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Abstract

Background—Individuals with communication disorders, such as aphasia, exhibit weak 

auditory cortex responses to speech sounds and language impairments. Previous studies have 

demonstrated that pairing vagus nerve stimulation (VNS) with tones or tone trains can enhance 

both the spectral and temporal processing of sounds in auditory cortex, and can be used to reverse 

pathological primary auditory cortex (A1) plasticity in a rodent model of chronic tinnitus.

Objective/Hypothesis—We predicted that pairing VNS with speech sounds would strengthen 

the A1 response to the paired speech sounds.

Methods—The speech sounds ‘rad’ and ‘lad’ were paired with VNS three hundred times per day 

for twenty days. A1 responses to both paired and novel speech sounds were recorded twenty four 

hours after the last VNS pairing session in anesthetized rats. Response strength, latency and 

neurometric decoding were compared between VNS speech paired and control rats.

Results—Our results show that VNS paired with speech sounds strengthened the auditory cortex 

response to the paired sounds, but did not strengthen the amplitude of the response to novel speech 

sounds. Responses to the paired sounds were faster and less variable in VNS speech paired rats 

compared to control rats. Neural plasticity that was specific to the frequency, intensity, and 

temporal characteristics of the paired speech sounds resulted in enhanced neural detection.

Conclusion—VNS speech sound pairing provides a novel method to enhance speech sound 

processing in the central auditory system. Delivery of VNS during speech therapy could improve 

outcomes in individuals with receptive language deficits.
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Introduction

Neurons in auditory cortex are selective to the spectral and temporal features of 

environmental sounds [1]. The tuning properties of these neurons can be altered by a variety 

of conditions [2]. The repeated presentation of sounds paired with stimulation of 

neuromodulatory systems is one of the best studied methods of selectively altering the 

response properties of auditory cortex neurons [3–5].

Deep brain stimulation or cranial nerve stimulation paired with the presentation of a sound 

can enhance the primary auditory cortex (A1) response to the paired sound. For example, 

repeated pairing of a tone with stimulation of nucleus basalis or locus coeruleus results in 

A1 frequency map plasticity that is specific to the paired tone [4,6,7]. Pairing vagus nerve 

stimulation (VNS) with a tone also dramatically increases the percentage of A1 that 

responds to the paired tone [5]. Pairing stimulation of the nucleus basalis or the vagus nerve 

with either slow or fast trains of tones either decreases or increases the temporal following 

rate of A1 neurons [6,8]. Pairing nucleus basalis stimulation with a spectrotemporally 

complex acoustic stimulus results in plasticity that is specific to the spectrotemporal 

transitions in the paired sound [9–11]. It is unknown whether VNS pairing can alter the A1 

response to similarly spectrotemporally complex sounds, such as human speech. If VNS 

pairing of complex sounds also results in plasticity specific to the paired sounds, VNS 

pairing could be used to generate potentially therapeutic neural plasticity [12].

Auditory system plasticity accelerates auditory learning and could benefit patients with 

speech and hearing disorders [13–15]. Many studies have demonstrated that language 

impaired individuals have weak auditory cortex responses to sound that can be strengthened 

following extensive rehabilitation therapy [16–19]. Vagus nerve stimulation is a safe, well-

tolerated procedure that is frequently used to treat patients with epilepsy or depression [20–

22]. Pairing VNS with rehabilitation improves recovery from stroke in animal models 

[23,24]. Pairing VNS with tones has recently been shown to improve tinnitus symptoms in 

patients and animal models with chronic tinnitus [5,15]. It is possible that this VNS pairing 

therapy could also be used to treat other auditory processing disorders. We hypothesized that 

pairing VNS with speech sounds would enhance A1 responses to the paired speech sounds.

Materials and methods

Speech sounds

The paired speech sounds were the words ‘rad’ and ‘lad’ spoken by a female native English 

speaker, as used in our previous studies [25,26]. The sounds ‘rad’ and ‘lad’ were chosen 

because they are known to weakly activate A1 neurons [25], and are known to be 

perceptually difficult sounds to learn [27]. These characteristics make our results more 

relevant to conditions, such as dyslexia and autism, which exhibit weak responses to speech 

sounds that generate strong responses in typically developing individuals.

