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Neuroplasticity refers to the ability of the nervous system to change in response to experience or 

injury. These changes can be positive (i.e., language acquisition) or negative (i.e., tinnitus). The 

release of neuromodulators like norepinephrine are critical for neuroplasticity, and regions 

responsible for their release are modulated by vagus nerve stimulation (VNS). When VNS is 

paired with a sensory stimulus, specific and lasting changes are observed in the nervous system. 

In addition, VNS is FDA-approved in the treatment of drug resistant epilepsy and depression, 

and has been proven to be safe and effective for thousands of patients. Several patients benefited 

from VNS tone-pairing therapy as a treatment for tinnitus in recent clinical trials. However, no 

patient was completely cured of his/her tinnitus. A potential reason for these results is that more 

plasticity must be driven in VNS tone-paired treatment for patients to have maximal benefit. 

Therefore, VNS parameters must be evaluated to ensure the best settings for driving plasticity 

are being used clinically. To accomplish this goal, the rate, train duration, and number of VNS 

pulses were evaluated. Results suggest that 30 Hz is better at driving plasticity than rates a much 

higher (120 Hz) or lower (7.5 Hz) levels. Longer (2000 ms) VNS pulse trains are not capable of 
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driving plasticity. However, it is possible to drive plasticity using one-fourth of the stimulation 

used in previous experiments. These results suggest that the magnitude of plasticity driven by 

VNS is sensitive to changes in multiple stimulation parameters. The high temporal precision of 

VNS-tone pairing protocols may help to explain the cellular mechanisms responsible for the 

beneficial effects of precisely timed VNS during restoration of sensory or motor function.  
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CHAPTER 1 

INTRODUCTION 

Until the latter half of the 20th century, it was widely accepted that we were governed by a 

nervous system incapable of change and adaptation. The long-established position of a static 

brain was highly regarded by a pragmatic scientific community. Belief in a rigid system was 

supported by the inability for a brain damaged patient to fully recover. In addition, scientists did 

not have the resources or tools to study the microscopic components of the nervous system. 

Vincenzo Malacarne challenged the notion of an unchanging brain with his hypothesis that the 

cerebellum would increase in size after a subject was exposed to an enriched environment 

(Malacarne V Sulla, 1791). A century later, Charles Darwin determined the brain size of 

domesticated rabbits was significantly reduced compared to their wild counterparts. Like 

Malacarne, Darwin postulated that experience could contribute to this anatomical difference 

(Darwin, 1888).  The swift advancement of technology in the 20th century facilitated an equally 

rapid expansion of scientific discoveries.  The argument that experience could be reflected in 

brain structure became increasingly convincing (Kohler, 1938; Ramon y Cajal, 1959; 

Rosenzweig et al., 1962).  

Evidence that the brain responds anatomically and chemically to experience was a catalyst for a 

new perspective of the central nervous system (Bennett et al., 1964). The ability to record neural 

activity supported the argument for a brain that is plastic, not static. Regions associated with 

certain sensory inputs could be reduced with deprivation of that input. In addition, it was found 

that reduction of one brain region due to sensory deprivation led to an expansion of another input 
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(Hubel & Wiesel, 1970, 1977, Merzenich et al., 1983, 1984). These findings supported a brain 

that is both plastic and extremely resourceful.  

Centuries of observations and research by great minds contributed to our modern understanding 

of a brain that is capable of change. Neuroplasticity describes how the nervous system changes in 

response to experience or injury. This ability to change and adapt is important for the auditory 

system when learning spoken language or how to use an instrument to arrange individual notes 

into a beautiful melody (Pantev et al., 2003; Wang et al., 2004). To compensate for a sensory 

loss, plasticity enables functioning systems to recruit cortical regions originally linked to a lost 

modality (Merabet & Pascual-Leone, 2010). However, the auditory system’s capacity for change 

is not always favorable. There is evidence that maladaptive plasticity is responsible for some 

manifestations of tinnitus through changes in cortical map organization, neural synchrony, and 

spontaneous activity (Engineer et al., 2011; Moller, 2006). 

Neuroplasticity requires the release of neurotransmitters like acetylcholine and norepinephrine 

(Gu, 2002; Hulsey et al., 2016; Kilgard & Merzenich, 1998; Puckett et al., 2007). Pairing a tone 

with direct stimulation of the cholinergic nucleus basalis (NB) or noradrenergic locus coeruleus 

(LC) drives plasticity in the auditory cortex (Edeline et al., 2011; Kilgard & Merzenich, 1998; 

Puckett et al., 2007). Although stimulation of these regions is an effective method for a targeted 

plasticity therapy, it is highly invasive and widespread clinical application is not feasible. 

However, it is possible to drive activity in both the NB and LC through electrical stimulation of 

the vagus nerve (Détári et al., 1983; Groves et al., 2005; Hulsey et al., 2017; Manta et al., 

2009a). Using vagus nerve stimulation (VNS) to activate noradrenergic and cholinergic regions 
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is not only less invasive, but is currently FDA-approved for the treatment of drug resistant 

epilepsy and depression.  

Several studies have demonstrated that neuroplasticity can be driven by pairing VNS with a 

sensory event or motor task (M.S. Borland et al., 2016; Buell et al., 2018; Engineer et al., 2015; 

Engineer et al., 2011; Hays, 2016; Khodaparast et al., 2014; Shetake et al., 2012). Pairing VNS 

with tones outside of the respective tinnitus frequency reversed the neural and behavioral 

correlates of tinnitus in an animal model (Engineer et al., 2011). Clinical trials using VNS tone-

pairing therapy showed significant improvements in subjective and objective measures of 

tinnitus (De Ridder & Vanneste, 2015; Tyler et al., 2017; Vanneste et al., 2017). However, no 

patient was completely cured of tinnitus. It is possible that these findings are due to not using the 

best VNS parameters for driving plasticity. Therefore, the effects of varying VNS parameters on 

cortical plasticity should be determined to guide future experiments and clinical use. 

As previously mentioned, VNS modulates activity in the noradrenergic LC. Increasing the 

intensity of VNS drives more activity in the LC (Hulsey et al., 2017). It is possible that increased 

activity would also increase the release of norepinephrine in cortical regions and drive more 

plasticity. However, both cortical and hippocampal plasticity are inverted-U functions of VNS 

intensity (Borland et al., 2016; Zuo et al., 2007). These findings suggest that increasing the 

amount of VNS is not an effective method for driving plasticity. The next step in evaluating 

parameters would be to maintain the amount of VNS and subsequent phasic activity from the 

LC, and evaluate the rate of stimulation. Sixteen pulses of VNS at 7.5 Hz, 30 Hz, or 120 Hz 

drive the same amount of activity in the LC. The groups differ in the rate and duration of 

activity. However, in the dorsal raphe nucleus (DRN), an inverted-U function of activity is 
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observed from serotonin neurons (Manta et al., 2009b). Chapter 2 details the outcomes of 

varying stimulation frequency on cortical plasticity and demonstrates that low (7.5 Hz) and high 

(120 Hz) frequencies do not drive significant changes (Buell et al., 2018). 

Frequency is evaluated again in Chapter 3. Instead of keeping the amount of VNS consistent 

across all groups, the VNS train is maintained at 500 ms. This method addresses the question of 

whether or not stimulation timing with the paired tone was the cause of our findings in Chapter 

2. In addition, changing the frequency within a set pulse train changes the total number of pulses. 

This experiment provides additional information on the effects of increasing the amount of VNS 

without increasing the current intensity.  

In Chapter 4, all experimental groups receive VNS at a rate of 30 Hz. This rate has been 

consistently effective in driving plasticity across systems (Borland et al., 2016; Buell et al., 2018; 

Engineer, et al., 2015; Hays et al., 2013; Khodaparast et al., 2014; Pruitt et al., 2015). Train 

duration is varied to determine if more or less VNS at this rate will drive more plasticity. This 

variation will result in in individual groups receiving 4, 16, or 64 pulses of VNS, which is the 

same pulse number assigned to groups in Chapter 3.  

The findings outlined in the following chapters evaluate the effects of VNS rate, duration, and 

pulse number on auditory cortex plasticity. Each experiment was carefully designed so a 

particular parameter could be evaluated independently. The results from these projects will 

provide insight on the therapeutic viability of different settings and guide future experiments. In 

addition, these findings help elucidate potential mechanisms of VNS, clarify the relationship 

between LC activity and cortical plasticity, and propose future VNS and pharmacological 

studies. 
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Abstract 

Repeatedly pairing a brief train of vagus nerve stimulation (VNS) with an external event can 

reorganize the sensory or motor cortex. A 30 Hz train of sixteen VNS pulses paired with a tone 

significantly increases the number of neurons in primary auditory cortex (A1) that respond to 

tones near the paired tone frequency. The effective range of VNS pulse rates for driving cortical 

map plasticity has not been defined. This project investigated the effects of VNS rate on cortical 

plasticity. We expected that VNS pulse rate would affect the degree of plasticity caused by VNS-

tone pairing. Rats received sixteen pulses of VNS delivered at a low (7.5 Hz), moderate (30 Hz), 

or high (120 Hz) rate paired with 9 kHz tones 300 times per day over a 20 day period. More A1 

neurons responded to the paired tone frequency in rats from the moderate rate VNS group 

compared to naïve controls. The response strength was also increased in these rats. In contrast, 

rats that received high or low rate VNS failed to exhibit a significant increase in the number of 

neurons tuned to sounds near 9 kHz. Our results demonstrate that the degree of cortical plasticity 

caused by VNS-tone pairing is an inverted-U function of VNS pulse rate. The apparent high 

temporal precision of VNS-tone pairing helps identify optimal VNS parameters to achieve the 

beneficial effects from restoration of sensory or motor function.  
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Introduction 

Repeatedly pairing VNS with a sensory or motor event drives robust experience-dependent 

plasticity in the auditory and motor cortices (M. S. Borland et al., 2016; C. T. Engineer, 

Engineer, et al., 2015; N. Engineer et al., 2011; Hays et al., 2014). Pairing brief bursts of VNS 

with a movement expands the area associated with that movement in the motor cortex and 

increases the synaptic connectivity from the associated muscles to motor cortex (Ganzer et al., 

n.d.; Meyers et al., 2018; Porter et al., 2012). VNS paired with a pure tone increases the number 

of cortical neurons that respond to the paired tone (M. S. Borland et al., 2016; N. Engineer et al., 

2011). Plasticity is often measured in the primary auditory cortex (A1) due to its tonotopic 

organization and response strength (Polley, Read, Storace, & Merzenich, 2007). Changes to this 

field after behavioral training, therapy, or trauma can be clearly quantified. In addition, A1 

plasticity corresponds to behavioral changes, such as enhanced perceptual learning, disease, or 

failure to perform a task (C. T. Engineer, Rahebi, et al., 2015; N. Engineer et al., 2011; Reed et 

al., 2011). VNS-directed neural plasticity is being developed to treat a variety of disorders, 

including tinnitus and stroke (Dawson et al., 2015; De Ridder & Vanneste, 2015; De Ridder, 

Vanneste, Engineer, & Kilgard, 2014; C. T. Engineer, Hays, & Kilgard, 2017; N. Engineer et al., 

2011; Hays et al., 2014; Navid Khodaparast et al., 2014; Kilgard, Rennaker, Alexander, & 

Dawson, n.d.; Tyler et al., 2017; Vanneste et al., 2017). Optimization of VNS parameters is a 

critical next step in the development of these therapies.  

