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Introduction: Repeatedly pairing a tone with vagus nerve stimulation (VNS) alters frequency tuning across the auditory pathway. Pairing VNS with speech sounds selectively enhances the primary auditory cortex response to the paired sounds. It is not yet known how altering the speech sounds paired with VNS alters responses. In this study, we test the hypothesis that the sounds that are presented and paired with VNS will influence the neural plasticity observed following VNS-sound pairing.

Methods: To explore the relationship between acoustic experience and neural plasticity, responses were recorded from primary auditory cortex (A1) after VNS was repeatedly paired with the speech sounds ‘rad’ and ‘lad’ or paired with only the speech sound ‘rad’ while ‘lad’ was an unpaired background sound.

Results: Pairing both sounds with VNS increased the response strength and neural discriminability of the paired sounds in the primary auditory cortex. Surprisingly, pairing only ‘rad’ with VNS did not alter A1 responses.

Discussion: These results suggest that the specific acoustic contrasts associated with VNS can powerfully shape neural activity in the auditory pathway. Methods to promote plasticity in the central auditory system represent a new therapeutic avenue to treat auditory processing disorders. Understanding how different sound contrasts and neural activity patterns shape plasticity could have important clinical implications.
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Introduction

Some sounds are acoustically very similar and are hard to tell apart perceptually, while other sounds are acoustically very distinct and are easy to behaviorally discriminate. For example, the English consonants ‘D’ and ‘B’ have distinct acoustics and evoke distinct neural activity patterns, while the consonants ‘R’ and ‘L’ have similar acoustics and evoke very similar neural activity patterns in both human and rodent brains (Engineer et al., 2008). Speech sounds with similar acoustics, like ‘R’ and ‘L’, are often difficult contrasts for foreign language learners to master (Logan et al., 1991; Callan et al., 2003; Kuhl, 2004). Interestingly, non-native English speakers have more similar neural activity patterns evoked by the sounds ‘R’ and ‘L’ compared to native English speakers, who have more distinct neural activity patterns evoked by the sounds ‘R’ and ‘L’ (Raizada et al., 2010). Rats, like foreign language learners, have difficulty learning to discriminate between the ‘R’ and ‘L’ sounds, and weeks of extensive training fails to improve both their behavioral and neural accuracy on this task (Engineer et al., 2015b). Similarly, in humans, extensive discrimination training does not result in neural activity patterns that are more distinct (Callan et al., 2003). Developing a technique that can result in more distinct neural activity patterns and more easily discriminable sounds would be useful to multiple clinical populations with receptive language deficits, including individuals with autism spectrum disorder, or stroke survivors (Raizada et al., 2010; Engineer et al., 2017a).

Pairing sounds with neuromodulator release can enhance cortical responses to the paired sounds (Kilgard and Merzenich, 1998; Ma and Suga, 2003; Froemke et al., 2007; Edeline et al., 2011; Engineer et al., 2011; Martins and Froemke, 2015). For example, pairing a 9 kHz sound with neuromodulator release significantly increases the percentage of auditory cortex that can respond to the paired sound frequency (Engineer et al., 2011; Borland et al., 2015, 2019). Similarly, pairing the sounds ‘rad’ and ‘lad’ with neuromodulator release, through vagus nerve stimulation (VNS) 300 times per day for 20 days, strengthens the primary auditory cortex (A1) response strength to both ‘rad’ and ‘lad’ in typically hearing rats (Engineer et al., 2015a). Although the neural response to the paired sounds is stronger, a stronger response is not necessarily more discriminable, and it is not yet known whether VNS-sound pairing results in neural responses that are more discriminable (Raizada et al., 2010). In this set of experiments, we test the hypothesis that pairing VNS with sounds will make the primary auditory cortex responses to the paired sounds more distinct.



Materials and methods

Twenty four adult female Sprague–Dawley rats were used for these experiments. Six rats served as experimentally naïve control rats, and 18 rats experienced VNS-sound pairing. All experimental protocols were approved by The University of Texas at Dallas Institutional Animal Care and Use Committee (IACUC).