All sounds were presented so that the loudest 100 ms of the vowel was 60 dB SPL, and the 

onset of the initial consonant was approximately 40 dB SPL. The sounds were spectrally 
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shifted up by one octave using the STRAIGHT vocoder to better match the rat hearing range 

[28].

Vagus nerve surgery

Sprague Dawley rats were implanted with a custom made platinum iridium bipolar cuff 

electrode around the left cervical vagus nerve, as in our previous studies [5,8,23]. Rats were 

anesthetized with pentobarbital (50 mg/kg), and received supplemental doses of dilute 

pentobarbital (8 mg/mL) as needed. Body temperature was maintained at 37°C using a 

heating pad, and rats received subcutaneous injections of dextrose and Ringer’s lactate for 

hydration, cefotaxime sodium to prevent infection, and atropine and dexamethasone to 

decrease bronchial secretions. Leads from the vagus nerve cuff electrode were tunneled 

subcutaneously to a headcap attached to the skull. Based on previous studies showing no 

difference between naïve rats and rats that either had implants which were not activated or 

rats that received VNS which was not paired with any particular event [5,8,24,29], the 

control rats in the current study did not undergo sham surgery. The University of Texas at 

Dallas Institutional Animal Care and Use Committee approved all protocols and recording 

procedures.

Vagus nerve stimulation

The words ‘rad’ and ‘lad’ were paired with vagus nerve stimulation 300 times per day for 20 

days. The onset of vagus nerve stimulation was 50 ms before the onset of the speech sound. 

In previous studies, plasticity was indistinguishable when stimulation was 200 ms before 

sound onset through 50 ms after sound onset [4,5]. The stimulation burst was a brief 500 ms 

long pulse train (30 Hz) with a 100 μs biphasic pulse width at an intensity of 0.8 mA, as in 

our previous studies [5,8,23]. The amount of VNS used in this study is less than 1% of the 

FDA approved VNS protocol for epilepsy and depression. The speech sounds were 

delivered to the unrestrained rats free-field via a speaker (Optimus Bullet Horn Tweeter) 

located 20 cm above a 25 × 25 × 25 cm3 wire cage. Presentation of the speech sounds was 

randomly interleaved throughout each VNS speech pairing session, and there was no 

significant difference between the number of times per session that each rat heard ‘rad’ (147 

± 6) compared to ‘lad’ (144 ± 10, p = 0.75). The timing of each VNS-speech pairing trial 

was also randomized so that the rats could not predict when VNS-speech pairing would 

occur, with an average of 30 seconds between VNS-speech pairing trials. The control rats in 

this study did not undergo unpaired stimulation. Our previous studies and those of other labs 

have shown that sound presentation alone (without VNS stimulation) or VNS stimulation 

alone (without sound presentation) does not substantially alter A1 responses [5,7,8,30–32].

Physiology

Primary auditory cortex (A1) recordings were obtained from each rat 24 hours after the last 

VNS pairing session, as in our previous studies [5,8,26]. Auditory cortex responses were 

recorded from 263 A1 sites in 4 VNS speech paired rats and 536 A1 sites in 11 control rats. 

Similar to the vagus nerve surgery, rats were anesthetized with pentobarbital, and 

supplemental doses of dilute pentobarbital were provided throughout the experiment. 

Humidified air was delivered through a tracheotomy in order to facilitate breathing. To 

prevent brain swelling, a cisternal drain was performed. Right primary auditory cortex was 
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exposed following a craniotomy and durotomy. Four Parylene-coated tungsten 

microelectrodes (1–2 MΩ, FHC) were used to record A1 responses, and were placed to 

evenly sample A1 while avoiding blood vessels. 1,296 tones were presented at each 

frequency and intensity combination between 1 – 32 kHz in 0.125 octave steps and 0 – 75 

dB SPL in 5 dB steps. The paired speech sounds ‘rad’ and ‘lad’ and the novel speech sounds 

‘dad’ and ‘sad’ were randomly interleaved twenty times each at every recording site. The 

novel sounds ‘dad’ and ‘sad’ were spoken by the same female native English speaker and 

were presented to determine whether plasticity was specific to the paired sounds. Sounds 

were presented using a speaker located 10 cm from the left ear of the rat.