Previous studies indicate that VNS parameters, such as the interval between stimulation events, 

stimulation intensity and stimulation rate, can influence the effectiveness of VNS in producing 

cortical plasticity (M. S. Borland et al., 2016; Michael S Borland et al., 2018; Loerwald, Borland, 
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Rennaker Ii, Hays, & Kilgard, 2018). The stimulation intensity paired with a tone drives cortical 

plasticity as an inverted-U function (M. S. Borland et al., 2016). Moderate intensity (0.4-0.8 mA) 

VNS drives plasticity, while high intensity (1.2-1.6 mA) VNS does not. VNS-tone pairing 

produces maximal plasticity when the interval between events is greater than thirty seconds 

(Michael S Borland et al., 2018). Increasing VNS pulse width enhances plasticity when low 

currents are used (Loerwald et al., 2018). These studies support the notion that the timing and 

intensity of stimulation influence the degree of VNS-dependent plasticity, but the effect of VNS 

rate on cortical plasticity remain unknown. 

Changing VNS rate has significant effects on seizure suppression and activity patterns in 

brainstem nuclei (Heck, Helmers, & DeGiorgio, 2002). VNS drives robust activity in the locus 

coeruleus (LC) across a wide range of stimulation rates (Hulsey et al., 2017).  In contrast, 

activity in the dorsal raphe increases as an inverted-U function of VNS rate (Manta et al., 

2009b). Some studies report that moderate VNS rates are most effective in suppressing seizures 

(Chase, Nakamura, Clemente, & Sterman, 1967; Zabara, 1992), while others report that higher 

stimulation rates are most effective (Jiao, Harreby, Sevcencu, & Jensen, 2016).  Together, these 

studies indicate that VNS pulse frequency affects engagement of neuromodulatory networks and 

may impact the clinical efficacy of VNS, pointing to the relevance of optimizing this parameter. 

The purpose of this study was to evaluate whether delivering VNS-tone therapy using different 

VNS rates changes the degree of plasticity in the auditory cortex. We tested the hypothesis that 

stimulation rate would affect the degree of VNS-dependent plasticity in primary auditory cortex 

by evaluating cortical changes after pairing low (7.5 Hz), moderate (30 Hz), or high (120 Hz) 

rate VNS with a 9 kHz tone. The moderate rate was chosen due to its ability to drive A1 
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plasticity (M. S. Borland et al., 2016; Michael S Borland et al., 2018; N. Engineer et al., 2011; 

Loerwald et al., 2018). We chose 7.5 Hz (1/4 of 30 Hz) and 120 Hz (4 times 30 Hz) to explore a 

wide range of VNS rates on directed plasticity. Understanding how brain plasticity is affected by 

the rate of VNS paired with an event is critical to identify the optimal stimulation settings for 

clinical applications. 
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Methods 

Data from forty-one adult female Sprague–Dawley rats (250–400 g) was analyzed in this 

experiment. Seventy-five rats were implanted with vagus nerve cuff stimulators, as in our 

previous studies (M. S. Borland et al., 2016; N. Engineer et al., 2011; Porter et al., 2012; Shetake 

et al., 2012). Animals were removed from this study due to surgical deaths (n=16, incomplete 

cortex map (n=1), head cap failure (n=7), or a broken VNS lead (n=10, confirmed by an inability 

to reduce blood oxygen saturation in anesthetized rats via continuous VNS). (Malow, Edwards, 

Marzec, Sagher, & Fromes, 2000). All animals included in the analysis demonstrated a drop in 

blood oxygen saturation during the terminal surgery procedure which indicates a functional cuff. 

Twelve rats served as naïve controls and were not implanted. Rats were interleaved and 

randomly assigned to receive low rate (7.5 Hz) VNS (n =9), moderate rate (30 Hz) VNS group (n 

= 10), or high rate (120 Hz) VNS group (n = 10). All rats were housed in a 12:12 hour reversed 

light–dark cycle. All handling, housing, stimulation, and surgical procedures were approved by 

The University of Texas at Dallas Institutional Animal Care and Use Committee and by the 

Animal Care and Use Review Office of the United States Army Medical Research and Materiel 

Command Office of Research Protections. 

Vagus nerve surgery  

Animals were anesthetized using ketamine hydrochloride (80 mg/kg, intraperitoneal (IP) 

injection) and xylazine (10 mg/kg IP). Animals were given supplemental doses as needed. A 

Ringer's lactate and dextrose solution was given to the rats to prevent dehydration. Cefotaxime 

sodium (2 × 10 mg, subcutaneous (SC) injection) solution was administered to animals after the 

surgery to prevent infection. All animals were implanted with a skull mounted connector. 
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Marcaine (1 mL, SC) was injected into the scalp at the incision site. Bregma and lambda 

landmarks on the skull were exposed by an incision of the scalp running anterior to posterior. 

Bone screws were placed near the bregma suture, near the sagittal suture, near the lambda suture 

and over the cerebellum. The connector headcap was secured to the screws with acrylic. A 

custom made cuff electrode was placed around the left vagus nerve as in previous studies (M. S. 

Borland et al., 2016; N. Engineer et al., 2011; Porter et al., 2012; Shetake et al., 2012). Because 

the right vagus nerve innervates the sino-atrial node, only the left vagus nerve was implanted to 

avoid cardiac complications (Ben-menachem, 2002). Brain activation following left VNS is 

bilateral (Cunningham et al., 2008). 

After lidocaine (2%, 0.5 mL SC) was injected in the neck at the incision site, the vagus nerve 

was exposed through an incision and blunt dissection of the neck. The cuff electrode was placed 

around the nerve (Figure A.1). Two Teflon coated multi stranded platinum iridium wire leads 

from the electrode were run subcutaneously between the eye and the ear, and connected to the 

headcap on top of the skull. The headcap and cuff pins were secured with acrylic. After 

connection, confirmation of cuff function was obtained by observation of a blood oxygen drop 

while stimulating the nerve (A-M Systems isolated pulse stimulator model 2100). The animal’s 

neck was sutured closed, and a topical antibiotic cream was applied to the neck and head. 

Animals were given amoxicillin (5 mg) and carprofen (1 mg) for 2 days after surgery to prevent 

infection and facilitate recovery.  

Vagus nerve stimulation  

After 5–7 days of recovery from surgery, the rats received VNS paired with a 9 kHz tone 300 

times per day for 20 days, as in previous studies (Borland et al., 2016; Engineer et al., 2011; 
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Loerwald et al., 2018). Animals were placed in a 25 cm × 25 cm × 25 cm wire cage within a 50 

cm × 60 cm × 70 cm chamber lined with acoustic insulating foam. A speaker hanging above the 

cage presented a 500 ms 9 kHz tone at 50 dB SPL paired 150 ms after the onset of VNS. VNS 

was delivered using 100 μs charge balanced biphasic pulses. Experimental groups received 16 

pulses of VNS delivered at rates of 7.5 Hz, 30 Hz, or 120 Hz, such that the pulses are distributed 

over 2000, 500, or 125 ms (Figure A.2). VNS intensity was 0.8 mA for all experimental groups. 

Stimulation was delivered 50% of the time every 15 seconds, such that the average interval 

between stimulations was 30 seconds. The impedance of the cuff electrode was checked daily 

and only animals with measured cuff impedances between 1 and 10 kΩ remained in the study.  

Auditory cortex recordings  

Using standard procedures, multi-unit responses were collected from the auditory cortex twenty-

four hours after the final VNS-tone pairing session (M. S. Borland et al., 2016; Michael S 

Borland et al., 2018; N. Engineer et al., 2011; Polley et al., 2007). Rats were anesthetized with 

sodium pentobarbital (50 mg/kg) and anesthesia was maintained using supplemental doses of 

diluted pentobarbital by evaluating anesthesia levels between cortex recordings every 30-60 

minutes (0.2–0.4 ml, 8 mg/ml). One mL of a one to one ratio of dextrose (5%) and standard 

Ringer's lactate solution was administered between every recording to prevent dehydration. To 

minimize respiratory problems under pentobarbital, a tracheotomy was performed. In addition, 

cerebral edema was minimized by opening a cisternal drain. A craniotomy exposed the right 

primary auditory cortex. A durotomy over this exposed section of cortex further exposed the 

cortex and allowed electrodes to be placed easily. A thin film of silicone oil was placed over the 

exposed cortex to maintain hydration. Four parylene coated tungsten microelectrodes (1.5–2.5 
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MΩ, FHC) were lowered to layer IV/V of the primary auditory cortex. Pure tones were delivered 

from a speaker positioned 10 cm from the animal’s left ear in a foam-shielded double-walled 

sound-attenuated chamber. Neuronal responses were recorded using Brainware software (TDT). 

Recording sites were tracked using a photo of the cortex in Canvas 16 software. Various tones 

were presented at 81 logarithmically spaced frequencies spanning 1–32 kHz in 0.0625 octave 

steps at 16 intensities from 0 to 75 dB SPL in 5 dB steps. The tones (25-ms duration, 5-ms rise–

fall time) were randomly interleaved and separated by 500 ms. These tones were used to 

determine auditory tuning curves at each of the evaluated sites (Figure A.2). The recording 

window for action potentials is 8-40 ms. For each auditory map, experimenters were blind to the 

animal’s stimulation parameters. At the conclusion of the map, cuff function was confirmed by 

testing an oxygen saturation drop in response to 10 seconds of continuous vagus nerve 

stimulation. If an O2 saturation drop could not be confirmed, the animal was removed from the 

study.  