VNS surgery

Rats were implanted with a cuff electrode around the vagus nerve as well as a headcap used to connect the electrode leads to the stimulator. The bipolar cuff electrode was constructed using the methods and materials described in our detailed published protocol (Rios et al., 2019). The surgical procedures to implant the cuff electrode around the left vagus nerve were identical to previous studies (Engineer et al., 2011, 2015a; Borland et al., 2015, 2018, 2019). First, rats were anesthetized with ketamine hydrochloride (80 mg/kg) and xylazine (10 mg/kg). Lidocaine was injected before all incisions. An incision was made in the neck to expose the left vagus nerve, and a second incision was made at the top of the head to expose the skull. The cuff electrode was wrapped around the nerve, and leads from the electrode were subcutaneously tunneled between the left eye and left ear to the top of the skull. A custom-made Omnetics headcap was attached to the skull with bone screws and acrylic, and leads from the electrode were attached to the headcap. All incisions were sutured and covered with antibiotic ointment. All rats had 1 week of recovery following surgery.



Acoustic properties of the speech sounds

The sounds ‘rad’ and ‘lad’ were spoken by a female native English speaker and were approximately 600 ms in duration. The waveforms of each sound are presented in gray in Figure 1. These sounds are identical to our previous studies, and the spectrograms, amplitude envelopes, and power spectrums for these sounds are provided in these studies (Engineer et al., 2008, 2015a). The sounds ‘rad’ and ‘lad’ were presented at an intensity of 60 dB, using the loudest 100 ms of the vowel portion of the sound. As a result, the consonant onset portion of each sound was approximately 40 dB. Both sounds were spectrally shifted up by one octave into the rat hearing range using the STRAIGHT vocoder. The sounds /r/ and /l/ differ in their third formant values, where /r/ has lower F3 values, and /l/ has higher F3 values (Raizada et al., 2010).
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FIGURE 1
 VNS paired with the sounds ‘rad’ and ‘lad’ increases the primary auditory cortex response strength to the paired sounds. PSTH primary auditory cortex responses to the paired sounds ‘rad’ and ‘lad’ in experimentally naïve rats and rats that experienced (A) VNS + RL pairing, (B) VNS + RL600 pairing, and (C) VNS + R pairing. The acoustic waveform in each sound is presented behind each PSTH in gray.




VNS-speech pairing

Following recovery, rats underwent VNS-sound pairing for 20 days (Table 1). Six rats experienced VNS presented with the sound ‘rad’ while the background sound ‘lad’ was not paired with VNS for 300 VNS-sound pairings per day (VNS + R group). Eight rats experienced VNS presented with the sounds ‘rad’ and ‘lad’ for 300 VNS-sound pairings per day (VNS + RL group). Four rats experienced VNS presented with the sounds ‘rad’ and ‘lad’ for 600 VNS-sound pairings per day (VNS + RL600 group). Six rats were experimentally naïve control rats that did not experience VNS-sound pairing (Control group). No rats were exposed to the sounds alone, without VNS pairing. All rats were awake and able to freely move around the booth during the entirety of the VNS-sound pairing sessions. Other than the sounds presented, all VNS-sound pairing methods were identical to previous studies (Engineer et al., 2011, 2015a; Borland et al., 2019). Briefly, the 500 ms duration pulse train of VNS onset occurred 50 ms before the sound onset. The VNS was presented at an intensity of 0.8 mA, a frequency of 30 Hz, and a biphasic pulse width of 100 μs. The timing of each VNS-speech pairing trial was randomized so the rats could not predict when pairing would occur, with an average of 30 s between pairing trials.



TABLE 1 The number of VNS-sound pairings experienced per day for each sound for each experimental group.
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Neural recordings

Twenty four hours after the last VNS-sound pairing session, neurophysiology recordings were collected. Responses were recorded from the primary auditory cortex (A1) from 204 recording sites in 6 experimentally naïve control rats, 207 recording sites from 6 VNS + R paired rats, 264 recording sites from 8 VNS + RL paired rats, and 156 recording sites from 4 VNS + RL600 paired rats. Rats were anesthetized with sodium pentobarbital (50 mg/kg), and they received supplemental doses regularly as needed. Body temperature, heart rate, and blood oxygenation were monitored throughout the experiment. All rats regularly received a 1:1 mix of Ringers lactate and dextrose. Rats received a tracheostomy to facilitate breathing and a cisternal drain to prevent brain swelling. For primary auditory cortex recordings, a craniotomy was performed over the right auditory cortex. The dura was resected and pairs of Parylene-coated tungsten microelectrodes (1–2 MΩ, FHC) were lowered into the brain. At each recording site, tones and speech sounds were presented. Tones were presented at frequencies spanning 1–48 kHz in 0.0625 octave steps at intensities spanning 0–75 dB in 5 dB steps. The speech sounds ‘bad’, ‘dad’, ‘deed’, ‘dood’, ‘gad’, ‘lad’, ‘mad’, ‘pad’, ‘rad’, ‘sad’, and ‘tad’ were presented. All speech sounds were presented so that the loudest 100 ms of the vowel portion of the sound was 60 dB, and shifted up in frequency by 1 octave using the STRAIGHT vocoder to better match the rat hearing range (Engineer et al., 2008). Speech sounds were each presented 20 times and were randomly interleaved at each recording site. Tucker Davis Technologies (TDT) hardware and software were used to present sounds and record neural responses. All neural recording procedures were identical to the procedures used in previous studies (Borland et al., 2019).