Data analysis

For all analyses, A1 responses in VNS speech paired rats were compared with A1 responses 

in control rats. A1 recording sites were defined based on latency, tonotopy, and relative 

location [33,34]. The onset response strength to speech sounds was the number of evoked 

spikes fired during the first 40 ms of the response. Previously published research has 

demonstrated that both humans and animals can reliably discriminate between consonant 

sounds using only the first tens of milliseconds of the sound [25,35–37]. The response 

strength to the vowel was quantified as the number of spikes evoked during the 300 ms 

immediately following vowel onset [38]. The peak latency to speech sounds was the latency 

(in ms) with the maximum firing rate, while the onset latency variance was the square of the 

standard deviation of the onset latency response to the paired sounds across driven A1 

recording sites (in ms2). Neural detection accuracy was calculated using a nearest-neighbor 

classifier, where 50% correct is chance performance and 100% correct is perfect neural 

detection [25,34]. Euclidean distance was used to compare the 40 ms onset response (40 1-

ms bins) evoked by each of the speech sounds (‘dad’, ‘lad’, ‘rad’, and ‘sad’) with 

spontaneous firing recorded when no sound was presented. At each A1 recording site, an 

average sound template post stimulus time histogram (PSTH) was created from 19 of the 20 

repeats recorded with and without sound presentation. The PSTH templates were compared 

to the remaining repeat using Euclidean distance, and each single trial response was 

assigned to the most similar responding PSTH template with the smallest Euclidean 

distance. Significance was determined using two-sample t-tests, using a Bonferroni 

correction for multiple comparisons.

Threshold was the lowest intensity (in dB SPL) that evoked a response at the characteristic 

frequency for each recording site. Bandwidth was measured 40 dB above each site’s 

threshold as the frequency range (in octaves) that evoked a response. Driven rate was the 

average response (in spikes/tone) to all of the tones in each site’s receptive field. The 

percent of A1 neurons responding and the number of spikes evoked per tone was calculated 

for each tone frequency at each tone intensity [5,26]. For Figures 6 and 7, a Benjamini-

Hochberg correction was used to control the false discovery rate [39].
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Results

VNS pairing enhanced A1 responses to the paired speech sounds

VNS paired with the speech sounds ‘rad’ and ‘lad’ significantly enhanced the A1 response 

strength to the paired sounds (Figure 1). Following 20 days of VNS-speech pairing, rats had 

a 50% stronger onset response to ‘rad’ and a 99% stronger onset response to ‘lad’ compared 

to control rats (p < 0.0001, average number of spikes fired in the first 40 ms of the neural 

response, Figure 2). Interestingly, this response strength enhancement did not generalize to 

novel speech sounds. For example, the onset response strength to the novel sound ‘dad’ did 

not significantly change in VNS speech rats, while the onset response strength to the novel 

sound ‘sad’ was actually 26% weaker in VNS speech rats compared to control rats (p = 

0.0002, average number of spikes fired in the first 40 ms of the neural response, Figure 2). 

This pattern of response strength enhancement for the paired sounds but not the novel 

sounds was observed across a wide range of analysis durations for the consonant response 

(120 ms for ‘rad’, 110 ms for ‘lad’, 30 ms for ‘dad’, and 210 ms for ‘sad’; each in 10 ms 

increments). The vowel /ae/ was common across the four speech sounds, and the response 

strength to the vowel was stronger for both paired and novel speech sounds. The response 

strength to the vowel in ‘rad’ increased from 4.0 ± 0.2 (mean ± SEM) spikes in control rats 

to 6.9 ± 0.4 spikes in VNS speech paired rats (300 ms vowel response, p < 0.0001), the 

vowel response to ‘lad’ increased from 4.0 ± 0.2 spikes in controls to 6.3 ± 0.5 spikes in 

VNS speech paired rats (p < 0.0001), the vowel response to ‘dad’ increased from 4.6 ± 0.2 

spikes to 7.2 ± 0.5 spikes in VNS speech paired rats (p < 0.0001), and the vowel response to 

‘sad’ increased from 4.6 ± 0.2 spikes to 6.0 ± 0.4 spikes in VNS speech paired rats (p = 

0.0002, Figure 1). This stronger response strength to the vowel in VNS speech paired rats 

was observed across a wide range of analysis durations for the vowel response (200 – 500 

ms in 100 ms increments, p < 0.05).