Data analysis  

All groups were analyzed using an automated MATLAB program. This program determines 

receptive fields based on the characteristics of responses at each site as determined by previous 

work (Polley et al., 2007). The characteristic frequency (CF) was defined at the frequency at 

which the lowest intensity evokes a response at a particular site. Response threshold was defined 

as the lowest intensity capable of evoking a response (Figure A.3). Spontaneous firing rate was 

the rate of firing evoked across all tone frequencies when presented at an amplitude of 0 dB. The 

time it takes for maximum neural responses to occur was defined as the peak latency. For 

percentage of cortex responding analysis, experimental and control groups were compared using 
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a one-way ANOVA with post-hoc Bonferroni correction for multiple comparisons. For response 

strength analysis, a mixed-effects model using SPSS software was used to account for the 

different number of sites recorded for each animal. The fixed factor was the experimental group 

and the random factor was the individual animals. Simple contrast analysis was used to 

determine whether there were statistically significant differences in response strength after VNS-

tone pairing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

20 

Results 

VNS-tone pairing shifts A1 receptive fields if moderate VNS is used 

Plasticity in the auditory cortex was evaluated by quantifying the percentage of A1 neurons that 

responded to individual tones across a wide range of frequency and intensity. In experimentally 

naïve control rats, approximately 40% of A1 neurons responded to 50 dB SPL 8-16 kHz tones. 

VNS-tone pairing significantly altered the percentage of A1 neurons responding to the paired 

tone frequency (F(3, 37) = 11, p = 0.00003). After pairing 9 kHz tones with moderate rate VNS, 

significantly more A1 neurons responded to these tones (Figure A.4, p = 0.001). This 

observation represents the fifth independent replication of the finding that pairing VNS with 

tones alters the organization of auditory cortex (M. S. Borland et al., 2016; Michael S Borland et 

al., 2018; N. Engineer et al., 2011; Loerwald et al., 2018). Pairing the same tones with an 

identical amount of VNS (i.e., sixteen 100 µs pulses at 0.8 mA) delivered at a lower or higher 

rate did not significantly alter frequency tuning compared to control rats (p > 0.05). These 

findings demonstrate that cortical plasticity is an inverted-U function of the VNS rate used 

during VNS-tone pairing.  

Figure A.5 shows the proportion of A1 neurons that responded to each tone frequency and 

intensity combination. Across all groups, more A1 neurons were activated as sound intensity was 

increased (Figure A.5, A-D). The only group with a consistently expanded response to tones was 

the moderate VNS group, which exhibited a significant increase in the number of neurons tuned 

to tones with a frequency between 8 and 16 kHz and intensities above 20 dB SPL. This 

difference is best seen by subtracting the proportion of A1 neurons that responded in 

experimentally naïve control rats from the proportion of A1 that responded in the moderate VNS 
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group (Figure A.5F). Rats from the low rate VNS group and the high rate VNS group did not 

exhibit a significant increase in the number of A1 neurons that responded to any tone when 

compared to control rats (p > 0.05, Figures A.5E and A.5G). 

VNS-tone pairing alters the A1 response strength if moderate VNS is used 

VNS-tone pairing significantly altered the number of action potentials evoked in A1 in response 

to frequencies near the paired tone (F(3, 34.95) = 6.2, p = 0.002). Tones between 8-16 kHz 

evoked significantly more action potentials in the moderate rate VNS group compared to the 

control group (0.93 ± 0.08 spikes vs. 0.62 ± 0.07 spikes, p = 0.01, Figure A.6). In contrast, the 

low rate VNS group and the high rate VNS group response strength to these tones were not 

significantly different than naïve control rats (p > 0.05, Figure A.6). There was a significant 

interaction between experimental group and tone intensity (F(45, 33930.85) = 2.83, p < 0.0001, 

Figure A.7). VNS-tone pairing produced a 50% increase in the A1 response to the paired tone 

frequency across a wide range of tone intensities (Figure A.7) when moderate rate VNS (p = 

0.03) was used and failed to alter the cortical response when higher or lower VNS rates were 

used (p > 0.05). This observation is consistent with the inverted-U function for receptive field 

plasticity.  

No significant changes in response threshold (F(3, 40.43) = 1.24, p = 0.31), spontaneous firing 

rate (F(3, 34.12) = 0.21, p = 0.89), bandwidth (F(3, 37.66) = 2.47, p = 0.08), or response peak 

latency (F(3, 44.82) = 0.22, p = 0.88) were observed in any experimental group compared to the 

control group. These findings are consistent with our previous work that reported no change in 

receptive field properties following VNS tone-pairing (Borland et al., 2018).  
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Discussion 

More than a dozen studies have confirmed that repeatedly pairing VNS with an auditory or 

motor event can drive highly specific and long-lasting plasticity in primary auditory or motor 

cortex, respectively (Borland et al., 2016, 2018; Engineer et al., 2015, 2017; Engineer et al., 

2011; Hays, 2016; Hays et al., 2015, 2013; Hulsey et al., 2016; Khodaparast et al., 2013; 

Loerwald et al., 2018; Meyers et al., 2018; Porter et al., 2012; Pruitt et al., 2015; Shetake et al., 

2012). Since VNS-directed neural plasticity appears to enhance recovery of auditory and motor 

function following injury (Dawson et al., 2015; Engineer et al., 2011; Hays et al., 2014; 

Khodaparast et al., 2014; Meyers et al., 2018; Pruitt et al., 2015; Tyler et al., 2017; Vanneste et 

al., 2017), it is critical to understand the optimal conditions to drive therapeutic plasticity. 

Previous papers have systematically evaluated how the stimulation intensity, spacing between 

pairings, pulse width, and number of VNS-tone pairings influence the degree of neural plasticity 

(Borland et al., 2016, 2018; Loerwald et al., 2018). This paper systematically explored the 

influence of VNS rate and provides the first demonstration that only moderate rate VNS-tone 

pairing produces plasticity. When VNS is delivered at a fast or slow rate, VNS-tone pairing fails 

to produce significant cortical map plasticity. This finding helps to clarify potential mechanisms 

through which VNS-tone pairing drives neural plasticity and suggests that future studies of other 

VNS rates near 30 Hz are needed to determine whether 30 Hz is the most effective VNS rate for 

directing neural plasticity.  

Varying rates of 16 pulses of VNS were delivered by changing the duration of the pulse train. By 

changing the train duration, the number of VNS pulses presented simultaneously with the tone 

varied for each group. Specifically, the tone stimulus overlapped with 4 pulses for the 7.5 Hz 
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group, 12 pulses for the 30 Hz group, and 0 pulses for the 120 Hz group. It is possible that 

plasticity is driven in A1 when tone presentation overlaps with an optimal number of VNS 

pulses. Future studies should further explore timing of VNS to direct plasticity. This may be 

achieved by varying rates within a 500 ms pulse train or the number of pulses while maintaining 

a 30 Hz rate. 

Multiple modulatory neurotransmitters influence plasticity, and phasic and tonic levels of these 

neurotransmitters can have very different effects (Z. Gu & Yakel, 2011; He et al., 2015; Seol et 

al., 2007). Numerous studies have documented that VNS alters cortical function through 

activation of the cholinergic nucleus basalis (NB) and noradrenergic locus coeruleus (LC) (Dorr 

& Debonnel, 2006; Follesa et al., 2007; Hassert, Miyashita, & Williams, 2004; Hulsey et al., 

2016, 2017; Nichols et al., 2011; Roosevelt, Smith, Clough, Jensen, & Browning, 2006). LC 

activity releases norepinephrine, which is known to modulate synaptic plasticity (He et al., 

2015). When LC stimulation is followed by a tone, changes associated with that tone are 

observed in the auditory cortex and thalamus (Edeline et al., 2011). The LC has projections to 

multiple auditory structures and VNS produces robust activation of LC neurons (Hulsey et al., 

2017; Klepper & Herbert, 1991; Mulders & Robertson, 2001). Sixteen pulses of VNS produce 

the same number of LC action potentials regardless of whether the rate is 7.5, 30, or 120 Hz. 

However, the temporal pattern evoked is quite different, because the same number of action 

potentials is spread out over 2000, 500, or 125 ms. When the tone-paired LC stimulation is 

delivered at 100 Hz, equal amounts of selective increases and decreases are observed in the 

cortex [45].  It is possible that the small significant inhibition observed in area response curves 

near 9 kHz for the 120 Hz is due to a higher selective decrease with 120 Hz rate. In addition, the 
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inverted-U function of VNS rate on cortical plasticity may result from overly high 

norepinephrine concentration that activates low affinity beta receptors at high rates and 

inadequate norepinephrine concentration to activate the  high affinity alpha receptors at low rates 

(Feldmeyer et al., 2016). Pharmacology studies will be needed to test this hypothesis.  

A second possible explanation for the inverted-U function of VNS rate on plasticity is based on 

the observation that neurons in the dorsal raphe nucleus (DRN) are selectively activated by 

moderate VNS rates. VNS increases DRN firing as an inverted-U function of VNS rate (Manta et 

al., 2009b). Since serotonin is known to modulate synaptic plasticity, such changes in DRN 

activity could contribute to our results (He et al., 2015). 

Previous studies revealed that VNS effects on memory, cortical plasticity, hippocampal LTP, and 

DRN activity are an inverted-U function of current intensity (Borland et al., 2016; Clark et al., 

1999, 1998; Manta et al., 2009b; Zuo, Smith, & Jensen, 2006). These effects of current likely 

arise in the periphery because moderate currents recruit large diameter vagus nerve fibers 

without recruiting small diameter nerve fibers, which limit plasticity via an unknown mechanism 

(Castoro et al., 2011).  In contrast, the inverted-U relationship between plasticity and VNS rate 

must result from a central action because vagus nerve fibers can fire at rates up to 150 Hz. Thus, 

VNS current and rate both appear to influence plasticity as inverted-U functions, but appear to 

result from distinctly different mechanisms. Given the richness of synaptic plasticity rules, future 

studies are needed to empirically determine how VNS rate, VNS duration, and relative VNS-tone 

timing influence neural plasticity. It remains to be seen whether other VNS paradigms are more 

effective at directing neural plasticity.  
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Understanding how the VNS parameter space influences plasticity may help to elucidate the 

cellular mechanisms that influence cortical plasticity by providing a clinically viable method to 

deliver brief bursts of neuromodulator release (Engineer et al., 2017; Hays, 2017). These 

findings may facilitate determination of optimal VNS parameters for clinical application. Recent 

clinical studies of targeted VNS pairing plasticity therapies for tinnitus and stroke suggest non-

responder rates between 40 and 50%. These therapies would be more effective if parameter 

optimization could be used to reduce the number of non-responders (Dawson et al., 2016; Tyler 

et al., 2017).  