Data analysis

Data analysis was performed in MATLAB and SPSS version 28. The driven firing rate response to speech sounds was quantified as the sum of the number of spikes evoked in the first 40 ms of the onset response to the sound minus the spontaneous firing rate recorded before sound onset. Neural detection and discrimination accuracy was quantified using a nearest-neighbor classifier (Engineer et al., 2008, 2015a). Neural discrimination accuracy using this classifier is highly correlated with rat behavioral sound discrimination accuracy (Engineer et al., 2008; Perez et al., 2013). For example, sounds that evoke very similar neural activity patterns, like ‘rad’ and ‘lad’, have low neural and behavioral discrimination accuracy, while sounds that evoke very distinct neural activity patterns, like ‘dad’ and ‘sad’, have high neural and behavioral discrimination accuracy. For each recording site, an average sound template was constructed for the sound ‘rad’ and the sound ‘lad’ using 19 of the 20 recorded repeats of the response to the 40 ms onset portion of the sound, with 1 ms precision. The remaining single trial repeat was compared to the average sound templates and was assigned to the sound template that it most closely resembled, using Euclidean distance. The classifier evaluated neural activity pattern evoked by the sound ‘rad’ vs. the neural activity pattern evoked by the sound ‘lad’. The classifier used a leave-one-out design, where for each recording site, the classifier was run 40 times using a different training and testing set each time (the 20 repeats of the response to ‘rad’ and the 20 repeats of the response to ‘lad’ were each individually used as a test trial, with the remaining repeats used as training templates). Classifier accuracy was quantified as the percentage of trials that were correctly assigned, where chance performance for neural detection and discrimination accuracy is 50%. All speech response strength and neural classifier statistical comparisons used Kruskal-Wallis non-parametric tests with post-hoc pairwise comparisons with Bonferroni correction for multiple comparisons. Figures plot median values along with 95% bootstrap confidence intervals using 50,000 bootstrap samples.

The response strength to tones was quantified in one-octave bins, from 1 to 2, 2 to 4, 4 to 8, 8 to 16, and 16 to 32 kHz. A generalized linear mixed-effects model was used to account for the different number of A1 recording sites obtained in each rat, using a linear model with an identity link. The experimental group and tone frequency were evaluated as fixed factors, and the rat was evaluated as a random factor. Robust estimation was used to account for any potential variations of model assumptions. Post hoc comparisons used simple contrasts to compare each VNS-sound paired group to the experimentally naïve control group.

For each rat, maps of primary auditory cortex were constructed using the Voronoi tessellation procedure, as in previous studies (Recanzone et al., 1993; Kilgard and Merzenich, 1998; Engineer et al., 2004; Yokota et al., 2015). Using the tessellation procedure, polygons are generated from recording site locations that are not uniformly spaced, so that each point in a given polygon is closer to the recording site location at the polygon center than any other recording site location. The primary auditory cortex area was quantified by taking the sum of the area of all of the individual polygons representing A1 recording sites. The A1 area between groups was compared using a one-way ANOVA.

Receptive field properties were also quantified based on the evoked response to the same 25 ms tones used to quantify the response strength to tones. These receptive field properties include response threshold, bandwidths 10–40 dB above the response threshold, onset latency, peak latency, end of peak latency, and spontaneous firing rate. The response threshold was defined as the minimum sound intensity that evoked a driven response at a recording site’s characteristic frequency. Bandwidths were defined as the range of driven activity evoked 10–40 dB above the response threshold. The onset latency was defined as the time point when the firing rate was more than 2 standard deviations above the spontaneous firing rate. The end of peak latency was defined as the time point when the firing rate went below 2 standard deviations above the spontaneous firing rate. The peak latency was defined as the time point of maximal firing between the onset and end of peak latencies. All receptive field statistical comparisons used Kruskal-Wallis non-parametric tests with post-hoc pairwise comparisons with Bonferroni correction for multiple comparisons.