In addition to stronger A1 responses to the paired speech sounds, the A1 responses to the 

paired sounds were also faster. The peak firing latency to the paired sounds was significantly 

faster in VNS speech rats compared to control rats (44.9 ± 1.2 ms vs. 52.4 ± 0.8 ms, p < 

0.0001, Figure 3a). A1 neurons also fired more reliably to the paired sounds in VNS speech 

rats compared to control rats (latency variance of 92.7 ± 4.9 ms2 vs. 107.7 ± 4.7 ms2, p = 

0.03, Figure 3b). The peak firing latency to the novel sounds was unaltered in VNS speech 

rats compared to control rats (23.5 ± 1.1 ms vs. 23.7 ± 0.6 ms, p = 0.84). In contrast to the 

paired sounds, A1 neurons fired less reliably to novel sounds in VNS speech rats compared 

to control rats (latency variance of 36.4 ± 2.8 ms2 vs. 27.6 ± 1.7 ms2, p = 0.004).

VNS pairing alters A1 receptive fields

VNS speech pairing significantly altered primary auditory cortex responses to tones. A1 

neurons were able to respond to tones that were 3.3 dB quieter in VNS speech paired rats 

compared to control rats (p < 0.0001, Table 1). These paired neurons were able to respond to 

frequencies spanning an additional 0.2 octaves compared to control neurons (p = 0.009, 

Table 1). VNS speech paired responses to tones were 1.1 ms faster (p = 0.01) and 0.4 spikes 

per tone stronger (p = 0.001) compared to responses in control rats (Table 1). A1 responses 

to tones were significantly stronger (p < 0.0031, Figure 4) in VNS speech paired rats 
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compared to control rats at tone intensities ranging from 20 – 45 dB SPL, which matches the 

intensity of the initial consonants in the paired sounds ‘rad’ and ‘lad’ (Figure 5). A1 

responses to tones were both stronger and faster following VNS speech pairing, and VNS 

speech paired neurons responded to quieter tones and a wider range of frequencies compared 

to control neurons.

Previous studies have demonstrated that vagus nerve or nucleus basalis stimulation paired 

with a tone increases the percent of A1 that responds to the paired tone [4,5]. Since the 

paired speech sounds ‘rad’ and ‘lad’ are low frequency biased sounds (Figure 5), it is 

possible that the stronger response strength to the paired speech sounds is simply due to an 

expansion of the percentage of A1 that responds to low frequency sounds. We quantified the 

percent of cortex responding to tones with all frequency and intensity combinations to 

determine if VNS speech pairing results in A1 frequency map plasticity. At 60 dB SPL, 

approximately 16% more A1 neurons responded to frequencies between 1.9 – 4.9 kHz in 

VNS speech paired rats compared to control rats (p < 0.05, Figure 6).

The number of spikes evoked per tone was then quantified to determine whether VNS 

speech paired rats have both more neurons that respond to low frequency sounds, as well as 

stronger responses to low frequency sounds. At 60 dB SPL, A1 neurons responded on 

average 50% stronger to low frequency tones below 6 kHz in VNS speech paired rats 

compared to control rats (p < 0.05, Figure 7).