In summary, the results in this experiment demonstrate that the rate of tone-paired VNS 

influences the extent of cortical change. Repeatedly pairing sixteen 0.8 mA pulses of VNS 

delivered at 30 Hz with a tone effectively drives map expansion in the auditory cortex. The same 

amount of VNS fails to drive plasticity when delivered at a faster (120 Hz) or slower (7.5 Hz) 

rate. This inverted U-function of rate likely arises from a central mechanism regulating synaptic 

plasticity. A better understanding of how VNS regulates these mechanisms could potentially lead 

to the development of novel adjuvant therapies to improve recovery from sensory, emotional, or 

motor disorders (Engineer et al., 2017; Engineer et al., 2011; Ganzer et al., n.d.; Hays, 2017; 

Hays et al., 2014; Kilgard et al., n.d.; Noble et al., 2017; Tyler et al., 2017; Vanneste et al., 

2017). 
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Appendix A 

Figures for Chapter 2 

 

Figure A.1: Schematic diagram of the VNS cuff implantation procedure. The vagus nerve is 

exposed through an incision and blunt dissection of the neck. The cuff electrode is placed around 

the nerve. Two Teflon coated multi stranded platinum iridium wire leads from the electrode are 

run subcutaneously between the eye and the ear, and connected to the headcap on top of the skull. 
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Figure A.2: Schematic diagram of the VNS-tone train pairing procedure. A train of biphasic 

pulses were delivered to the left vagus nerve via a cuff electrode. Each group received VNS at 

one of three different rates: 7.5 Hz (2 s), 30 Hz (0.5 s), or 120 Hz (0.125 s). Rats received VNS 

paired with a 9 kHz tone every 30 s, 300 times during each 2.5 hour session for 20 days. Cortical 

recordings were made 24 hours after the last pairing session. 
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Figure A.3: Example tuning curve obtained from electrophysiological recordings in the primary 

auditory cortex (A1). The characteristic frequency (CF) is defined as the frequency with neuronal 

responses at the lowest intensity. Responses at higher intensity (dB) levels are represented by 

bandwidth (BW). BW10, BW20, BW30, and BW 40 are responses at 10, 20, 30, and 40 dB 

above threshold intensity, respectively. 
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Figure A.4: VNS-tone pairing reorganizes the auditory cortex frequency map as a non-

monotonic function of VNS rate. Moderate (30 Hz) rate VNS group exhibits a significant 

expansion of the percentage of A1 responding to 8-16 kHz frequency tones at 50 dB SPL after 

20 days of VNS tone-pairing (p < 0.005). Low (7.5 Hz) and high (120 Hz) rate VNS groups do 

not yield a significant increase in neurons responding to 8-16 kHz (p > 0.05).  
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Figure A.5: Percent of A1 responding to each tone frequency intensity combination for naive 

control rats (A), low VNS rate (7.5 Hz) rats (B), moderate rate (30 Hz) VNS rats (C), and 

high rate (120 Hz) VNS rats (D). The difference between the percent of A1 responding for 

low VNS rats and control rats reveals the range of tones that evoked a response in more 

neurons (red) or fewer neurons (blue) (E). The difference between the percent of A1 

responding in moderate rate VNS rats and control rats (F) and high rate VNS rats and 

control rats (G) is also shown. Note that moderate rate VNS-tone pairing alters the cortical 

response more than low and high rate VNS-tone pairing. White lines delineate the frequency 

intensity combinations which activate significantly more neurons after VNS pairing with a 9 

kHz tone (p < 0.05). 



 

31 

 
Figure A.6: A1 action potentials evoked by 8-16 kHz 50 dB SPL tones significantly increases 

after animals receive moderate (30 Hz) VNS. This change is not observed with low (7.5 Hz) or 

high (120 Hz) rate VNS. 
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Figure A.7: Number of spikes evoked with increasing intensity in naive control, low rate VNS 

(7.5 Hz), moderate rate VNS (30 Hz), and high rate VNS (120 Hz) animals. Moderate rate VNS 

yields significantly stronger responses than control for intensities greater than 25 dB SPL 

(p<0.05) 
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  Abstract 

Repeatedly pairing a brief train of vagus nerve stimulation (VNS) with an external event can 

reorganize sensory or motor cortex. VNS-event pairing fails to drive plasticity if the intensity or 

rate is too high or too low. This project investigated how varying VNS rate and number of pulses 

influence cortical plasticity. We expected that increasing the amount of VNS might eliminate the 

plasticity caused by VNS-tone pairing. A 30 Hz train of 16 VNS pulses paired with a tone 

significantly increased the number of neurons in primary auditory cortex (A1) that responded to 

tones near the paired tone frequency. No plasticity was produced when a tone was repeatedly 

paired with a train of 4 or 64 pulses delivered at 7.5 or 120 Hz, respectively. These results 

demonstrate that rate and pulse number determine whether VNS-tone pairing drives A1 

plasticity. Future studies should vary the number of pulses with 30 Hz VNS to confirm that rate 

and quantity of VNS limit the amount of driven plasticity in the auditory cortex.  
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Introduction 

As discussed in Chapter 2, a sensory or motor event paired with vagus nerve stimulation (VNS) 

results in an increase in the number of neurons responding to that event (M. S. Borland et al., 

2016; Buell et al., 2018b; C. T. Engineer, Engineer, et al., 2015; N. Engineer et al., 2011; Hays et 

al., 2014). To evaluate the effects of VNS in the auditory system, recordings from the primary 

auditory cortex (A1) are collected and cortices of experimental animals are compared to naïve 

controls. A1 offers valuable information about auditory plasticity in that it is a culmination of 

auditory and non-auditory information. In addition, the effects of targeted plasticity obtained 

from cortical recordings after VNS tone-pairing are easily identified due to the tonotopic 

organization and response strength of A1 (Polley et al., 2007). Behavioral changes such as 

enhanced perceptual learning, disease, or failure to perform a task also correspond to A1 

plasticity (C. T. Engineer, Rahebi, et al., 2015; N. Engineer et al., 2011; Reed et al., 2011). 

Because VNS-directed neural plasticity is successful in the animal model, this treatment has been 

used in clinical trials for tinnitus and stroke (Dawson et al., 2015; De Ridder & Vanneste, 2015; 

De Ridder et al., 2014; C. T. Engineer et al., 2017; N. Engineer et al., 2011; Hays et al., 2014; 

Navid Khodaparast et al., 2014; Kilgard et al., n.d.; Tyler et al., 2017; Vanneste et al., 2017). 

Although the results from the tinnitus trial show significant improvements, no patient was 

completely cured. These results initiated a widespread evaluation of VNS parameters to 

determine if there are settings that drive more plasticity. Specifically, this chapter will again 

evaluate the effects of VNS rate on plasticity. Rather than maintaining consistent 16 pulses 

across groups, 500 ms pulse trains will be delivered to all experimental animals.   
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Cortical plasticity driven by VNS tone-pairing is influenced by the interval between stimulation 

events, stimulation intensity, and stimulation rate (M. S. Borland et al., 2016; Michael S Borland 

et al., 2018; Buell et al., 2018b; Loerwald et al., 2018). Equal amounts of VNS will not produce 

plasticity when the pulses are presented too rapidly or too slowly (Buell et al., 2018). Moderate 

rate (30 Hz) VNS drives plasticity, while low (7.5 Hz) and high (120 Hz) rates do not. These 

results support the notion that the timing of stimulation influence the degree of VNS-dependent 

plasticity.  

Changing the amount of VNS has significant effects on seizure suppression and activity patterns 

in brainstem nuclei (Heck et al., 2002). The locus coeruleus (LC) has projections to multiple 

auditory structures and VNS produces robust activation of LC neurons (Hulsey et al., 2017; 

Klepper & Herbert, 1991; Mulders & Robertson, 2001). LC activity releases norepinephrine, 

which is known to modulate synaptic plasticity (He et al., 2015). Instead of being too fast and too 

slow, it is possible the VNS pulse train in our previous rate experiment was too short or too long 

to drive cortical plasticity. In addition, the varying lengths of pulse trains resulted in differences 

in overlap with the paired tone. It is possible that plasticity was not observed with the low and 

high rates due to this variability.  

The purpose of this study was to evaluate whether delivering VNS-tone therapy using consistent 

train durations of VNS changes the degree of plasticity in the auditory cortex. We varied the 

amount of VNS by maintaining a 500 ms pulse train of 4 pulses at 7.5 Hz, 16 pulses at 30 Hz, 

and 64 pulses at 120 Hz. The moderate rate was chosen due to its ability to drive A1 plasticity 

(Borland et al., 2016, 2018; Buell et al., 2018; Engineer et al., 2011; Loerwald et al., 2018). The 

pulse number from these groups can also be evaluated by maintaining the train duration and 



 

45 

changing the rate. This experimental design allows us to explore the effects of amount and 

timing of VNS on directed plasticity. Understanding how brain plasticity is affected by the 

amount of VNS paired with an event is critical to identify the optimal stimulation settings for 

clinical applications. 
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Methods 

Data from 34 adult female Sprague–Dawley rats (250–400 g) was analyzed in this experiment. 

Thirty-two rats were implanted with vagus nerve cuff stimulators, as in our previous studies 

(Borland et al., 2016; Buell et al., 2018; N. Engineer et al., 2011; Porter et al., 2012; Shetake et 

al., 2012). Animals were removed from this study due to surgical deaths (n=7, incomplete cortex 

map (n=2), or head cap failure (n=2). All animals included in the analysis demonstrated a drop in 

blood oxygen saturation during the terminal surgery procedure which indicates a functional cuff. 

Eleven rats served as naïve controls and were not implanted. Rats were interleaved and randomly 

assigned to receive low rate (7.5 Hz) VNS (n =7), moderate rate (30 Hz) VNS group (n = 9), or 

high rate (120 Hz) VNS group (n = 7). All rats were housed in a 12:12 hour reversed light–dark 

cycle. All handling, housing, stimulation, and surgical procedures were approved by The 

University of Texas at Dallas Institutional Animal Care and Use Committee and by the Animal 

Care and Use Review Office of the United States Army Medical Research and Materiel 

Command Office of Research Protections. 