Results


VNS + RL increases the primary auditory cortex response strength to the paired sounds

We have previously documented that VNS paired with the speech sounds ‘rad’ and ‘lad’ selectively increases the primary auditory cortex response to the paired sounds (Engineer et al., 2015a). In this study, we observed a significant effect of experimental group on the primary auditory cortex response strength to the paired sounds (χ2(3) = 56.1, p < 0.001). We first replicated our previous findings using the same VNS-sound pairing parameters and paired ‘rad’ and ‘lad’ with VNS 300 times per day for 20 days. VNS-speech pairing significantly increased the A1 response strength to the paired speech sounds ‘rad’ and ‘lad’ compared to the experimentally naïve control group (p = 0.009, Figures 1A, 2). Compared to experimentally naïve rats, the paired speech sounds evoked more spikes in rats who experienced 300 VNS-speech pairings per day.
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FIGURE 2
 VNS + RL pairing significantly alters primary auditory cortex responses. A1 responses to the paired sounds are stronger following VNS + RL and VNS + RL600 pairing. Black dots indicate median responses for each group, and gray lines indicate mean responses for each group. Error bars indicate 95% bootstrap confidence intervals of the median. Asterisks indicate experimental groups that are statistically significant from the control group. *p < 0.05; **p < 0.01; ***p < 0.001.


Next, we investigated whether providing twice as many VNS-sound pairing stimulations per day would impact primary auditory cortex responses to the paired sounds. In this experiment, we paired ‘rad’ and ‘lad’ with VNS 600 times per day for 20 days. Compared to experimentally naïve rats, the paired speech sounds evoked significantly more spikes in rats who experienced 600 VNS + RL pairings per day (p < 0.001, Figures 1B, 2). There was no difference in evoked spikes between rats that experienced 300 vs. 600 VNS-speech pairings per day (p = 0.09, Figure 2).

In the next experiment, we investigated whether pairing VNS with one sound but not the other sound would impact primary auditory cortex responses to the paired sounds, with the goal of making the sounds more discriminable. In this experiment, we paired ‘rad’ with VNS 300 times per day, while 300 presentations of ‘lad’ were interleaved but not paired with VNS. Compared to experimentally naïve control rats, the response strength to the paired speech sounds was unaltered in rats who experienced VNS paired with ‘rad’ but not ‘lad’ (p = 0.46, Figures 1C, 2). The response strength to the paired sounds was significantly weaker in rats who experienced VNS paired with ‘rad’ but not ‘lad’ compared to rats who received both ‘rad’ and ‘lad’ with VNS 300 times per day (p = 0.009) and 600 times per day (p < 0.001).



VNS + RL increases neural detection ability

We next examined the ability of a nearest-neighbor classifier to detect the primary auditory cortex activity patterns evoked by the paired sounds ‘rad’ and ‘lad’. We observed a significant effect of experimental group on the primary auditory cortex neural detection accuracy of the paired sounds [χ2(3) = 32.1, p < 0.001]. The nearest-neighbor neural classifier was better able to detect the paired sounds ‘rad’ and ‘lad’ in the VNS + RL paired rats compared to experimentally naïve control rats (p = 0.001, Figure 3). In experimentally naïve control rats, the classifier was able to detect A1 neural activity patterns evoked by the paired sounds with a median of 52.5% accuracy. Classifier accuracy was significantly enhanced in the rats who experienced 300 VNS-speech pairings per day to a median of 57.5% accuracy.
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FIGURE 3
 VNS + RL pairing significantly alters neural detection accuracy. A1 responses to the paired sounds are more detectable following both 300 or 600 VNS + RL pairings per day. Black dots indicate median responses for each group, gray lines indicate mean responses for each group, and dashed lines indicate neural classifier chance performance (50% correct). Error bars indicate 95% bootstrap confidence intervals of the median. Asterisks indicate experimental groups that are statistically significant from the control group, *p < 0.05; **p < 0.01; ***p < 0.001.


Classifier detection accuracy was also significantly enhanced in rats who experienced 600 VNS-speech pairings per day compared to experimentally naïve control rats (p < 0.001, median of 60% accuracy, Figure 3). However, there was no significant difference in classifier detection accuracy between rats that experienced 300 vs. 600 VNS-RL pairings per day (p = 0.55, Figure 3).