The low frequency map expansion does not fully account for the enhanced speech 
responses

The enhanced A1 response strength to the paired speech sounds was not fully explained by 

the increased low frequency map representation. Low frequency neurons responded with a 

higher peak firing rate to the paired speech sounds ‘rad’ and ‘lad’ in VNS speech paired rats 

compared to control rats (p < 0.01, Figure 8a,b). Even A1 sites tuned to tone frequencies 

above 6 kHz exhibited a stronger peak firing rate to the paired speech sounds in VNS speech 

paired rats compared to control rats (p < 0.01, Figure 8a,b). In contrast, the peak firing 

amplitude to the novel speech sounds ‘dad’ and ‘sad’ was not significantly altered in VNS 

speech paired rats compared to control rats (p > 0.05, Figure 8c,d). The latency to peak 

response was decreased for both paired and novel speech sounds in VNS speech paired rats 

compared to control rats (p < 0.01, Figure 8).

The stronger response strength, faster latency, and decreased latency variance of the evoked 

responses to the paired speech sounds improved the ability of a neural classifier to detect the 

onset of the paired sounds. Neural detection of the two paired sounds was significantly more 

accurate in VNS speech paired rats compared to control rats across all A1 recording sites (p 

< 0.001, Figure 9). Neural detection of the novel speech sound ‘dad’ was not altered (p = 

0.22), while neural detection of the novel speech sound ‘sad’ was 4% less accurate in VNS 

speech paired rats compared to control rats (p = 0.005, Figure 9). This finding suggests that 

VNS speech pairing can increase the neural detection accuracy of the paired sounds by 

making A1 responses stronger, faster, and more reliable.
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Discussion

Many studies document auditory cortex plasticity specific to the acoustic characteristics of 

the presented sounds. In this study, we extend these findings by showing that VNS paired 

with speech sounds enhanced the A1 response to the paired speech sounds. The A1 response 

evoked by the paired sounds ‘rad’ and ‘lad’ was stronger, faster and less variable following 

20 days of VNS speech pairing. In contrast, the amplitude of the response evoked by novel 

speech sounds was not strengthened. A1 receptive fields were altered, and this plasticity was 

specific to the frequency and intensity characteristics of the paired sounds. A neural 

classifier was significantly more accurate at detecting the paired speech sounds, while neural 

detection accuracy was not enhanced for novel speech sounds.

Receptive field plasticity

The speech sounds used in this study were low frequency sounds with most of their energy 

below 4 kHz. Following VNS speech pairing, the A1 representation of low frequency 

sounds was expanded and these low frequency tuned neurons were also stronger. This 

finding is consistent with previous studies that paired tones with stimulation of the nucleus 

basalis or vagus nerve [3,5]. Extensive speech sound discrimination training also results in 

an expansion and strengthening of the low frequency A1 response [26].

In this study, the speech sounds were presented so that the loudest portion of the vowel was 

60 dB SPL, while the initial consonants were between 20 and 45 dB SPL. Following VNS 

speech pairing, the A1 response to these middle intensities was stronger, which matches the 

intensity of the paired consonants. This finding matches previous findings showing intensity 

specific plasticity following tone intensity training [40].

Previous studies have documented that pairing a tone with nucleus basalis stimulation can 

increase receptive field size and decrease latency [4,41]. Each of the receptive field changes 

observed in this study are consistent with previously documented A1 changes following tone 

pairing or tone training.

Speech sound plasticity

This study as well as many previous studies have documented A1 plasticity that is specific 

to the acoustic characteristics of the paired sounds [9–11]. The stronger response strength 

evoked by the paired speech sounds in this study was not restricted to the low frequency 

map expansion. High frequency neurons responded stronger to both of the paired speech 

sounds after VNS speech pairing. These neurons did not respond more strongly to the novel 

speech sounds, but did decrease their latency to peak amplitude for the novel speech sounds. 

The high frequency tuned neurons had increased receptive field sizes (Table 1) so that they 

were able to respond to lower frequency sounds, such as the paired sounds ‘rad’ and ‘lad’, 

following VNS speech pairing. Neural detection ability of the paired speech sounds 

increased, while the neural detection ability of novel speech sounds was not enhanced.
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Rehabilitation training / Intervention therapy

Many patient populations, such as individuals with aphasia (1 million people in the US 

[NINDS]), deaf individuals (500,000 people in the US [42]), and individuals with autism 

spectrum disorders (1 in 68 children in the US [43]), suffer from language deficits due to 

impaired cortical responses to sounds [44–46]. These individuals require extensive 

interventions in order to improve speech perception and cortical responses to sounds [16–

19,47]. For example, auditory cortex responses are slow and weak in deaf individuals 

[48,49]. Cochlear implantation and speech therapy improve both cortical responses and 

speech perception outcomes; however, this process can take many months [50,51]. 

