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Abstract

Speech sounds evoke unique neural activity patterns in primary auditory cortex (A1). Extensive 

speech sound discrimination training alters A1 responses. While the neighboring auditory cortical 

fields each contain information about speech sound identity, each field processes speech sounds 

differently. We hypothesized that while all fields would exhibit training-induced plasticity 

following speech training, there would be unique differences in how each field changes. In this 

study, rats were trained to discriminate speech sounds by consonant or vowel in quiet and in 

varying levels of background speech-shaped noise. Local field potential and multiunit responses 

were recorded from four auditory cortex fields in rats that had received 10 weeks of speech 

discrimination training. Our results reveal that training alters speech evoked responses in each of 

the auditory fields tested. The neural response to consonants was significantly stronger in anterior 

auditory field (AAF) and A1 following speech training. The neural response to vowels following 

speech training was significantly weaker in ventral auditory field (VAF) and posterior auditory 

field (PAF). This differential plasticity of consonant and vowel sound responses may result from 

the greater paired pulse depression, expanded low frequency tuning, reduced frequency selectivity, 

and lower tone thresholds, which occurred across the four auditory fields. These findings suggest 

that alterations in the distributed processing of behaviorally relevant sounds may contribute to 

robust speech discrimination.
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1. Introduction

Speech sounds each evoke a unique neural pattern of activation in primary auditory cortex 

[1,2]. For example, the consonant ‘b’ evokes activity from low frequency tuned neurons 

first, followed by high frequency tuned neurons, while the consonant ‘d’ evokes activity 

from high frequency tuned neurons first, followed by low frequency neurons. Like humans, 

animals can easily discriminate between speech sounds. Behavioral discrimination accuracy 

can be predicted by the neural similarity of the A1 pattern of response to pairs of speech 

sounds [1,3]. Pairs of sounds that evoke very similar A1 patterns of activity are difficult for 

animals to discriminate, while pairs of sounds that evoke very distinct A1 patterns of activity 

are easy for animals to discriminate. Consonant processing relies on precise spike timing 

information, while vowel processing relies on mean spike count information [3]. Extensive 

speech sound discrimination training alters A1 responses in both humans and animals [4,5].

Previous studies suggest that the different fields of auditory cortex have different functions. 

For example, deactivation of PAF impairs spatial sound localization ability, while 

deactivation of AAF impairs temporal sound identification ability [6,7]. Multiple auditory 

fields contain information about speech sound identity, although there are differences in the 

representation across fields [3,8,9]. At higher levels of the central auditory system, 

responses to speech sounds become more diverse and less determined by spectral power 

alone. For example, speech responses in inferior colliculus are more influenced by spectral 

power compared to neurons in A1 [3,9,10]. PAF and VAF neurons with similar frequency 

tuning have speech responses that are more independent, which indicates that acoustic 

features other than spectral power are more important in these fields than in earlier fields 

[8]. Previous studies have documented an increased or a decreased response to trained songs 

in songbirds, depending on which non-primary auditory field the responses are recorded 

from [11,12]. We hypothesized that speech training would alter responses across each of the 

auditory cortex fields. We expected that some training-induced changes would be common 

to all of the fields, while other changes would differ from field to field. As in the songbird 

studies, we predicted that some fields would exhibit an increased response to speech sounds, 

while other fields would exhibit a decreased response to speech sounds.

2. Materials and methods

2.1 Speech sounds

The speech sounds ‘bad’, ‘chad’, ‘dad’, ‘dead’, ‘deed’, ‘dood’, ‘dud’, ‘gad’, ‘sad’, ‘shad’, 

and ‘tad’ spoken by a female native English speaker were used in this study, as in our 

previous studies [1,4,8,13]. The sounds were individually recorded in a double-walled 

soundproof booth using a 1/4” ACO Pacific microphone (PS9200-7016) with a 10 µs 

sampling rate and 32-bit resolution. Each sound was shifted up one octave using the 

STRAIGHT vocoder [14] to better match the rat hearing range. Both the fundamental 

frequency and the spectrum envelope were shifted up in frequency by a factor of two, while 

leaving all temporal information intact. Speech sounds were presented so that the loudest 