Vagus nerve surgery  

Animals were anesthetized using ketamine hydrochloride (80 mg/kg, intraperitoneal (IP) 

injection) and xylazine (10 mg/kg IP). Animals were given supplemental doses as needed. A 

Ringer's lactate and dextrose solution was given to the rats to prevent dehydration. Cefotaxime 

sodium (2 × 10 mg, subcutaneous (SC) injection) solution was administered to animals after the 

surgery to prevent infection. All animals were implanted with a skull mounted connector. 

Marcaine (1 mL, SC) was injected into the scalp at the incision site. Bregma and lambda 

landmarks on the skull were exposed by an incision of the scalp running anterior to posterior. 



 

47 

Bone screws were placed near the bregma suture, near the sagittal suture, near the lambda suture 

and over the cerebellum. The connector headcap was secured to the screws with acrylic. A 

custom made cuff electrode was placed around the left vagus nerve as in previous studies 

(Borland et al., 2016; N. Engineer et al., 2011; Porter et al., 2012; Shetake et al., 2012). Because 

the right vagus nerve innervates the sino-atrial node, only the left vagus nerve was implanted to 

avoid cardiac complications (Ben-menachem, 2002). Brain activation following left VNS is 

bilateral (Cunningham et al., 2008). 

After lidocaine (2%, 0.5 mL SC) was injected in the neck at the incision site, the vagus nerve 

was exposed through an incision and blunt dissection of the neck. The cuff electrode was placed 

around the nerve. Two Teflon coated multi stranded platinum iridium wire leads from the 

electrode were run subcutaneously between the eye and the ear, and connected to the headcap on 

top of the skull. The headcap and cuff pins were secured with acrylic. After connection, 

confirmation of cuff function was obtained by observation of a blood oxygen drop while 

stimulating the nerve (A-M Systems isolated pulse stimulator model 2100). The animal’s neck 

was sutured closed, and a topical antibiotic cream was applied to the neck and head. Animals 

were given amoxicillin (5 mg) and carprofen (1 mg) for 2 days after surgery to prevent infection 

and facilitate recovery.  

Vagus nerve stimulation  

After 5–7 days of recovery from surgery, the rats received VNS paired with a 9 kHz tone 300 

times per day for 20 days, as in previous studies (Borland et al., 2016; Buell et al., 2018; N. 

Engineer et al., 2011; Loerwald et al., 2018). Animals were placed in a 25 cm × 25 cm × 25 cm 

wire cage within a 50 cm × 60 cm × 70 cm chamber lined with acoustic insulating foam. A 
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speaker hanging above the cage presented a 500 ms 9 kHz tone at 50 dB SPL paired 150 ms after 

the onset of VNS. VNS was delivered using 100 μs charge balanced biphasic pulses. 

Experimental groups received 4, 16, or 64 pulses of VNS delivered at rates of 7.5 Hz, 30 Hz, or 

120 Hz, respectively, such that the pulses are distributed over 500 ms (Figure B.1). VNS 

intensity was 0.8 mA for all experimental groups. Stimulation was delivered 50% of the time 

every 15 seconds, such that the average interval between stimulations was 30 seconds. The 

impedance of the cuff electrode was checked daily and only animals with measured cuff 

impedances between 1 and 10 kΩ remained in the study.  

Auditory cortex recordings  

Using standard procedures, multi-unit responses were collected from the auditory cortex twenty-

four hours after the final VNS-tone pairing session (M. S. Borland et al., 2016; Michael S 

Borland et al., 2018; Buell et al., 2018; N. Engineer et al., 2011; Polley et al., 2007). Rats were 

anesthetized with sodium pentobarbital (50 mg/kg) and anesthesia was maintained using 

supplemental doses of diluted pentobarbital by evaluating anesthesia levels between cortex 

recordings every 30-60 minutes (0.2–0.4 ml, 8 mg/ml). One mL of a one to one ratio of dextrose 

(5%) and standard Ringer's lactate solution was administered between every recording to prevent 

dehydration. To minimize respiratory problems under pentobarbital, a tracheotomy was 

performed. In addition, cerebral edema was minimized by opening a cisternal drain. A 

craniotomy exposed the right primary auditory cortex. A durotomy over this exposed section of 

cortex further exposed the cortex and allowed electrodes to be placed easily. A thin film of 

silicone oil was placed over the exposed cortex to maintain hydration. Four parylene coated 

tungsten microelectrodes (1.5–2.5 MΩ, FHC) were lowered to layer IV/V of the primary 
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auditory cortex. Pure tones were delivered from a speaker positioned 10 cm from the animal’s 

left ear in a foam-shielded double-walled sound-attenuated chamber. Neuronal responses were 

recorded using Brainware software (TDT). Recording sites were tracked using a photo of the 

cortex in Canvas 16 software. Various tones were presented at 81 logarithmically spaced 

frequencies spanning 1–32 kHz in 0.0625 octave steps at 16 intensities from 0 to 75 dB SPL in 5 

dB steps. The tones (25-ms duration, 5-ms rise–fall time) were randomly interleaved and 

separated by 500 ms. These tones were used to determine auditory tuning curves at each of the 

evaluated sites. The recording window for action potentials is 8-40 ms. For each auditory map, 

experimenters were blind to the animal’s stimulation parameters. At the conclusion of the map, 

cuff function was confirmed by testing an oxygen saturation drop in response to 10 seconds of 

continuous vagus nerve stimulation. If an O2 saturation drop could not be confirmed, the animal 

was removed from the study.  

Data analysis  

All groups were analyzed using an automated MATLAB program. This program determines 

receptive fields based on the characteristics of responses at each site as determined by previous 

work (Polley et al., 2007). The characteristic frequency (CF) was defined at the frequency at 

which the lowest intensity evokes a response at a particular site. Response threshold was defined 

as the lowest intensity capable of evoking a response. Spontaneous firing rate was the rate of 

firing evoked across all tone frequencies when presented at an amplitude of 0 dB. The time it 

takes for maximum neural responses to occur was defined as the peak latency. For percentage of 

cortex responding analysis, experimental and control groups were compared using a one-way 

ANOVA with post-hoc Bonferroni correction for multiple comparisons. For response strength 
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analysis, a mixed-effects model using SPSS software was used to account for the different 

number of sites recorded for each animal. The fixed factor was the experimental group and the 

random factor was the individual animals. Simple contrast analysis was used to determine 

whether there were statistically significant differences in response strength after VNS-tone 

pairing. 
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Results 

VNS-tone pairing shifts A1 receptive fields if moderate VNS is used 

Plasticity in the auditory cortex was evaluated by quantifying the percentage of A1 neurons that 

responded to individual tones across a wide range of frequency and intensity. In experimentally 

naïve control rats, approximately 45% of A1 neurons responded to 50 dB SPL 8-16 kHz tones. 

VNS-tone pairing significantly altered the percentage of A1 neurons responding to the paired 

tone frequency (F(3, 30) = 3.83, p< 0.05). After pairing 9 kHz tones with moderate rate VNS, 

significantly more A1 neurons responded to these tones (Figure B.2, p = 0.01). This observation 

represents the seventh independent replication of the finding that pairing VNS with tones alters 

the organization of auditory cortex (Borland et al., 2016, 2018; Buell et al., 2018; N. Engineer et 

al., 2011; Loerwald, et al., 2018a, 2018b). Pairing the same tones with an identical amount of 

VNS (i.e., sixteen 100 µs pulses at 0.8 mA) delivered at a lower or higher rate did not 

significantly alter frequency tuning compared to control rats (p > 0.05). These findings 

demonstrate that cortical plasticity is an inverted-U function of the VNS rate used during VNS-

tone pairing.  

Figure B.3 shows the proportion of A1 neurons that responded to each tone frequency and 

intensity combination. Across all groups, more A1 neurons were activated as sound intensity was 

increased (Figure B.3, A-D). The only group with a consistently expanded response to tones was 

the moderate VNS group, which exhibited a significant increase in the number of neurons tuned 

to tones with a frequency between 8 and 16 kHz and intensities above 20 dB SPL. This 

difference is best seen by subtracting the proportion of A1 neurons that responded in 

experimentally naïve control rats from the proportion of A1 that responded in the moderate VNS 
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group (Figure B.3F). Rats from the low rate VNS group and the high rate VNS group did not 

exhibit a significant increase in the number of A1 neurons that responded to any tone when 

compared to control rats (p > 0.05, Figures B.3E and B.3G). This analysis confirms that 16 

pulses of 30 Hz VNS-directed plasticity shifts neuronal responses from low frequencies to high 

frequencies (Figure B.4). 

VNS-tone pairing alters receptive field properties 

Table B.1 shows the receptive field properties altered by individual VNS-tone pairing groups. 

There is a significant decrease in spontaneous A1 firing for the 7.5 Hz VNS 4 pulses group (p = 

0.03, Table B.1), the 30 Hz, 16 pulses VNS group (p = 0.04, Table B.1), and the 120 Hz, 64 

pulses VNS group (p = 0.3, Table B.1).  Bandwidth significantly decreased in the 7.5 Hz group, 

indicating more selectivity among neurons tuned between 8 to 16 kHz (p = 0.03, Table B.1). 

However, there was a significant increase in bandwidth and a decrease in selectivity among 

neurons tuned between 8 to 16 kHz within the 30 Hz VNS group (p = 0.009, Table B.1). There 

was no difference in bandwidth for the 120 Hz group (p= 0.94). The number of sites with a 

characteristic frequency (CF) between 8 and 16 kHz significantly increased for the 7.5 Hz (p = 

0.0004, Table B.1) and 30 Hz (p < 0.00005, Table B.1) VNS groups. Changes in CF were not 

observed in the 120 Hz group (p=0.33).  VNS tone-pairing also increased driven responses for 

the 7.5 Hz (p <0.00005, Table B.1) and 30 Hz (p = 0.03, Table B.1), but not for the 120 Hz 

group (p=0.67).  
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Discussion 

Through numerous studies and independent replications, VNS paired with an auditory or motor 

event can drive changes in their respective cortices (Borland et al., 2016; Borland et al., 2018; 

Buell et al., 2018; Engineer et al., 2015, 2017; Engineer et al., 2011; Hays, 2016; Hays et al., 

2015, 2013; Hulsey et al., 2016; Khodaparast et al., 2013; Loerwald, 2018; Meyers et al., 2018; 

Porter et al., 2012; Pruitt et al., 2015; Shetake et al., 2012). Targeted plasticity using VNS 

pairing drives changes in both healthy and injured systems (Dawson et al., 2015; Engineer et al., 

2011; Hays et al., 2014; Khodaparast et al., 2014; Meyers et al., 2018; Pruitt et al., 2015; Tyler et 

al., 2017; Vanneste et al., 2017). If the scope of VNS therapy is going to broaden in the clinic, 

there must be a deeper understanding of the effects of varying its settings. The influence of 

stimulation rate, intensity, spacing between pairings, pulse width, and number of VNS-tone 

pairings influence on the degree of neural plasticity have been evaluated previously (Borland et 

al., 2016, 2018; Buell et al., 2018; Loerwald et al., 2018). The purpose of the project outlined in 

this chapter was to further explore VNS rate and how it affects plasticity when the pulse train 

duration is held constant.  