Pharmacologically enhanced therapy improves both speech outcomes and auditory cortex 

responses [52]. Individuals with autism spectrum disorders, particularly those with fragile X 

syndrome or Rett syndrome, have severe language deficits and impaired cortical responses 

to sound [53,54]. Many of these individuals also have epilepsy, and may already have a 

VNS implant to control their seizures [55,56]. Pairing speech therapy with VNS could 

potentially be used to enhance auditory cortex responses and speech perception outcomes in 

individuals with receptive language deficits.

Because of the precise timing and short stimulation duration, the VNS method reported here 

is only 1% of the FDA approved protocols for VNS stimulation therapy in epilepsy and 

depression. Although translation from animal models to clinical effectiveness is notoriously 

difficult, pilot studies suggest that VNS pairing therapy may translate from animals to 

humans. Pairing VNS with tones has recently been shown to improve tinnitus symptoms in 

both animals with tinnitus [5] and tinnitus patients [15], with additional clinical trials now 

underway (clinicaltrials.gov # NCT01962558). Pairing VNS with rehabilitation therapy has 

improved upper limb function in stroked animals [23,24,57], and studies are ongoing to 

evaluate the effectiveness of VNS paired with rehabilitation in stroke patients 

(clinicaltrials.gov identifier NCT01669161 & NCT02243020).

Conclusions

In this study, VNS speech sound pairing resulted in A1 responses to the paired speech 

sounds were stronger, faster, and less variable, while the amplitude of the response to novel 

speech sounds was not strengthened. Future clinical studies would be needed to determine if 

delivering VNS during speech therapy can enhance speech perception in patients with 

speech processing disorders.
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• VNS paired with speech sounds enhanced the A1 response to the paired speech 

sounds

• A1 responses to the paired sounds were stronger, faster, and less variable

• The response evoked by novel speech sounds was not strengthened

• Neural plasticity was specific to the acoustic characteristics of the paired sounds
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Figure 1. 
VNS speech pairing strengthened the response strength to the paired speech sounds. (a) The 

mean number of spikes evoked across recording sites in response to the paired speech sound 

‘rad’ was significantly stronger in VNS speech paired rats compared to control rats. Gray 

shading behind each group indicates SEM across recording sites. The waveform for the 

speech sound ‘rad’ is plotted in gray above the response. (b) The number of spikes evoked 

in response to the paired speech sound ‘lad’ was significantly stronger in VNS speech paired 

rats compared to control rats. (c) While the number of spikes evoked in the 40 ms onset 

response to the novel speech sound ‘dad’ was not significantly different between VNS 

speech paired and control rats, the VNS speech paired rats exhibited a stronger response to 

the vowel portion of the sound. (d) While the number of spikes evoked in the 40 ms onset 

response to the novel speech sound ‘sad’ was significantly weaker in VNS speech paired 

rats compared to control rats, the VNS speech paired rats exhibited a stronger response to 

the vowel portion of the sound.
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Figure 2. 
The mean spike count in response to the VNS paired speech sounds ‘rad’ and ‘lad’ was 

significantly increased in VNS speech paired rats compared to control rats. The driven 

number of spikes was calculated for each speech sound using the 40 ms onset response to 

each sound. Error bars indicate SEM across recording sites; asterisks indicate speech sounds 

with response strengths that were significantly different between VNS speech paired and 

control rats (p < 0.05).
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Figure 3. 
A1 responses to the paired speech sounds were significantly faster in VNS speech paired 

rats. (a) The peak latency was significantly shorter in VNS speech paired rats compared to 

control rats. Error bars indicate SEM across recording sites; asterisks indicate a statistically 

significant difference between VNS speech paired and control rats (p < 0.05). (b) The trial-

by- trial variability in onset latency was significantly decreased in VNS speech paired rats 

compared to control rats.
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Figure 4. 
The response strength to tones was significantly stronger in VNS speech paired rats. VNS 

speech paired rats evoked more spikes per tone at intensities between 20 – 45 dB SPL 

compared to control rats. Responses are the average spikes evoked per tone for tones within 