Similar to the response strength, classifier detection accuracy was unaltered in rats who experienced VNS paired with ‘rad’ but not ‘lad’ compared to experimentally naïve control rats (p = 1, median of 52.5% accuracy, Figure 3). Classifier detection accuracy of the paired sounds was significantly less accurate in rats who experienced VNS paired with ‘rad’ but not ‘lad’ compared to rats who received both ‘rad’ and ‘lad’ with VNS 300 times per day (p = 0.04) and 600 times per day (p < 0.001).



VNS + RL increases neural discriminability

We next examined the ability of a nearest-neighbor classifier to discriminate between the primary auditory cortex activity patterns evoked by the paired sounds ‘rad’ versus ‘lad’. We observed a significant effect of experimental group on the primary auditory cortex neural discrimination accuracy of the paired sounds [χ2(3) = 20.5, p < 0.001]. The nearest-neighbor neural classifier was better able to discriminate between A1 activity patterns evoked by ‘rad’ compared to patterns evoked by ‘lad’ in the VNS + RL paired rats compared to experimentally naïve control rats (p = 0.003, Figures 4, 5). Classifier discrimination accuracy was significantly increased in rats who experienced 300 VNS-speech pairings per day (median of 57.5% [95% confidence interval of 55–62.5%] vs. 52.5% [95% confidence interval of 50–55%]). These findings successfully replicate and expand upon our previous findings (Engineer et al., 2015a) and document that VNS paired with speech sounds enhances the A1 response strength and discriminability of the paired sounds.
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FIGURE 4
 VNS + RL pairing significantly alters neural discrimination accuracy. A1 responses to the paired sounds are more discriminable following 300 VNS + RL pairings per day, but not 600 VNS + RL pairings per day or following VNS + R pairing. Black dots indicate median responses for each group, gray lines indicate mean responses for each group, and dashed lines indicate neural classifier chance performance (50% correct). Error bars indicate 95% bootstrap confidence intervals of the median. Asterisks indicate experimental groups that are statistically significant from the control group, *p < 0.05; **p < 0.01; ***p < 0.001.


[image: Figure 5]

FIGURE 5
 Confusion matrices plotting classifier R vs. L accuracy for each group. The sound presented is plotted on the y axis, and the classifier guess is plotted on the x axis. The color bar indicates the percentage of trials where the classifier assigned the trial to the R or L category. White font indicates the mean ± SEM percentage of trials that the classifier correctly assigned to the correct category, while black font indicates the mean ± SEM percentage of trials that the classifier incorrectly assigned to the wrong category. For each group, the mean ± SEM classifier accuracy is given in the subplot title. There were no significant differences between experimental groups for the percentage of trials that the classifier correctly assigned R when the sound presented was R [χ2(3) = 6.804, p = 0.078, Kruskal-Wallis non-parametric test] or that the classifier correctly assigned L when the sound presented was L [χ2(3) = 3.722, p = 0.293].


Interestingly, classifier discrimination accuracy was not significantly different between rats who experienced 600 VNS-speech pairings per day (median of 57.5% [95% confidence interval of 55–60%]) compared to experimentally naïve control rats (p = 0.51, Figures 4, 5) or between rats that experienced 300 vs. 600 VNS-speech pairings per day (p = 0.96, Figure 4). While rats who experienced 600 VNS-speech pairings per day had stronger responses to the paired sounds, the increased response strength did not make the paired sounds more discriminable from each other.

Finally, classifier discrimination accuracy was unaltered in rats who experienced VNS paired with ‘rad’ but not ‘lad’ (median of 52.5% [95% confidence interval of 50–52.5%]) compared to experimentally naïve control rats (p = 1, Figures 4, 5). This surprising finding indicates that both sounds need to be paired with VNS 300 times per day in order to enhance A1 response strength and discriminability of the paired sounds.



The primary auditory cortex response strength to tones

In addition to the speech sounds paired with VNS, we also recorded A1 responses to tones to determine whether the A1 response strength changes were specific to the paired sounds. There was not a significant effect of experimental group on the primary auditory cortex response strength to tones [F(3, 4,135) = 2.29, p = 0.08]. However, there was a significant interaction between experimental group and tone frequency [F(12, 4,135) = 13.3, p < 0.001, Figure 6]. Compared to experimentally naïve control rats, the low frequency tones evoked significantly more spikes in rats who experienced 600 VNS + RL pairings per day, for tones between 1 and 2 kHz (p = 0.008) and for tones between 2 and 4 kHz (p = 0.045, Figure 6). Rats who experienced 300 VNS + RL pairings per day and rats who experienced VNS + R pairing did not exhibit any response strength changes to tones compared to experimentally naïve control rats.
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FIGURE 6
 VNS + RL600 pairing significantly strengthens A1 activity evoked by low frequency tones. VNS + RL pairing and VNS + R pairing do not alter A1 activity evoked by tones. Values plotted are estimated marginal means and standard error. Asterisks indicate experimental groups that are statistically significant from the control group, *p < 0.05; **p < 0.01; ***p < 0.001.




