifth

noise burst, p 5 0.57; Fig. 8(b)].

Spectral Processing is Degraded in VPA
Exposed Rats

Individuals with autism often have enhanced spectral

processing of simple auditory stimuli (pure tones),

but degraded spectral processing of spectrally com-

plex auditory stimuli (vowels) (�Ceponien _e et al.,

2003; Samson et al., 2006). To assess spectral proc-

essing ability in VPA rats, we recorded responses to

tones presented at 81 frequencies (1–32 kHz) and 16

intensities (0–75 dB). As seen with the speech and

noise burst stimuli, AAF neurons were impaired at

responding to tone stimuli. Thresholds were 23%

increased in AAF in VPA exposed rats compared to

Figure 7 Neural discrimination of consonant and vowel sounds in VPA exposed and control rats.

(a) Neural consonant discrimination is impaired in AAF in VPA exposed rats compared to control

rats. The classifier used the 40 ms onset response with 1 ms precision to discriminate between pairs

of consonants. Error bars indicate SEM across recording sites. Chance performance is 50% correct

because discrimination is between two possible choices (two alternative forced choice). (b) Neural

vowel discrimination is unaltered in VPA exposed rats compared to control rats. The classifier used

the 300 ms mean rate response to the vowel to discriminate between pairs of vowel sounds.

8 Engineer et al.

Developmental Neurobiology



control rats (p 5 0.003, Table 1). Bandwidths com-

puted 40 dB above threshold were 11% wider in

AAF (p 5 0.04), 15% wider in A1 (p< 0.0001), and

14% wider in PAF (p 5 0.003) in VPA exposed rats

compared to control rats (Table 1). Onset latency was

34% slower in AAF in VPA exposed rats compared

to control rats (p< 0.0001, Table 1). The number of

driven spikes in response to tones was 50% weaker in

VPA exposed rats compared to control rats in AAF

(p< 0.0001, Table 1), 44% weaker in VAF (p 5 0.03,

Table 1), 75% stronger in PAF (p< 0.0001, Table 1),

and unimpaired in A1 (p> 0.05, Table 1). Overall,

A1, VAF, and PAF were relatively unaffected in

VPA exposed rats, while AAF responses to tones

were significantly impaired.

To further explore spectral processing in VPA

exposed rats, tone rate intensity functions were plotted

for each auditory field (Fig. 10). Responses to tones in

AAF were weaker at intensities between 20 and 65 dB

[p< 0.0031, Bonferroni’s correction, Fig. 10(a)]. As

seen with the other stimuli, A1 responses to tones

were not significantly different between VPA exposed

and na€ıve control rats [Fig. 10(b)]. Responses to tones

in VAF were slightly weaker at mid-intensities [Fig.

10(c)]. Surprisingly, responses to tones in PAF were

stronger in VPA exposed rats [Fig. 10(d)].

In addition to basic firing differences, the general

organization of the auditory fields was affected by

prenatal VPA exposure. A1 and AAF are known to

be strongly tonotopic fields (Polley et al., 2007; Puck-

ett et al., 2007). Each individual na€ıve control rat had

a statistically significant correlation between

anterior-posterior location and characteristic fre-

quency for both A1 [average R2 for individual control

animals: 0.69 6 0.03, p< 0.05, Fig. 11(a)] and AAF

[average R2 for individual control animals:

0.54 6 0.12, p< 0.05, Fig. 11(a)]. Prenatal exposure

to VPA reduces the tonotopic organization in AAF.

Each individual VPA exposed rat had a statistically

significant correlation between anterior-posterior

location and characteristic frequency for A1 [average

R2 for individual control animals: 0.64 6 0.07,

p< 0.05, Fig. 11(b)], however only 40% of VPA

exposed animals had a statistically significant

Figure 8 Post stimulus time histograms (PSTHs) in response to a 10 Hz train of six noise bursts.

(a) The response to noise bursts is weaker in AAF in VPA exposed rats (red line) compared to na€ıve

control rats (blue line). Gray shading behind each line indicates SEM across recording sites. (b)

The A1 response to noise bursts is largely unaltered in VPA exposed rats compared to na€ıve control

rats. (c) The VAF response to noise bursts is weaker in VPA exposed rats compared to na€ıve con-

trol rats. (d) The PAF response to noise bursts is largely unaltered in VPA exposed rats compared

to na€ıve control rats. [Color figure can be viewed in the online issue, which is available at wileyon-

linelibrary.com.]
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correlation between anterior–posterior location and

characteristic frequency for AAF [average R2 for

individual control animals: 0.30 6 0.05, Fig. 11(b)].