Stimulation of the vagus nerve leads to activation of the noradrenergic locus coeruleus (LC) 

(Dorr & Debonnel, 2006; Follesa et al., 2007; Hassert et al., 2004; Hulsey et al., 2016, 2017; 

Roosevelt et al.,2006). LC activity releases norepinephrine, which is known to modulate synaptic 

plasticity (He et al., 2015). The effects of norepinephrine release on plasticity are dose-dependent 

and temporally precise. Excitatory and inhibitory outcomes are mediated by the activation of 

specific adrenergic receptors (AR). Activation of low affinity AR impairs cortical function, while 
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activating high affinity AR promotes plasticity (Ramos & Arnsten, 2007).  LC activity suggests 

that too much VNS might fail because it activates a low affinity receptor.  

To test the hypothesis that too much VNS activates a low affinity receptor, we held train duration 

constant at 500 ms and varied rate to be high (120 Hz) and low (7.5 Hz). Holding train durations 

constant also confirms if these rates failed to drive plasticity in our earlier study due to a 

difference in overlap with the 500 ms tone. Unpublished data shows activity in the LC rises 

faster when increasing the rate within a 500 ms VNS train. Decreasing the rate within a 500 ms 

VNS train results in fewer LC action potentials delivered at a slower temporal pattern. Four 

pulses of VNS at 7.5 Hz and sixty-four pulses at 120 Hz fail to drive plasticity. We again see an 

inverted-U function which demonstrates that overlap was not responsible for the earlier result 

and instead suggests that brief activation of the high affinity receptor without activating the low 

affinity receptor is key to driving plasticity (Feldmeyer et al., 2016). 

Chapters 2 and 3 of this manuscript evaluate the effects of varying VNS rate on plasticity. To 

change the rate while maintaining a consistent amount of VNS, the length of the pulse trains 

must be varied. This chapter examined the same rates studied earlier, but within a set 500 ms 

train. This resulted in increasing amounts of VNS with increasing rate. We again see an inverted-

U function of VNS rate on cortical plasticity that confirms LC activation that is too rapid or too 

slow is not effective for therapeutic use. Future studies should further study VNS at 30 Hz and 

determine if increasing or decreasing the amount of VNS could drive plasticity if LC neurons 

fire at an optimal rate. Although 4 pulses of 7.5 Hz VNS did not drive significant plasticity, it 

had a surprising effect on several receptive field properties, such as bandwidth, spontaneous 

firing rate, and driven responses. It is possible that if the rate was increased to 30 Hz, we would 
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see cortical reorganization at 4 pulses. A high VNS rate at 64 pulses was not successful in 

driving plasticity and it had little effect on receptive field properties. Slowing down the rate to 30 

Hz has potential to drive plasticity, particularly since we consistently see its success when 

delivered at 16 pulses. The effects of 30 Hz VNS delivered in 4, 16, or 64 pulse trains will be 

examined in the next chapter.  
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Appendix B 

Figures for Chapter 3 

  

 

 

 

 

 

 

 

 

 

  

Figure B.1: Schematic diagram of the VNS-tone train pairing procedure. A train of biphasic 

pulses were delivered to the left vagus nerve via a cuff electrode. Each group received VNS at 

one of three different rates: 7.5 Hz (4 pulses), 30 Hz (16 pulses), or 120 Hz (64 pulses). Rats 

received VNS paired with a 9 kHz tone every 30 s, 300 times during each 2.5 hour session for 20 

days. Cortical recordings were made 24 hours after the last pairing session. 
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Figure B.2: VNS-tone pairing reorganizes the auditory cortex frequency map as a non-monotonic 

function of VNS rate. Moderate (30 Hz) rate VNS group exhibits a significant expansion of the 

percentage of A1 responding to 8-16 kHz frequency tones at 50 dB SPL after 20 days of VNS 

tone-pairing (p < 0.005). Low (7.5 Hz) and high (120 Hz) rate VNS groups do not yield a 

significant increase in neurons responding to 8-16 kHz (p > 0.05).  
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Figure B.3: Percent of A1 responding to each tone frequency intensity combination for naive 

control rats (A), low VNS rate (7.5 Hz) rats (B), moderate rate (30 Hz) VNS rats (C), and high 

rate (120 Hz) VNS rats (D). The difference between the percent of A1 responding for low VNS 

rats and control rats reveals the range of tones that evoked a response in more neurons (red) or 

fewer neurons (blue) (E). The difference between the percent of A1 responding in moderate rate 

VNS rats and control rats (F) and high rate VNS rats and control rats (G) is also shown. Note that 

moderate rate VNS-tone pairing alters the cortical response more than low and high rate VNS-

tone pairing.  
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Figure B.4: VNS-tone pairing reorganizes the extent of auditory cortex that is activated by 

suprathreshold tones as a non-monotonic function of VNS train duration. In control rats (no 

VNS), approximately the same percent of A1 area responds to 1–2 kHz 50 dB SPL tones as 

responds to 8–16 kHz 50 dB SPL tones. After 9 kHz 50 dB SPL tones was paired with 16 pulses 

of 30 Hz VNS, more neurons responded to high tones compared to low tones. No significant 

changes were observed in groups receiving 4 pulses of low (7.5 Hz) or 64 pulses of high (120 

Hz) VNS. 
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Table B.1: Different rates of VNS-tone pairing drive receptive field changes. Asterisks indicate 

experimental groups that are significantly different than the control group (p=0.05). 

 

 

 

 

 

 

 

 

 

 

  

Naïve 

Control 

VNS  

4 Pulses,  

7.5 Hz 

VNS  

16 Pulses,  

30 Hz 

VNS  

64 Pulses, 

120 Hz 

CF (kHz) 10.2 ± 1.2 12.5 ± 1.2* 12.7 ± 1.2* 10.8 ± 1.1          

Bandwidth 20 

(octaves) 1.7 ± 0.9 1.5 ± 0.9* 1.8 ± 1.1* 1.7 ± 1.0       

Spontaneous 

(Hz) 11.0 ± 0.9 9.5 ± 0.9* 9.9 ± 0.9* 9.6 ± 0.9*     

Driven Rate 

(spikes/tone) 2.0 ± 0.9 1.7 ± 0.9* 2.1 ± 1.1* 2.0 ± 1.0         
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Abstract 

Repeatedly pairing a brief train of vagus nerve stimulation (VNS) with an external event can 

reorganize sensory or motor cortex. VNS-event pairing fails to drive plasticity if the intensity or 

rate is too high or too low. This project investigated how VNS duration influences cortical 

plasticity. We expected that increasing VNS duration might eliminate the plasticity caused by 

VNS-tone pairing. A 30 Hz train of 4 or 16 VNS pulses paired with a tone significantly increased 

the number of neurons in primary auditory cortex (A1) that responded to tones near the paired 

tone frequency. The identical procedure failed to alter A1 responses when a 30 Hz train of 64 

pulses was used. LC recordings suggests that too much VNS might fail to drive plasticity 

because it activates a low affinity receptor. These results demonstrate that VNS train duration 

determines whether VNS-tone pairing drives A1 plasticity. Pharmacological studies are needed 

to confirm our hypothesis that increasing VNS rate, intensity or duration fails to drive plasticity 

because of low affinity noradrenergic receptor activation.   
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Introduction 

Repeatedly pairing VNS with a sensory or motor event drives robust experience-dependent 

plasticity in the auditory and motor cortices (M. S. Borland et al., 2016; Buell et al., 2018; C. T. 

Engineer, Engineer, et al., 2015; N. Engineer et al., 2011; Hays et al., 2014). Pairing brief bursts 

of VNS with a movement expands the area associated with that movement in the motor cortex 

and increases the synaptic connectivity from the associated muscles to motor cortex (Ganzer et 

al., n.d.; Meyers et al., 2018; Porter et al., 2012). VNS paired with a pure tone increases the 

number of cortical neurons that respond to the paired tone (M. S. Borland et al., 2016; Buell et 

al., 2018; N. Engineer et al., 2011). Plasticity is often measured in the primary auditory cortex 

(A1) due to its tonotopic organization and response strength (Polley et al., 2007). Changes to this 

field after behavioral training, therapy, or trauma can be clearly quantified. In addition, A1 

plasticity corresponds to behavioral changes, such as enhanced perceptual learning, disease, or 

failure to perform a task (C. T. Engineer, Rahebi, et al., 2015; N. Engineer et al., 2011; Reed et 

al., 2011). VNS-directed neural plasticity is being developed to treat a variety of disorders, 

including tinnitus and stroke (Dawson et al., 2015; De Ridder & Vanneste, 2015; De Ridder et 

al., 2014; C. T. Engineer et al., 2017; N. Engineer et al., 2011; Hays et al., 2014; Navid 

Khodaparast et al., 2014; Kilgard et al., n.d.; Tyler et al., 2017; Vanneste et al., 2017). 

Optimization of VNS parameters is a critical next step in the development of these therapies.  

Previous studies indicate that VNS parameters, such as the interval between stimulation events, 

stimulation intensity, and stimulation rate can influence the effectiveness of VNS in producing 

cortical plasticity (M. S. Borland et al., 2016; Michael S Borland et al., 2018; Buell et al., 2018; 

Loerwald et al., 2018). VNS-tone pairing produces maximal plasticity when the interval between 
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events is greater than thirty seconds (Michael S Borland et al., 2018). Increasing VNS pulse 

width enhances plasticity when low currents are used (Loerwald et al., 2018).  Increasing the 

amount of VNS paired with a tone does not drive plasticity, as an inverted-U function is 

observed with varying VNS intensity (M. S. Borland et al., 2016). When we keep the amount of 

VNS constant, plasticity is not observed when the rate is spread out over too much or too little 

time (Buell et al., 2018). Moderate rate (30 Hz) VNS drives plasticity, while low (7.5 Hz) and 

high (120 Hz) rates do not. These studies support the notion that the timing and amount of 

stimulation influence the degree of VNS-dependent plasticity.  