100 ms of the vowel portion of the sound was 60 dB SPL.
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2.2 Speech training

Rats were trained to discriminate speech sounds by differences in initial consonant or vowel, 

as in our previous studies [1,4,15,16]. Rats were trained for two 1 hour sessions per day, 5 

days a week. Rats were initially trained to press a lever in response to the sound ‘dad’ to 

receive a sugar pellet reward (45 mg, Bio-Serv). When rats reached the performance criteria 

of a d’ ≥ 1.5 on this sound detection task, they were advanced to a consonant discrimination 

task. For this first discrimination task, rats were trained to press the lever in response to the 

target sound ‘dad’, and refrain from pressing the lever in response to the non-target sounds 

‘bad’, ‘gad’, ‘sad’, and ‘tad’. 50% of the speech sounds presented were target sounds, and 

50% were non-target sounds. Rats performed this consonant discrimination task for 20 days, 

and then advanced to a vowel discrimination task. For this second discrimination task, rats 

were trained to press the lever in response to the sound ‘dad’, and refrain from pressing the 

lever in response to the sounds ‘deed’, ‘dood’, and ‘dud’. Rats performed this vowel 

discrimination task for 15 days, and then advanced to a speech-in-noise discrimination task. 

For this third discrimination task, rats were trained to press the lever in response to the 

sound ‘dad’, and refrain from pressing the lever in response to sounds differing in either 

consonant or vowel (‘bad’, ‘gad’, ‘sad’, ‘tad’, ‘deed’, ‘dood’, and ‘dud’) in varying levels of 

background noise. Sounds were presented in blocks of progressively increasing or 

decreasing background noise levels at each of 5 speech-shaped noise levels: 0, 48, 54, 60, 

and 72 dB. Rats performed this speech-in-noise discrimination task for 15 days. Rats took an 

average of 14 ± 0.3 weeks to complete all stages of speech training.

We have previously observed order effects relating to the task difficulty for a similar 

auditory discrimination task [17]. We found that rats initially trained on a perceptually more 

difficult task had better behavioral performance on a final common task than rats that were 

initially trained on a perceptually easier task. For the current study, we first trained rats to 

discriminate consonant sounds (with high spatiotemporal similarity), then vowel sounds 

(which are more distinct) in order to have high task performance on the final speech-in-noise 

task.

2.3 Physiology

Following the last day of speech training, auditory cortex responses to the trained sounds 

were recorded in 4 auditory fields: AAF, A1, VAF, and PAF. Recordings were obtained 

from 460 auditory cortex sites in 5 speech trained rats, and 404 auditory cortex sites in 5 

experimentally naïve control rats. All recording procedures were identical to our previous 

studies [1,8,13,16,18]. Rats were anesthetized with sodium pentobarbital (50 mg/kg), and 

received supplemental dilute pentobarbital (8 mg/mL) throughout the experiment to 

maintain anesthesia levels. Auditory cortex recording sessions were an average of 15.95 ± 

0.73 hours (with a range of 10.5 – 18 hours). Local field potential (0 – 300 Hz) and multiunit 

responses using 4 simultaneously lowered FHC Parylene-coated tungsten microelectrodes 

(1.5 – 2.5 MΩ) were obtained from right auditory cortex. Tones, noise burst trains, and 

speech sounds were presented at each recording site. Tone frequency intensity tuning curves 

were obtained for each site using 25 ms tones ranging from 1 – 48 kHz in frequency in 0.125 

octave steps and 0 – 75 dB in intensity in 5 dB steps. Trains of 6 noise bursts were presented 

at 4 speeds: 7, 10, 12.5, and 15 Hz. Each of the speech sounds presented during speech 
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training were presented at each site, as well as 3 novel speech sounds (‘chad’, ‘dead’, and 

‘shad’) with an average power spectrum that largely overlaps with the power spectrum of 

the trained sounds (Supplementary Figure 1). Twenty repeats of each noise burst train and 

speech sound were collected at each auditory cortex recording site.