DISCUSSION

Summary of Results

Impaired social communication is a well-known

symptom of autism, and the brain responses of autis-

tic individuals to auditory stimuli are often degraded

(O’Connor, 2012). In this study, we extend previous

findings by examining cortical responses in four audi-

tory fields evoked by both speech and nonspeech

sounds in the VPA model of autism. Responses are

degraded in rats prenatally exposed to VPA in non-

primary auditory cortex, but not primary auditory

cortex. Our results are consistent with recent imaging

studies showing that individuals with autism have

normal A1 activity and connectivity, but reduced

responses and connectivity in secondary auditory

fields (Abrams et al., 2013; Lai et al., 2011).

Responses to speech sounds are both weaker and

delayed in anterior auditory field in VPA exposed

rats, but are unimpaired in the other three auditory

fields. The differences observed in this animal model

may provide insight into possible mechanisms related

to auditory deficits in individuals with autism. In con-

trast, the evoked potential responses to tones in chil-

dren with autism are varied. Previous studies have

reported both shorter and longer latencies and weaker

and stronger responses to tone stimuli in children

with autism. Responses to tones in VPA exposed rats

are both weaker and delayed in anterior auditory

field, while responses are stronger in VPA exposed

rats than controls in posterior auditory field. The

stronger response to tones in posterior auditory field,

as well as the stronger N1–P2 response to speech

sounds in primary auditory cortex could be related to

a compensatory system (in parallel to the weaker

responses in other parts of the auditory cortex) or to

the enhanced sensory abilities sometimes observed in

individuals with autism (Ouimet et al., 2012). This

finding that two auditory fields respond differently to

tones in VPA exposed rats may be relevant to the

inconsistent tone evoked responses observed in chil-

dren with autism.

The Role of Multiple Auditory Fields

Multiple auditory fields are involved in the transfor-

mation of the speech signal (Centanni et al., 2013;

Perez et al., 2013; Tsunada et al., 2011). Our results

showing a deficit in non-primary, but not primary,

auditory cortex are consistent with a recent report

that individuals with autism have normal speech

evoked responses in A1, but reduced speech evoked

responses in the superior temporal gyrus compared to

Figure 9 Cortical phase locking is degraded in VPA exposed rats. (a) The degree of synchroniza-

tion is decreased in VPA exposed rats (gray bars) compared to na€ıve control rats (white bars). Error

bars indicate SEM across recording sites. (b) The mean peak firing rate across all 6 noise bursts

was decreased in AAF, A1, and VAF in VPA exposed rats compared to na€ıve control rats.
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control subjects (Lai et al., 2011). Anatomical and

physiological studies have documented the distinct

inputs and unique response properties of the different

auditory fields. For example, AAF and A1 receive

input from two distinct regions of the thalamus that

have independent tonotopic axes: the medial ventral

division of the medial geniculate and the lateral ven-

tral division of the medial geniculate (Horie et al.,

2013). AAF neurons in VPA exposed rats have many

basic firing property differences: higher thresholds,

wider bandwidths, longer latencies, and weaker spike

rates to tones. In contrast, PAF neurons in VPA

exposed rats have enhanced spike rates to tones. Neu-

rons in all four auditory fields are impaired at tempo-

ral processing. AAF, A1, and VAF neurons in VPA

exposed rats respond more weakly to trains of noise

bursts and AAF and PAF neurons are less synchron-

ized. Previous studies have shown that speech sounds

evoke unique cortical response patterns in each field

(Centanni et al., 2013; Perez et al., 2013). VPA

Table 1 Receptive Field Properties of Auditory Cortex

Neurons in VPA Exposed and Control Rats

Thresh

(dB)

BW40

(oct)

Onset

(ms)

Rate

(spikes)

AAF Na€ıve 21.7 6 0.9 2.8 6 0.1 14.4 6 0.3 1.6 6 0.1

VPA 26.6 6 1.4* 3.1 6 0.1* 19.3 6 1.2* 0.8 6 0.1*

A1 Na€ıve 19.2 6 0.6 2.6 6 0.1 16.0 6 0.3 1.3 6 0.1

VPA 20.3 6 0.7 3.0 6 0.1* 16.3 6 0.3 1.3 6 0.1

VAF Naive 36.1 6 3.3 2.2 6 0.2 17.0 6 1.1 0.9 6 0.2

VPA 32.1 6 2.3 2.3 6 0.3 19.6 6 2.1 0.5 6 0.1*

PAF Na€ıve 24.6 6 1.2 3.6 6 0.1 27.0 6 1.5 0.8 6 0.1

VPA 21.8 6 1.7 4.1 6 0.1* 31.5 6 2.3 1.4 6 0.1*

Responses are impaired in AAF in VPA exposed rats: the

threshold is higher, bandwidth is wider, onset latency is later,

and number of driven spikes is lower. Numbers marked with

a star are significantly different compared to control rats

(*p< 0.05).