Changing the amount of VNS has significant effects on seizure suppression and activity patterns 

in brainstem nuclei (Heck et al., 2002). The locus coeruleus (LC) has projections to multiple 

auditory structures and VNS produces robust activation of LC neurons (Hulsey et al., 2017; 

Klepper & Herbert, 1991; Mulders & Robertson, 2001). LC activity releases norepinephrine, 

which is known to modulate synaptic plasticity (He et al., 2015). Increasing VNS pulse train 

duration drives increasing activity in the locus coeruleus (LC) (Hulsey et al., 2017). Instead of 

being too fast and too slow, it is possible the VNS pulse train in our previous rate experiment 

was too short or too long to drive cortical plasticity.  

The purpose of this study was to evaluate whether delivering VNS-tone therapy using different 

train durations of VNS changes the degree of plasticity in the auditory cortex. We tested the 

hypothesis that the duration of stimulation would affect the degree of VNS-dependent plasticity 

in primary auditory cortex by evaluating cortical changes after pairing brief (125 ms), standard 

(500 ms), or long (2000ms) pulse trains of 30 Hz VNS with a 9 kHz tone. The moderate rate was 

chosen due to its ability to drive A1 plasticity (M. S. Borland et al., 2016; Michael S Borland et 
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al., 2018; Buell et al., 2018; Engineer et al., 2011; Loerwald et al., 2018). We chose 125 ms and 

2000 ms train durations based on our previous study that used those parameters to evaluate VNS 

rate (Buell et al., 2018). This experimental design allows us to explore the effects of amount and 

timing of VNS on directed plasticity. Understanding how brain plasticity is affected by the 

amount of VNS paired with an event is critical to identify the optimal stimulation settings for 

clinical applications. 
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Methods 

Data from 36 adult female Sprague–Dawley rats (250–400 g) was analyzed in this experiment. 

Fifty-five rats were implanted with vagus nerve cuff stimulators, as in our previous studies (M. 

S. Borland et al., 2016; Buell et al., 2018; N. Engineer et al., 2011; Porter et al., 2012; Shetake et 

al., 2012). Animals were removed from this study due to surgical deaths (n=10, incomplete 

cortex map (n=2), head cap failure (n=5), or a broken VNS lead (n=2, confirmed by an inability 

to reduce blood oxygen saturation in anesthetized rats via continuous VNS). (Malow et al., 

2000). All animals included in the analysis demonstrated a drop in blood oxygen saturation 

during the terminal surgery procedure which indicates a functional cuff. Eight rats served as 

naïve controls and were not implanted. Rats were interleaved and randomly assigned to receive 

brief duration (125 ms) VNS (n =9), moderate duration (500 ms) VNS group (n = 9), or long 

duration (2000 ms) VNS group (n = 10). All rats were housed in a 12:12 hour reversed light–

dark cycle. All handling, housing, stimulation, and surgical procedures were approved by The 

University of Texas at Dallas Institutional Animal Care and Use Committee and by the Animal 

Care and Use Review Office of the United States Army Medical Research and Materiel 

Command Office of Research Protections. 

Vagus nerve surgery  

Animals were anesthetized using ketamine hydrochloride (80 mg/kg, intraperitoneal (IP) 

injection) and xylazine (10 mg/kg IP). Animals were given supplemental doses as needed. A 

Ringer's lactate and dextrose solution was given to the rats to prevent dehydration. Cefotaxime 

sodium (2 × 10 mg, subcutaneous (SC) injection) solution was administered to animals after the 

surgery to prevent infection. All animals were implanted with a skull mounted connector. 
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Marcaine (1 mL, SC) was injected into the scalp at the incision site. Bregma and lambda 

landmarks on the skull were exposed by an incision of the scalp running anterior to posterior. 

Bone screws were placed near the bregma suture, near the sagittal suture, near the lambda suture 

and over the cerebellum. The connector headcap was secured to the screws with acrylic. A 

custom made cuff electrode was placed around the left vagus nerve as in previous studies (M. S. 

Borland et al., 2016; N. Engineer et al., 2011; Porter et al., 2012; Shetake et al., 2012). Because 

the right vagus nerve innervates the sino-atrial node, only the left vagus nerve was implanted to 

avoid cardiac complications (Ben-menachem, 2002). Brain activation following left VNS is 

bilateral (Cunningham et al., 2008). 

After lidocaine (2%, 0.5 mL SC) was injected in the neck at the incision site, the vagus nerve 

was exposed through an incision and blunt dissection of the neck. The cuff electrode was placed 

around the nerve. Two Teflon coated multi stranded platinum iridium wire leads from the 

electrode were run subcutaneously between the eye and the ear, and connected to the headcap on 

top of the skull. The headcap and cuff pins were secured with acrylic. After connection, 

confirmation of cuff function was obtained by observation of a blood oxygen drop while 

stimulating the nerve (A-M Systems isolated pulse stimulator model 2100). The animal’s neck 

was sutured closed, and a topical antibiotic cream was applied to the neck and head. Animals 

were given amoxicillin (5 mg) and carprofen (1 mg) for 2 days after surgery to prevent infection 

and facilitate recovery.  

Vagus nerve stimulation  

After 5–7 days of recovery from surgery, the rats received VNS paired with a 9 kHz tone 300 

times per day for 20 days, as in previous studies (M. S. Borland et al., 2016; Buell et al., 2018; 
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Engineer et al., 2011; Loerwald et al., 2018). Animals were placed in a 25 cm × 25 cm × 25 cm 

wire cage within a 50 cm × 60 cm × 70 cm chamber lined with acoustic insulating foam. A 

speaker hanging above the cage presented a 500 ms 9 kHz tone at 50 dB SPL paired 150 ms after 

the onset of VNS. VNS was delivered using 100 μs charge balanced biphasic pulses. 

Experimental groups received 4, 16, or 64 pulses of 30 Hz VNS distributed over 125, 500, or 

2000 ms (Figure C.1). VNS intensity was 0.8 mA for all experimental groups. Stimulation was 

delivered 50% of the time every 15 seconds, such that the average interval between stimulations 

was 30 seconds. The impedance of the cuff electrode was checked daily and only animals with 

measured cuff impedances between 1 and 10 kΩ remained in the study.  

Auditory cortex recordings  

Using standard procedures, multi-unit responses were collected from the auditory cortex twenty-

four hours after the final VNS-tone pairing session (Borland et al., 2016, 2018; Buell et al., 2018; 

Engineer et al., 2011; Polley et al., 2007). Rats were anesthetized with sodium pentobarbital (50 

mg/kg) and anesthesia was maintained using supplemental doses of diluted pentobarbital by 

evaluating anesthesia levels between cortex recordings every 30-60 minutes (0.2–0.4 ml, 8 

mg/ml). One mL of a one to one ratio of dextrose (5%) and standard Ringer's lactate solution 

was administered between every recording to prevent dehydration. To minimize respiratory 

problems under pentobarbital, a tracheotomy was performed. In addition, cerebral edema was 

minimized by opening a cisternal drain. A craniotomy exposed the right primary auditory cortex. 

A durotomy over this exposed section of cortex further exposed the cortex and allowed 

electrodes to be placed easily. A thin film of silicone oil was placed over the exposed cortex to 

maintain hydration. Four parylene coated tungsten microelectrodes (1.5–2.5 MΩ, FHC) were 
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lowered to layer IV/V of the primary auditory cortex. Pure tones were delivered from a speaker 

positioned 10 cm from the animal’s left ear in a foam-shielded double-walled sound-attenuated 

chamber. Neuronal responses were recorded using Brainware software (TDT). Recording sites 

were tracked using a photo of the cortex in Canvas 16 software. Various tones were presented at 

81 logarithmically spaced frequencies spanning 1–32 kHz in 0.0625 octave steps at 16 intensities 

from 0 to 75 dB SPL in 5 dB steps. The tones (25-ms duration, 5-ms rise–fall time) were 

randomly interleaved and separated by 500 ms. These tones were used to determine auditory 

tuning curves at each of the evaluated sites. The recording window for action potentials is 8-40 

ms. For each auditory map, experimenters were blind to the animal’s stimulation parameters. At 

the conclusion of the map, cuff function was confirmed by testing an oxygen saturation drop in 

response to 10 seconds of continuous vagus nerve stimulation. If an O2 saturation drop could not 

be confirmed, the animal was removed from the study.  

Data analysis  

All groups were analyzed using an automated MATLAB program. This program determines 

receptive fields based on the characteristics of responses at each site as determined by previous 

work (Polley et al., 2007). The characteristic frequency (CF) was defined at the frequency at 

which the lowest intensity evokes a response at a particular site. Response threshold was defined 

as the lowest intensity capable of evoking a response. Spontaneous firing rate was the rate of 

firing evoked across all tone frequencies when presented at an amplitude of 0 dB. The time it 

takes for maximum neural responses to occur was defined as the peak latency. For percentage of 

cortex responding analysis, experimental and control groups were compared using a one-way 

ANOVA with post-hoc Bonferroni correction for multiple comparisons. For response strength 
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analysis, a mixed-effects model using SPSS software was used to account for the different 

number of sites recorded for each animal. The fixed factor was the experimental group and the 

random factor was the individual animals. Simple contrast analysis was used to determine 

whether there were statistically significant differences in response strength after VNS-tone 

pairing. 
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Results 

VNS-tone pairing shifts A1 receptive fields if moderate VNS is used 

Plasticity in the auditory cortex was evaluated by quantifying the percentage of A1 neurons that 

responded to individual tones across a wide range of frequency and intensity. In experimentally 

naïve control rats, approximately 40% of A1 neurons responded to 50 dB SPL 8-16 kHz tones. 

VNS-tone pairing significantly altered the percentage of A1 neurons responding to the paired 

tone frequency (F(3, 30) = 6.55, p = 0.0015). Significantly more A1 neurons responded 

frequencies near 9 kHz after VNS-tone pairing using 125 ms (Figure C.2, p = 0.0043) and 500 

ms (Figure C.2, p = 0.02) 30 Hz VNS. Pairing the same tone with a 2000 ms pulse train of 30 Hz 

VNS did not significantly alter frequency tuning compared to control rats (p > 0.05). These 

findings demonstrate that A1 cortical plasticity is not driven by VNS trains beyond a certain 

duration.   