2.4 Data analysis

Behavioral performance was measured as the percent correct on each of the discrimination 

tasks. Percent correct is the average of the correct lever press responses following the target 

sound and the correct rejections following the non-target sounds. The measure d prime (d’) 

was used to quantify behavioral performance on the speech detection task in order to 

advance to the consonant discrimination task. A d’ of 1.5 indicates that the rats are reliably 

pressing the lever to the target sound, while a d’ of 0 indicates that rats are unable to 

distinguish between target and non-target sounds (Supplementary Figure 2). The measure c 

was used to quantify response bias, where a positive value indicates a bias against lever 

pressing, and a negative value indicates a bias towards lever pressing (Supplementary Figure 

3) [19]. Repeated measures ANOVAs were used to determine significance.

The local field potential N1, P2, N2, and P3 peak amplitudes and latencies were quantified 

for each recording site using custom MATLAB software. The response strength to speech 

sounds was quantified as the driven number of spikes evoked during 1) the first 40 ms of the 

neural response to the initial consonant and 2) the first 300 ms of the neural response to the 

vowel [1,3,8,20]. The onset latency to speech sounds was quantified as the latency of the 

first spike within the 40 ms window after sound onset. Neural discrimination accuracy was 

determined using a nearest-neighbor classifier to assign a single trial response pattern to the 

average response pattern that it most closely resembled using the smallest Euclidean 

distance [1,21]. For consonants, response patterns consisted of the 40 ms neural response to 

the initial consonant of the trained consonant pairs (‘d’ vs. ‘b’, ‘d’ vs. ‘g’, ‘d’ vs. ‘s’, ‘d’ vs. 

‘t’) using 1 ms precision. For vowels, responses consisted of the 300 ms neural response to 

the vowel of the trained vowel pairs (‘dad’ vs. ‘deed’, ‘dad’ vs. ‘dood’, ‘dad’ vs. ‘dud’) 

using the mean rate over a 300 ms bin. Neural diversity was quantified by comparing the 

correlation coefficient (R) between the responses to speech sounds of randomly selected 

pairs of neurons with similar characteristic frequencies (within ¼ octave), as in previous 

studies [8,9].

Individual recording sites were assigned to each auditory field using tonotopy, response 

latency, and response selectivity, as in previous studies [8,22]. The characteristic frequency 

was defined as the frequency at which a response was evoked at the lowest intensity. 

Threshold was defined as the lowest intensity that evoked a response at each recording site’s 

characteristic frequency. Bandwidth was defined as the frequency range that evoked a 

response at 40 dB above the threshold. The peak latency was defined as the time point with 

the maximum firing rate. The driven rate was defined as the average number of spikes 

evoked per tone during the period of time when the population response for each field was 

significantly greater than spontaneous firing (AAF: 13 – 48 ms; A1: 15 – 60 ms; VAF: 16 – 

66 ms; PAF: 26 – 98 ms) [23]. The percent of each cortical field responding was calculated 

for each tone at each intensity using data from rats with at least 10 recording sites in the 
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field. The firing rate to noise bursts was quantified as the peak firing rate to each noise burst 

within the 30 ms window after the noise burst onset.

3. Results

3.1 Speech training

Five rats were trained to discriminate consonant and vowel sounds in quiet and in varying 

levels of background speech-shaped noise. Rats were first trained on the consonant 

discrimination task, where they learned to discriminate the target word (‘dad’) from words 

with a different initial consonant (for example, ‘bad’), and their performance significantly 

improved over time (F(19, 76) = 20.04, p < 0.0001, one-way repeated measures ANOVA, 

Figure 1a & Supplementary Figure 2). On the final day of consonant discrimination training, 

rats were able to discriminate consonant sounds with 84.1 ± 1.5% accuracy. These rats were 

then trained on a vowel discrimination task, where they learned to discriminate the target 

word ‘dad’ from words with a different vowel (for example, ‘deed’), and performance on 

this task did not improve over time (F(14, 56) = 0.59, p = 0.86, one-way repeated measures 