Primary auditory cortex receptive fields

Previous studies pairing VNS with a specific tone frequency have documented an increase in the percentage of A1 sites tuned to the paired tone frequency (Engineer et al., 2011; Borland et al., 2019). In this study, there was no difference between experimental groups in the percentage of primary auditory cortex sites tuned to one-octave tone frequency bins [F(3, 20) = 2.03, p = 0.14, two-way repeated measures ANOVA]. This indicates that unlike VNS-tone pairing, pairing VNS with speech sounds does not alter the characteristic frequency tuning of individual recording sites.

Similarly, previous studies have documented alterations in the total area of primary auditory cortex following training or sound pairing with neuromodulator release (Kilgard et al., 2001; Takahashi et al., 2011). In this study, there was no difference between experimental groups in the total primary auditory cortex area [F(3, 20) = 1.12, p = 0.37, one-way ANOVA]. Pairing VNS with speech sounds does not alter the size of A1.

Previous studies have also documented alterations in receptive field properties following VNS-sound pairing. In this study, we found no difference between experimental groups in the response threshold [χ2(3) = 1.8, p = 0.62, Table 2], onset response latency [χ2(3) = 6.6, p = 0.09], or peak response latency [χ2(3) = 5.7, p = 0.13]. The end of peak latency was significantly different between experimental groups [χ2(3) = 33.6, p < 0.001, Table 2]. The end of peak latency was significantly longer in VNS + RL (p = 0.0003), VNS + RL600 (p < 0.0001), and VNS + R (p = 0.004) rats compared to experimentally naïve control rats. Interestingly, the response bandwidth 20 and 30 dB above the response threshold was also significantly different between experimental groups [BW20: χ2(3) = 23, p < 0.001; BW30: χ2(3) = 25.8, p < 0.001, Table 2]. Response bandwidths were significantly narrower in VNS + R rats compared to experimentally naïve control rats for bandwidths 20 (p = 0.04) and 30 dB (p = 0.01) above response threshold. Finally, the spontaneous firing rate was significantly different between experimental groups [χ2(3) = 32.7, p < 0.001, Table 2]. The spontaneous firing rate was significantly lower in VNS + R rats compared to experimentally naïve control rats (p = 0.0003).



TABLE 2 Receptive field properties were altered following VNS paired with speech sounds.
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Discussion

Our previous study paired the sounds ‘rad’ and ‘lad’ with VNS 300 times per day and observed A1 plasticity specific to the paired sounds. In this study, we first replicated those findings. Vagus nerve stimulation was paired with speech sounds for 20 days, and neural responses were then recorded from the primary auditory cortex. Pairing the sounds ‘rad’ and ‘lad’ with VNS increased the A1 response strength and neural discriminability of the paired sounds. Additionally, we were able to expand on our previous findings to document that pairing ‘rad’ but not ‘lad’ with VNS did not alter A1 responses to the presented speech sounds. Pairing the sound ‘rad’ while ‘lad’ was an unpaired background sound did not result in A1 response strength or neural discriminability changes. These results indicate that the sounds that are presented and paired with VNS influence the neural plasticity observed following VNS-sound pairing.


VNS-sound pairing parameters

We varied the number of VNS-sound pairings presented per day to determine if a larger number of pairings are needed to produce greater neural plasticity. While most previous VNS-sound pairing plasticity studies performed 300 VNS-sound pairings per day for 20 days (Engineer et al., 2011, 2015a, 2017b; Shetake et al., 2012; Borland et al., 2015, 2019; Loerwald et al., 2017; Buell et al., 2018, 2019; Adcock et al., 2020), one study performed 50 VNS-sound pairings per day for 20 days and observed no plasticity (Borland et al., 2018). In this study, we examined neural responses after 300 or 600 VNS-sound pairings per day and found that 600 VNS-sound pairings per day does not provide additional plasticity benefits. 300 VNS-sound pairings per day is sufficient to strengthen neural responses and make neural responses to individual sounds more discriminable. This suggests that more VNS-sound pairing is not necessarily better. Other studies examining the intensity, frequency, inter-stimulus interval, number of pulses, and duration of VNS indicate that there is an inverted-U function where too little or too much stimulation does not result in plasticity (Borland et al., 2015, 2018; Buell et al., 2018, 2019). For example, a stimulation intensity of 0.8 mA consistently generates plasticity specific to the paired sound (Engineer et al., 2011, 2015a; Adcock et al., 2020), while less stimulation intensity (0.2 mA) or more stimulation intensity (1.6 mA) does not generate plasticity, generating an inverted-U shaped result, where too little or too much intensity is ineffective and a moderate intensity is needed to generate stimulus-specific plasticity (Borland et al., 2015). Future studies are necessary to determine the optimal number of VNS-sound pairings per day to generate plasticity.