1 octave of each A1 recording site’s characteristic frequency. Asterisks indicate intensities 

that evoke a stronger response in VNS speech paired rats compared to control rats (p < 

0.0031, Bonferroni correction). Error bars indicate SEM across recording sites.
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Figure 5. 
Spectrograms, amplitude envelopes, and power spectrums for the paired speech sounds ‘rad’ 

and ‘lad’. (a) The spectrogram for the paired sounds ‘rad’ and ‘lad’. Time is represented on 

the x axis (−50 to 800 ms), and frequency is represented on the y axis (0 to 35 kHz). The 

intensity of the sound is plotted so that white is 70 dB SPL quieter than black. The 

amplitude envelope (b) and power spectrum (c) for ‘rad’ and ‘lad’.

Engineer et al. Page 17

Brain Stimul. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
The percentage of primary auditory cortex responding to low frequency tones increased in 

VNS speech paired rats. (a) The percent of primary auditory cortex neurons that respond to 

a tone of any frequency and intensity combination in control rats. Black contour lines 

indicate 20, 40, and 60% of primary auditory cortex responding. (b) The percent of primary 

auditory cortex neurons that respond to tones in VNS speech paired rats. (c) The difference 

in the percent of primary auditory cortex neurons that respond to tones between VNS speech 

paired rats and control rats. White contour lines surround the regions of tones that were 

significantly different compared to control rats (false discovery rate was used to correct for 

multiple comparisons).
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Figure 7. 
The number of spikes evoked per tone in VNS speech paired rats increased for low 

frequency tones and decreased for high frequency tones. (a) The number of spikes evoked in 

response to any frequency and intensity combination of tones in control rats. (b) The number 

of spikes evoked in response to any frequency and intensity combination of tones in VNS 

speech paired rats. (c) The difference in the number of spikes evoked between VNS speech 

paired rats and control rats. White contour lines surround the tone regions that were 

significantly increased (false discovery rate was used to correct for multiple comparisons) 

compared to control rats, while black contour lines surround the tone regions that were 

significantly decreased compared to control rats.
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Figure 8. 
The onset response to each of the speech sounds across characteristic frequency. The paired 

sounds ‘rad’ (a) and ‘lad’ (b) evoked a strong response in low frequency tuned neurons. The 

novel sound ‘dad’ (c) evoked a response across all frequency ranges, while the novel sound 

‘sad’ (d) evoked a response in high frequency tuned neurons. Vertical green lines indicate a 

significantly stronger peak firing rate across recording sites in VNS speech paired rats 

compared to control rats (Bonferroni correction for multiple comparisons, p < 0.01), while 

horizontal green lines indicate a significantly altered peak firing latency in VNS speech 

paired rats compared to control rats (Bonferroni correction for multiple comparisons, p < 

0.01). Gray shading behind each line indicates SEM across recording sites.
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Figure 9. 
Neural detection accuracy for the paired speech sounds ‘rad’ and ‘lad’ and the novel speech 

sounds ‘dad’ and ‘sad’. Neural detection performance significantly increases for the paired 

speech sounds ‘rad’ and ‘lad’, does not change for the novel speech sound ‘dad’, and 

significantly decreases for the novel speech sound ‘sad’. Error bars indicate SEM across 

recording sites; asterisks indicate a statistically significant difference between VNS speech 

paired and control rats (p < 0.05).
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Table 1

VNS speech pairing induced receptive field plasticity.

Control VNS speech p value

Threshold (dB) 18.61 15.27 p < 0.0001

Bandwidth 40 (octaves) 2.54 2.72 p = 0.009

Peak latency (ms) 19.95 18.88 p = 0.01

Driven rate (spikes/tone) 3.07 3.47 p = 0.001
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