ANOVA, Figure 1b). On the final day of vowel discrimination training, rats were able to 

discriminate vowel sounds with 87.4 ± 2.4% accuracy. Rats were next trained to 

discriminate the target sound from the complete set of sounds that differed in either initial 

consonant or vowel. During this stage of training, background speech-shaped noise was 

introduced, and the intensity of background noise was varied across blocks from 0 dB SPL 

up to 72 dB SPL to ensure that the task remained challenging. As expected from earlier 

studies, accuracy was significantly impaired with increasing levels of background noise 

(F(4, 280) = 445.61, p < 0.0001, two-way repeated measures ANOVA, Figure 1c). Rats 

performed this speech-in-noise task with 89.1 ± 2.4% accuracy on the last day of training in 

0 dB of background noise, but only 52.8 ± 2.8% accuracy in 72 dB of background noise, 

which was not significantly different from chance performance (p = 0.33, Figure 1c).

3.2 Neural response to speech sounds following speech training

Following the last day of speech training, local field potential and multiunit responses were 

recorded from four auditory cortical fields: anterior auditory field (AAF), primary auditory 

cortex (A1), ventral auditory field (VAF), and posterior auditory field (PAF). Previous 

studies have documented altered auditory evoked potential responses following speech 

training [24–26]. The local field potential response to speech sounds was both weaker and 

delayed in each of the auditory fields in speech trained rats compared to control rats. The N1 

and P2 component amplitudes were unaltered in each of the four auditory fields in speech 

trained rats compared to control rats (p > 0.01). The N2 component amplitude was 

significantly weaker across all four fields in speech trained rats compared to control rats (p < 

0.01, Figures 2 & 3). While the P3 potential amplitude was unaltered in AAF, A1, and PAF, 

this potential was weaker in VAF following speech training (p < 0.01, Figures 2 & 3). 

Except for the A1 N1 component latency, the latency for the N1, P2, N2, and P3 

components of the local field potential were all significantly delayed following speech 

training in each of the fields (p < 0.01, Figures 2 & 3).
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Multiunit responses to speech sounds were also altered following speech training (Figure 4). 

The number of action potentials (spikes) evoked in response to the initial consonant was 

increased by 27% in AAF (p = 0.006) and 57% in A1 (p < 0.0001) in speech trained rats 

compared to control rats (Figure 5a). Training did not alter the number of spikes evoked in 

response to the initial consonant in VAF or PAF (p > 0.05, Figure 5a). The number of spikes 

evoked in response to the vowel was not altered in AAF or A1 (p > 0.05, Figure 5b), but was 

decreased by 42% in VAF (p = 0.005) and 30% in PAF (p = 0.04, Figure 5b). There was no 

increase in the response to the target sound relative to the non-target sounds in any of the 

fields (p > 0.05). The onset latency to speech sounds was significantly longer in all non-

primary auditory fields following speech training. The onset latency was 2.1 ms slower in 

AAF (p < 0.0001), 1.1 ms slower in A1 (p = 0.04), 3.2 ms slower in VAF (p < 0.0001), and 

3.4 ms slower in PAF (p = 0.0001) in speech trained rats compared to control rats (Figure 6). 

We hypothesized that alterations in both response strength and response latency could alter 

the ability of a nearest-neighbor neural classifier to correctly identify which sound was 

presented. The classifier compared single trial responses to pairs of response templates, and 

classified each response as belonging to the template that was the most similar. Speech 

training did not significantly alter neural classifier accuracy in any of the four auditory 

cortex fields tested (p > 0.05, Figure 7). Speech training altered auditory cortex response 

strength and latency to speech sounds, but did not result in more discriminable neural 

patterns of activation.