Figure 10 Tone rate intensity functions for VPA exposed and na€ıve control rats. (a) VPA rats

evoke fewer spikes per tone in AAF compared to control rats. The number of spikes evoked per

tone in AAF is plotted at each presented intensity (0–75 dB). Responses to tones within 1=2 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 the two groups

(p< 0.0031, Bonferroni correction). (b) The number of spikes evoked per tone in A1 is comparable

between VPA exposed and na€ıve control rats. (c) The number of spikes evoked per tone in VAF of

VPA exposed rats is slightly decreased compared to na€ıve control rats. (d) The number of spikes

evoked per tone in PAF is increased in VPA exposed rats compared to na€ıve control rats. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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exposure results in weaker and slower responses to

speech sounds, which leads to a decreased ability of

AAF neurons to discriminate between pairs of speech

sounds differing in their initial consonants. Degraded

responses in non-primary auditory fields may provide

insight into possible mechanisms related to speech

processing deficits in autism (�Ceponien _e et al., 2003;

Lai et al., 2011).

Experimental disruption of AAF has serious conse-

quences on complex sound discrimination. Tempo-

rary deactivation of AAF impairs auditory pattern

discrimination ability in cats (Lomber and Malhotra,

2008). Lesions of AAF impair the ability of rats to

discriminate vowel-like sounds, while lesions of A1,

VAF, or PAF do not (Kudoh et al., 2006). In our

study, neural discrimination of vowels in AAF was

spared, while neural discrimination of consonants

was impaired. The neural discrimination of conso-

nants requires precise temporal information, while

the neural discrimination of vowels does not (Perez

et al., 2013). Since AAF responses to speech were

slower in VPA exposed rats, this impacted neural

consonant discrimination but not vowel discrimina-

tion. These studies support the hypothesis that

degraded responses in nonprimary auditory cortex

could contribute to speech processing deficits in

autism.

Individuals with autism also have abnormal cross-

modal interactions which may be related to degraded

responses in nonprimary auditory cortex (Martineau

et al., 1992; M�ller et al., 2005; Reed and McCarthy,

2012). The nonclassical auditory pathway processes

inputs from more than one sensory modality and proj-

ects directly to nonprimary auditory cortex, while the

classical auditory pathway only processes input from

a single modality and projects to primary auditory

cortex. AAF, which was the most impaired field in

our study, has a stronger connection with the dorsal

nucleus of the auditory thalamus (Andersen et al.,

1980; Phillips and Irvine, 1982), which processes

non-classical auditory pathway information. Thus

degraded responses in nonprimary auditory cortex

could be relevant to multiple auditory processing dis-

turbances in autism.

The VPA Model of Autism

The VPA model of autism captures many important

aspects of autism including reduced social

Figure 11 AAF is less tonotopically organized in VPA exposed rats compared to experimentally

na€ıve control rats. Scatterplots of the characteristic frequency versus recording site location for

AAF and A1 in (a) na€ıve control rats and (b) VPA exposed rats. The A1-PAF border for each rat

was defined as the most anterior PAF site. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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interactions and vocalizations in rodents prenatally

exposed to VPA (Gandal et al., 2010; Schneider and

Przewlocki, 2005). The correlation between degraded

prepulse inhibition and degraded gamma band phase

locking deficits that is observed in autism is also

observed in VPA exposed rodents (Gandal et al.,

2010). Language scores and IQ in VPA exposed chil-

dren are well correlated with the dose of VPA during

the first trimester (Meador et al., 2011, 2013; Nade-

baum et al., 2010, 2011). Children exposed to a

higher dose of VPA have greater language impair-

ments than children exposed to a lower dose of VPA.

Behavioral studies are needed to determine whether

rats prenatally exposed to VPA exhibit speech dis-

crimination problems, as has been seen in autism

(Alcantara et al., 2004; Samson et al., 2006). Based

on our neural discrimination of speech sounds result,

we predict that VPA exposed rats would be impaired

at consonant discrimination. Previous studies have

shown improved auditory responses following

intense training in language-learning impaired chil-

dren (Heim et al., 2013) or drug therapy (Gandal

et al., 2010). Additional studies are needed to deter-

mine if extensive speech training or drug therapy can

improve cortical responses to speech in VPA exposed

rodents. The behavioral and physiological richness of

speech sound processing could be used to provide a

rigorous test of the efficacy of potential therapies.

In summary, VPA exposure in rodents results in

speech processing deficits in nonprimary auditory

cortex that parallel observations in autism and may

provide insight into possible mechanisms related to

the known communication deficits in children

exposed to VPA. It is possible that speech processing

deficits in nonprimary auditory cortex represent a

common feature of autism that can arise from multi-

ple causes.
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