Sound details play a key role in VNS-sound pairing

Similarly, the sounds that are paired with VNS play a large role in the observed plasticity (Lai and David, 2021). For example, previous studies have documented that pairing VNS with a 9 kHz tone results in plasticity specific to frequencies surrounding 9 kHz, while pairing VNS with a 19 kHz tone results in plasticity specific to frequencies surrounding 19 kHz (Engineer et al., 2011). In this study, pairing both ‘rad’ and ‘lad’ with VNS resulted in plasticity specific to the paired sounds, while pairing ‘rad’ but not ‘lad’ did not result in paired sound specific plasticity. Previous studies have also documented that background sounds influence cortical plasticity (Ohl and Scheich, 1996; Kilgard et al., 2001; Moucha et al., 2005). For example, nucleus basalis stimulation paired with frequency modulated (FM) sweeps of sounds spanning the rat hearing range did not alter A1 responses (Moucha et al., 2005). However, when the same FM sweeps were paired with nucleus basalis stimulation in the presence of randomly interleaved acoustically distinct unpaired background sweeps differing in sweep rate or FM direction, A1 responses were significantly altered.

The spectral and temporal acoustics of the paired and unpaired sound likely play a role in plasticity outcomes. The sounds ‘rad’ and ‘lad’ are acoustically very similar [differing primarily in the third formant transition (Miyawaki et al., 1975)] and activate the same populations of neurons, which may have caused any potential plasticity to the sound ‘rad’ to be canceled out when ‘lad’ was an unpaired background sound. Performing the same experiment but with sound pairs that are very acoustically distinct from each other and that evoke a more distinct neural response would likely lead to a different plasticity outcome. A previous study found that pairing a tone with nucleus basalis (NB) stimulation resulted in a 20% increase in the receptive field size of primary auditory cortex neurons. Interestingly, pairing the same tone with NB stimulation while tones of flanking frequencies were presented but not paired with NB stimulation did not result in any changes to A1 receptive field size (Kilgard et al., 2001). A study in the somatosensory system found that behaviorally important stimuli enlarge the population of responsive cells, while irrelevant stimuli shrink the population of responsive cells (Rabinovich et al., 2022). Since ‘rad’ and ‘lad’ activate the same population of cells in our study, it is possible that pairing ‘rad’ with neuromodulator release makes it behaviorally important, while not pairing ‘lad’ with neuromodulator release makes it irrelevant, and as a result, ‘lad’ canceled out any potential plasticity to ‘rad’. A better understanding of how auditory networks learn to extract subtle, but important, acoustic information from speech could be valuable for enhancing auditory processing in multiple populations, including second language learning, neurodevelopmental disorders, and recovery from aphasia.



Neural response strength does not predict neural discriminability

One interesting finding in the current study was that the strength of the A1 response to the paired sounds does not predict how discriminable the sounds are. For example, pairing VNS with ‘rad’ and ‘lad’ 300 times per day leads to stronger A1 responses (Figure 2) and more discriminable A1 responses (Figure 4). Pairing VNS with ‘rad’ and ‘lad’ 600 times per day leads to stronger A1 responses (Figure 2) but does not alter A1 discriminability (Figure 4). This finding is consistent with a previous study that found that more spikes does not necessarily translate to more discriminable neural activity patterns (Raizada et al., 2010).

We have previously documented that A1 neural activity pattern discriminability accurately predicts behavioral discrimination ability (Engineer et al., 2008). Sounds with very similar neural activity patterns were difficult for rats to discriminate behaviorally, while sounds with very distinct neural activity patterns were easy for rats to discriminate behaviorally. Future studies are needed to evaluate the behavioral outcomes after each of the tested VNS-pairing conditions.