To determine whether speech training altered the diversity of the neural response to speech 

sounds in each auditory field, the response to each sound was compared between pairs of 

neurons with characteristic frequencies within ¼ octave of each other (Supplementary 

Figure 4). Pairs of closely tuned neurons that respond similarly to each speech sound 

resulted in a high correlation coefficient, while pairs of neurons that respond uniquely 

resulted in a low correlation coefficient. As in previous studies [8–10], closely tuned pairs of 

neurons in AAF and A1 in control rats responded similarly to speech sounds, while closely 

tuned pairs of neurons in VAF and PAF in control rats responded more distinctly to speech 

sounds (Figure 8a). Following speech training, pairs of closely tuned neurons responded 

more similarly to consonants in AAF (p < 0.0001) and VAF (p < 0.0001, Figure 8a). This 

increase in response similarity between pairs of closely tuned neurons was not due to an 

increased response strength to these sounds (Figure 5a). When only the weakest pairs of 

neurons were considered to eliminate the training effect on response strength, response 

similarity between pairs of closely tuned neurons was still significantly increased in AAF, 

A1, and VAF in speech trained rats compared to control rats (p < 0.001). In contrast, pairs of 

closely tuned neurons responded significantly more distinctly to vowels following speech 

training in AAF (p = 0.008), A1 (p < 0.0001), and VAF (p < 0.0001, Figure 8b). In 

summary, pairs of closely tuned neurons responded with greater redundancy to consonants 

following speech training, but with greater diversity to vowels following speech training.

3.3 Neural response to non-speech sounds following speech training

Speech training also altered the response to tones in each of the four auditory cortex fields. 

Across the fields, neurons in speech trained rats responded to quieter tones, responded to a 

wider range of tone frequencies, and were slower to respond to tones compared to neurons 
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from control rats (Table 1). Speech trained rats had tone response thresholds that were 5.4 

dB quieter in AAF (p = 0.0002), 3.8 dB quieter in A1 (p = 0.0008), 6.3 dB quieter in VAF (p 

= 0.01), and 9.6 dB quieter in PAF (p < 0.0001) compared to control rats (Table 1). Trained 

rats had tone frequency bandwidths that were 0.5 – 1.1 octaves wider than control rats (p < 

0.0005, Table 1). The peak response latency was slower in speech trained rats across all four 

fields, and was 2.1 ms slower in AAF (p = 0.003), 1.5 ms slower in A1 (p = 0.007), 5.2 ms 

slower in VAF (p = 0.05), and 10.6 ms slower in PAF (p = 0.0009, Table 1). While the 

response strength to tones was significantly stronger in A1 following speech training (p < 

0.0001, Table 1), the response strength to tones in the other fields was unaltered compared 

to control rats (p > 0.05).

Previous auditory training studies have documented an increase in the percent of auditory 

cortex responding to the trained sound [4,27,28]. The speech sounds used in this study had a 

peak in their spectral energy around 2 kHz [4]. Speech trained rats exhibited a 65% increase 

in the percent of cortex responding to a 2 kHz tone in AAF (p = 0.02), and a 38% increase in 

the percent responding to a 2 kHz tone in A1 (p = 0.01, Figure 9). VAF and PAF did not 

have significant changes in the percent of cortex responding to a 2 kHz tone following 

speech training, but both fields trended towards an increase in the percent of cortex 

responding (p > 0.05, Figure 9). This increase in the percent of cortex responding was 

specific to low frequency tones, and no fields exhibited an increase in the percent of cortex 

responding to a high frequency tone following speech training (p > 0.05, 16 kHz tone 

presented at 60 dB).

Previous studies have documented alterations in the temporal following rate of auditory 

cortex neurons following speech training [13,16]. Trains of noise bursts at varying 

presentation rates were presented to examine whether speech training alters the ability of 

auditory cortex neurons to follow rapidly presented sounds. The response strength to the 

first noise burst in the train was unaltered in speech trained rats compared to control rats in 

each of the four auditory fields (p > 0.05, Figure 10). However, the response strength to the 

second noise burst in the train was greatly impaired in each of the four fields, particularly at 

faster presentation rates (p < 0.0005, Figure 10).

4. Discussion

Previous studies have reported auditory cortex plasticity following speech training. This 

study extends those findings by documenting that different fields within auditory cortex 

respond differently to consonant and vowel sounds following speech training. Responses to 

tones and noise burst trains indicate that receptive field and temporal plasticity appear to 

explain much of the differential changes that speech training causes between consonant and 

vowel responses. Trained rats were able to accurately discriminate speech sounds by 

consonant or vowel, and were still able to discriminate these sounds in the presence of 

substantial background noise. Speech training enhanced the neural response to consonant 

onsets in AAF and A1 and reduced the neural response to vowels in VAF and PAF. The 

response latency to both speech sounds and tones was significantly longer following speech 

training, and speech trained neurons were unable to follow rapidly presented bursts of noise. 

After training, a larger fraction of AAF and A1 neurons were tuned to low frequency tones 
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with energy near the peak in the power spectrum of the trained speech sounds. Neurons in 

all four fields became more sensitive and less selective (lowered threshold and wider 

bandwidths), which may contribute to the differential plasticity of consonant and vowel 

responses.

4.1 Receptive field plasticity

Previous studies have documented changes in the frequency tuning of neurons following 

auditory training. Following training on a fine tone discrimination task, A1 bandwidths are 

narrower, or more selective [27]. Following training on a speech discrimination task using 

speech sounds that activate a large frequency range, A1 bandwidths are broader, or less 

selective [4]. Similarly, rats reared in an environment where they are only exposed to single 

frequency tone sequences have narrower A1 bandwidths, while rats reared in an 

environment where they are exposed to a full range of tone frequencies have broader A1 

bandwidths [29]. The current study extends these previous findings by showing that 

bandwidth plasticity is not specific to A1, but is seen consistently across multiple auditory 

fields following speech training.

This study is consistent with many previous findings documenting frequency specific map 

plasticity following auditory training [4,27,28,30,31]. For example, monkeys trained to 

discriminate tones exhibit an increase in the A1 area that responds specifically to the trained 

tone frequency [27]. This same increase in the cortical area that represents a specific tone 

following tone training is also observed in other auditory cortex fields [28,30]. Rats trained 

to discriminate speech sounds that are low-frequency biased exhibit an increase in the 

percent of A1 responding to low frequency sounds [4]. The current study extends these 

previous findings by demonstrating that speech training, unlike tone training, results in 

trained sound specific map plasticity in some auditory fields, but not others. This result 

suggests that low level acoustic features contribute to the plasticity resulting from speech 

sound training.

4.2 Consonant and vowel processing

In the current study, rats were trained to discriminate speech sounds by consonant or vowel. 

This study is consistent with previous studies documenting that both humans and animals 

can accurately discriminate consonant and vowel sounds [1,3,32,33], even in the presence of 

substantial levels of background noise [15,34,35]. Following training, AAF and A1 

responses to consonants were stronger, while VAF and PAF responses to vowels were 

weaker. This finding is in agreement with many previous behavioral and physiological 

studies suggesting that consonants and vowels are processed differently [36–40]. These 

sounds have distinct neural representations in A1 [3]. Consonants have rapid 

spectrotemporal acoustic changes that are encoded by precise spike timing, while the 

spectral characteristics of vowels are encoded by mean spike rate.

4.3 Speech and vocalization sound plasticity

Many studies have documented that discrimination training using acoustically complex 

sounds, such as human speech or animal vocalization sounds, leads to auditory cortex 

plasticity [24,26,41]. Typically, speech training results in strengthened auditory cortical 
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evoked potentials. For example, individuals trained to categorize the prevoiced 

consonant /ba/ exhibit an increased N1-P2 amplitude [24] and an increased P2m amplitude 

[25] following training. The increased P2m amplitude was localized to anterior auditory 

cortex, which is where we observed a stronger response strength to consonants following 

training as well as an increase in the response similarity between closely tuned neurons.

While auditory training-induced plasticity is commonly associated with an increase in the 

response strength to the trained sounds or an expansion of the representation of the trained 

sounds, not all studies have documented this. The current study does observe an expansion 

of the representation of the trained sounds. However, the results are less clear in terms of 

response strength: while there is a stronger response to the 40 ms onset of the trained sounds 

in AAF and A1, the N1 and P2 amplitudes are unaltered across the four fields. However, 

there is a significantly weaker N2 response across each of the fields. In relation to human 

auditory training studies, there is generally an increase in the N1-P2 amplitude following 

training, but N2 amplitudes are less often reported [24]. A previous study found that 

improved auditory discrimination was associated with a decrease of the N2 amplitude over 