Interestingly, the increase in the response strength to the paired sounds did not generalize to an increase in response strength to tones in the VNS + RL paired group. Rats who received VNS paired with ‘rad’ and ‘lad’ 300 times per day had an increased response strength to the paired sounds, but an unaltered response strength to tones, which were not presented or paired with VNS. In contrast, rats who received VNS paired with ‘rad’ and ‘lad’ 600 times per day had an increased response strength to the paired sounds as well as an increased response strength to tones. Finally, rats who received VNS paired with ‘rad’ but not ‘lad’ had no response strength alterations to the paired sounds or to tones. This suggests that while more pairings did not produce greater neural plasticity to the paired sounds, 600 VNS-sound pairings per day resulted in plasticity that generalized to sounds in addition to the paired sounds. Previous studies have documented a generalization of VNS-pairing benefits to stimuli in addition to the paired stimuli (Meyers et al., 2018; Noble et al., 2018; Souza et al., 2021).

All of the VNS-sound paired groups exhibited a consistent increase in the A1 end of peak latency evoked by sounds (Table 2). As there were no alterations in the onset latency or peak latency evoked by sounds in any of the VNS-sound paired groups, this indicates that sounds evoke a longer A1 response in all VNS-sound paired groups. While the receptive field parameters in the VNS + RL paired groups remained stable, the VNS + R group had smaller receptive field bandwidths 20 and 30 dB above threshold, indicating that A1 in these rats responds to a narrower range of frequencies compared to experimentally naïve control rats. The VNS + R group additionally had a significantly weaker spontaneous firing rate, indicating that A1 in these rats was less excitable compared to experimentally naïve control rats. Multiple patient populations experience hypersensitivity to sounds, and this VNS-sound pairing strategy of pairing one sound with VNS while presenting, but not pairing, another acoustically similar sound, might be a beneficial way to reduce hypersensitivity to sound.



The time course of plasticity

Multiple previous studies have documented that the auditory cortex changes observed depend on when during the learning process plasticity is measured (Fritz et al., 2005; Reed et al., 2011; Takahashi et al., 2011). Primary auditory cortex responses have been observed to change during perceptual learning, and renormalize during later stages of learning. This expansion-renormalization model of plasticity and learning could potentially help explain our finding that the VNS + R group had significant A1 receptive field changes yet no A1 response strength or neural discriminability changes to the paired sounds, while the VNS + RL and VNS + RL600 groups did not exhibit significant A1 receptive field changes. Additional studies are also needed to examine the time course of plasticity changes.



The neuromodulatory systems activated by VNS

Stimulation of the vagus nerve activates multiple neuromodulatory systems, including acetylcholine, norepinephrine, dopamine, and serotonin (Nichols et al., 2011; Hulsey et al., 2016, 2017, 2019; Collins et al., 2021; Bowles et al., 2022; Rodenkirch et al., 2022). Many previous studies have focused on directly activating individual neuromodulatory systems and have observed stimulus-specific plasticity after pairing a sound with neuromodulator activation (Bakin and Weinberger, 1996; Kilgard and Merzenich, 1998). For example, pairing acetylcholine (ACh) release, through stimulation of the nucleus basalis, with the presentation of a tone results in an enhanced response to the paired tone frequency in the inferior colliculus (IC) and primary auditory cortex (A1) (Ma and Suga, 2003; Zhang and Suga, 2005; Froemke et al., 2013; Martins and Froemke, 2015). Similarly, pairing norepinephrine (NE) release, through stimulation of the locus coeruleus, with the presentation of a tone strengthens the neural response to the paired tone in IC, the medial geniculate nucleus of the thalamus, and A1 (Edeline et al., 2011; Martins and Froemke, 2015; Glennon et al., 2018). Determining exactly which neuromodulatory systems are activated by VNS and how they are activated is likely important for determining VNS plasticity mechanisms, and this likely is also important clinically. Neuromodulatory release driven by VNS enhances synaptic plasticity in networks that are specifically engaged by rehabilitation. Both the details of neuromodulatory release patterns as well as the details of neural activity driven by sensory or motor events are important in generating plasticity (Frémaux and Gerstner, 2015; Gerstner et al., 2018; Darrow et al., 2021). Future studies are needed to understand how the pattern of neural activity paired with neuromodulator release produces plasticity, in order to optimize the beneficial effects of VNS on therapeutic plasticity and rehabilitation. For individuals with auditory processing problems and hyporesponsive neural responses to sounds, VNS paired with sounds could represent a new therapeutic avenue that could lead to improved auditory processing of sounds.
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