the course of training, which matches our finding [42]. Their result was seen after extensive 

auditory training occurring daily over 3 months, which is significantly more training than 

most human auditory training-induced plasticity studies, but is more closely aligned with our 

study, which involved daily discrimination training sessions lasting 2.5 months (3.5 months 

including procedural learning). Interestingly, the Cansino study also found both primary and 

non-primary auditory cortex plasticity. Similar to our finding of strengthened or weakened 

responses in different fields, previous studies have documented an increased or a decreased 

response to trained songs in songbirds, depending on which non-primary auditory field the 

responses are recorded from [11,12]. Although the current study did not observe target 

sound specific plasticity, it is possible that target specific plasticity occurred at an earlier 

stage of learning, and was not necessary to maintain accurate task performance [31,43].

Previous studies have demonstrated that the type of training greatly impacts the plasticity 

observed in auditory cortex. For example, rats trained to discriminate tones by frequency 

exhibited frequency-specific plasticity, while rats trained to discriminate an identical set of 

tones by intensity exhibited intensity-specific plasticity [30]. It is possible that we observed 

an increased response strength to consonants in our study because learning occurred during 

the consonant task, but not the vowel task. Future research is needed to document the 

auditory cortex plasticity occurring after each of the tasks in isolation, as well as to 

document how initial training can or cannot be influenced by later training.

4.4 Plasticity differences between auditory fields

Inactivation and lesion studies suggest that cortical subfields are specialized for different 

properties of sound. Lesion studies have shown that dorsal and rostral auditory cortex are 

necessary for accurate discrimination of vowel sounds, although these fields are not 

necessary for tone discrimination [44]. Deactivation studies have documented that anterior 

auditory field is necessary for sound pattern discrimination tasks but not sound localization, 

while posterior auditory field is necessary for sound localization but not sound pattern 

discrimination [6,7].
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Following speech training, each of the auditory fields tested exhibited speech sound 

plasticity. While AAF and A1 responded stronger to consonant sounds, VAF and PAF 

responses to consonants were not altered. While VAF and PAF responses to vowel sounds 

were weaker after training, AAF and A1 responses to vowels were not altered. Previous 

studies have documented auditory cortex plasticity differences between fields following tone 

training [28]. Our study supports the growing body of evidence that different cortical 

subfields are specialized for different aspects of sound, and contribute to the distributed 

processing of speech [45].

4.5 Mechanisms and relation to clinical populations

After speech training, neurons in all four auditory fields exhibited paired pulse depression, 

and were unable to keep up with rapidly presented stimuli. This training paradigm may 

prove useful in conditions with patients with inhibition deficits, such as autism or 

schizophrenia [46–49]. Additionally, many patient populations have difficulty with speech 

perception in background noise [50–52]. Following speech in noise training, human subjects 

exhibit both enhanced speech in noise perception and stronger subcortical responses to 

speech [53]. While extensive rehabilitation training has also resulted in behavioral and 

neural improvements in individuals with autism and in a rat model of autism [54–56], future 

studies are needed to determine how speech training impacts auditory processing in multiple 

auditory fields in disease models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Each of the auditory fields exhibit speech sound plasticity after speech training

• There are differences in plasticity between consonant and vowel sounds

• Basic receptive field plasticity in each field may explain these differences
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Figure 1. 
Speech training time course. (a) Rats trained on the consonant discrimination task for 20 

days. Error bars indicate s.e.m. across rats (n = 5 rats). The dashed line at 50% correct 

indicates chance performance. (b) Following the consonant discrimination task, rats trained 

on the vowel discrimination task for 15 days. (c) Following the vowel discrimination task, 

rats trained on the speech-in-noise discrimination task for 15 days in varying levels of 

background speech-shaped noise (range of 0 – 72 dB background noise). All speech sounds 

were presented at 60 dB.
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Figure 2. 
Speech training altered the local field potential response to the speech sound ‘dad’ in each of 

the four auditory fields. Speech training altered both the amplitude and latency of the local 

field potential response in (a) AAF, (b) A1, (c) VAF, and (d) PAF. Gray shading behind 

each line indicates s.e.m. across recording sites.
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Figure 3. 
Speech training decreased the amplitude and increased the latency of the local field potential 

response to speech sounds in each of the four auditory fields. (a) In AAF, the N2 peak 

amplitude was weaker and the N1, P2, N2, and P3 latencies were longer following speech 

training. Error bars indicate s.e.m. across recording sites. Stars indicate statistically 

significant differences between speech trained rats and control rats (p < 0.01). (b) In A1, the 

N2 peak amplitude was weaker and the P2, N2, and P3 latencies were longer following 

speech training. (c) In VAF, the P2, N2, and P3 peak amplitudes were weaker and the N1, 
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P2, N2, and P3 latencies were longer following speech training. (d) In PAF, the N1 and N2 

peak amplitudes were weaker and the N1, P2, N2, and P3 latencies were longer following 

speech training.
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Figure 4. 
The neural response to the target speech sound ‘dad’ in each of the auditory fields. The 

neural response to ‘dad’ was altered following speech training in (a) AAF, (b) A1, (c) VAF, 

and (d) PAF. Gray shading behind each line represents s.e.m. across recording sites. The 

‘dad’ waveform is plotted above each neural response in gray.
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Figure 5. 
Speech training altered the number of spikes evoked in response to speech sounds. (a) The 

number of spikes evoked during the first 40 ms response to the consonant significantly 

increased in AAF and A1 following speech training. Error bars indicate s.e.m. across 

recording sites. Stars indicate a statistically significant difference between speech trained 

and control rats (p < 0.01). (b) The number of spikes evoked during the 300 ms vowel 

response significantly decreased in VAF and PAF following speech training.

Engineer et al. Page 20

Behav Brain Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Speech training altered the response latency to speech sounds. The onset latency was 

significantly longer in speech trained rats compared to control rats in all four auditory fields. 

Error bars indicate s.e.m. across recording sites. Stars indicate a statistically significant 

difference between speech trained and control rats (p < 0.01).
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Figure 7. 
Neural classifier accuracy was unaltered following speech training. (a) Neural 

discrimination between pairs of trained consonant sounds (‘dad’ vs. ‘bad’; ‘dad’ vs. ‘gad’; 

‘dad’ vs. ‘sad’; ‘dad’ vs. ‘tad’) was not significantly different in speech trained rats 

compared to control rats in all four auditory fields (p > 0.05). Error bars indicate s.e.m. 

across recording sites. (b) Neural discrimination between pairs of trained vowel sounds 

(‘dad’ vs. ‘deed’; ‘dad’ vs. ‘dood’; ‘dad’ vs. ‘dud’) was not significantly different in speech 

trained rats compared to control rats in all four auditory fields.
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Figure 8. 
Speech training altered the neural redundancy between pairs of closely tuned neurons. (a) 

Pairs of closely tuned neurons (with characteristic frequencies within ¼ octave of each 

other) fired more similarly to consonant sounds following speech training in AAF and VAF. 

Error bars indicate s.e.m. across recording sites. Stars indicate a statistically significant 

difference between speech trained and control rats (p < 0.01). (b) Pairs of closely tuned 

neurons fired more distinctly to vowel sounds following speech training in AAF, A1, and 

VAF.
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Figure 9. 
The percent of cortex responding to a low frequency tone increased following speech 

training. Speech trained rats had a larger percent of cortex that could respond to a 2 kHz 

tone in AAF and A1 compared to control rats. Error bars indicate s.e.m. across recording 

sites. Stars indicate a statistically significant difference between speech trained and control 

rats (p < 0.01).
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Figure 10. 
The peak firing rate to the second noise burst in the noise burst train was impaired following 

speech training in (a) AAF, (b) A1, (c) VAF, and (d) PAF. While the response evoked by 

the first noise burst in the train was unaltered in each of the fields following speech training 

(‘First’), the response evoked by the second noise burst in the train was weaker in speech 

trained rats compared to control rats, particularly at faster presentation rates. Error bars 

indicate s.e.m. across recording sites. Stars indicate a statistically significant difference 

between speech trained and control rats (p < 0.0005).
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