Figure C.3 shows the proportion of A1 neurons that responded to each tone frequency and 

intensity combination. Across all groups, more A1 neurons were activated as sound intensity was 

increased (Figure C.3, C-D). Both short (125 ms) and standard (500 ms) VNS groups resulted in 

a significant increase in the number of neurons tuned to tones with a frequency between 8 and 16 

kHz and intensities above 20 dB SPL. This difference is best seen by subtracting the proportion 

of A1 neurons that responded in experimentally naïve control rats from the proportion of A1 that 

responded in the short and standard VNS groups (Figures C.3 E-F). Rats from the long duration 

VNS group did not exhibit a significant increase in the number of A1 neurons that responded to 

any tone when compared to control rats (p > 0.05, Figure C.3G). 
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VNS-tone pairing alters receptive field properties 

Receptive field properties altered by individual VNS-tone pairing groups are shown in Table 

C.1. Like the 4 pulse group from Chapter 3, there is a significant decrease in spontaneous A1 

firing for the 30 Hz VNS 4 pulses group (p = 0.02, Table C.1).  Bandwidth significantly 

decreased in the 2000 ms group, indicating more selectivity among neurons tuned between 8 to 

16 kHz (p = 0.0043, Table C.1). In addition, the 2000 ms group was the only of the three to 

significantly decrease the onset latency of responses (p=0.04, Table C.1). There was a significant 

increase in bandwidth and a decrease in selectivity among neurons tuned between 8 to 16 kHz 

within the 500 ms VNS group, as observed in Chapter 3 (p = 0.0049, Table C.1). While VNS 

tone-pairing increased driven responses when delivered in 500 ms trains (p =0.03, Table C.1), 

driven responses significantly decrease when the pulse train is extended to 2000 ms (p <0.00005, 

Table C.1).  
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Discussion 

More than a dozen studies, including Chapters 2-4 of this manuscript, have confirmed that 

repeatedly pairing VNS with an auditory or motor event can drive highly specific and long-

lasting plasticity in primary auditory or motor cortex, respectively (M. S. Borland et al., 2016; 

Michael S Borland et al., 2018; Buell et al., 2018; Engineer et al., 2015, 2017; Engineer et al., 

2011; Hays, 2016; Hays et al., 2015, 2013; Hulsey et al., 2016; Khodaparast et al., 2013; 

Loerwald, 2018; Meyers et al., 2018; Porter et al., 2012; Pruitt et al., 2015; Shetake et al., 2012). 

Since VNS-directed neural plasticity appears to enhance recovery of auditory and motor function 

following injury (Dawson et al., 2015; Engineer et al., 2011; Hays et al., 2014; Khodaparast et 

al., 2014; Meyers et al., 2018; Pruitt et al., 2015; Tyler et al., 2017; Vanneste et al., 2017), it is 

critical to understand the optimal conditions to drive therapeutic plasticity. Previous papers have 

systematically evaluated how the stimulation rate, intensity, spacing between pairings, pulse 

width, and number of VNS-tone pairings influence the degree of neural plasticity (Borland et al., 

2016, 2018; Buell et al., 2018; Loerwald et al., 2018). This project explored the influence of 

VNS train duration and provides the first demonstration that it is possible to drive equivalent 

plasticity by using 4 times less VNS than used in earlier studies.  

Numerous experiments have documented that VNS alters cortical function through activation of 

the cholinergic nucleus basalis (NB) and noradrenergic locus coeruleus (LC) (Dorr & Debonnel, 

2006; Follesa et al., 2007; Hassert et al., 2004; Hulsey et al., 2016, 2017; Nichols et al., 2011; 

Roosevelt et al.,2006). LC activity releases norepinephrine, which is known to modulate synaptic 

plasticity (He et al., 2015). The effects of norepinephrine release on plasticity are dose-dependent 

and temporally precise Excitatory and inhibitory outcomes are mediated by the activation of 
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specific adrenergic receptors (AR). Activation of low affinity AR impairs cortical function, while 

activating high affinity AR promotes plasticity (Ramos & Arnsten, 2007).  Longer VNS train 

durations result in a linear increase in firing rate in the LC (Hulsey et al., 2017). However, a 

2000 ms train of 30 Hz VNS paired with a 9 kHz tone was not capable of driving cortical 

plasticity. LC activity suggests that too much VNS might fail because it activates a low affinity 

receptor. These findings suggest that brief activation of the high affinity receptor without 

activating the low affinity receptor is key to driving plasticity (Feldmeyer et al., 2016).  

It seems that high affinity receptors need to be activated for less than 2000 ms and the activation 

of low affinity receptors should be avoided. To confirm this potential mechanism, future 

pharmacology studies should evaluate the effects of blocking low affinity receptors. We predict 

that when blocked, 120 Hz at 125 ms and 500 ms will be effective parameters for driving 

plasticity. Both the vagus nerve and LC are capable of firing at this rate and duration. Removing 

this postsynaptic inhibitory effect could promote VNS-mediated plasticity using these 

parameters. In addition, because 4 pulses at 30 Hz was capable of driving plasticity, blocking the 

reuptake of norepinephrine could allow the 7.5 Hz at 500 ms group in Chapter 3 to also be an 

effective VNS parameter for driving plasticity. 

In summary, the duration of 30 Hz VNS when paired with a tone influences the extent of cortical 

change. These results demonstrate that the amount of LC firing does not predict degree of 

plasticity. Repeatedly pairing four or sixteen 0.8 mA pulses of VNS delivered at 30 Hz with a 

tone effectively drives map expansion in the auditory cortex. These findings likely arise from the 

interaction between norepinephrine and specific adrenergic receptors that regulate plasticity. 

Future studies should evaluate four pulses as a potential therapy for motor and emotional 
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disorders. Additional parametric evaluation of VNS would be beneficial in the development of 

this therapy for sensory, emotional, or motor disorders. 
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Appendix C 

Figures for Chapter 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1: Schematic diagram of the VNS-tone train pairing procedure. A train of biphasic 

pulses were delivered to the left vagus nerve via a cuff electrode. Each group received VNS at 

one of three different rates: 7.5 Hz (4 pulses), 30 Hz (16 pulses), or 120 Hz (64 pulses). Rats 

received VNS paired with a 9 kHz tone every 30 s, 300 times during each 2.5 hour session for 20 

days. Cortical recordings were made 24 hours after the last pairing session. 
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Figure C.2: VNS-tone pairing reorganizes the auditory cortex frequency map as a non-monotonic 

function of VNS rate. Moderate (30 Hz) rate VNS group exhibits a significant expansion of the 

percentage of A1 responding to 8-16 kHz frequency tones at 50 dB SPL after 20 days of VNS 

tone-pairing (p < 0.005). Low (7.5 Hz) and high (120 Hz) rate VNS groups do not yield a 

significant increase in neurons responding to 8-16 kHz (p > 0.05).  
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Figure C.3: VNS-tone pairing reorganizes the extent of auditory cortex that is activated by 

suprathreshold tones as a non-monotonic function of VNS train duration. In control rats (no 

VNS), there is a low frequency bias to tones ranging 1–2 kHz at 50 dB SPL compared to sites 

responding to 8–16 kHz at 50 dB SPL. After 9 kHz 50 dB SPL tones was paired with 125 ms and 

500 ms VNS at 30 Hz, more neurons responded to high tones compared to low tones. The shift 

was not significantly different from controls when longer VNS train duration (2000 ms) was 

used. 

 

 

 



 

85 

 

Figure C.4: Percent of A1 responding to each tone frequency intensity combination for naive 

control rats (A), short VNS duration (125 ms) rats (B), standard duration (500 ms) VNS rats (C), 

and long duration (2000 ms) VNS rats (D). The difference between the percent of A1 responding 

for short VNS rats and control rats reveals the range of tones that evoked a response in more 

neurons (red) or fewer neurons (blue) (E). The difference between the percent of A1 responding 

in standard VNS rats and control rats (F) and long VNS rats and control rats (G) is also shown. 

Note that short and standard duration VNS-tone pairing alters the cortical response more than 

long duration rate VNS-tone pairing. White lines delineate the frequency intensity combinations 

which activate significantly more neurons after VNS pairing with a 9 kHz tone (p < 0.05). 
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Table C.1: Different VNS pulse train durations drive changes in receptive fields. Asterisks 

indicate experimental groups that are significantly different than the control group (p=0.05). 

  

Naïve 

Control 

VNS  

125 ms 

VNS  

500 ms 

VNS  

2000 ms 

Onset 

Latency 
13.1 ±1.0 13.1 ± 1.0          13.3 ± 1.0          12.6 ± 0.9*    

Bandwidth 20 

(octaves) 

 

 

1.5 ± 0.9 

 

 

1.5 ± 1.0          

 

 

1.7 ± 1.1*    

 

 

1.3 ± 0.9*     

Spontaneous 

(Hz) 

 

 

8.9 ±0.9 

 

 

7.5 ±0.8*     

 

 

9.4 ± 1.1    

 

 

7.7 ±  0.9          

Driven Rate 

(spikes/tone) 

 

 

1.8 ±0.9 

 

 

1.7 ± 0.9          

 

 

1.9 ± 1.1*     

 

 

1.5 ± 0.8*     
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CHAPTER 5 

CONCLUSION 

The experiments outlined in this manuscript demonstrate that timing and quantity of VNS 

influence driven plasticity. Similar to a previous study evaluating VNS intensity, cortical map 

plasticity is a non-monotonic function of VNS rate (Borland et al., 2016; Buell et al., 2018) . In 

addition, brief and moderate pulse trains of VNS can drive cortical plasticity in the primary 

auditory cortex (A1), but this effect diminishes with longer train durations.     

VNS Rate 

The degree of plasticity in A1 exists as an inverted-U function of VNS rate (Buell et al., 2018). 

Sixteen pulses of low (7.5 Hz), moderate (30 Hz), or high (120 Hz) VNS drives in the same 

amount of activity from the primary source of norepinephrine: the locus coeruleus (LC) (Hulsey 

et al., 2017). However, despite the same amount of activity from this region, the degree of 

plasticity varies considerably. Moderate rates of VNS are also identified as more effective in 

suppressing epileptic seizures (Chase et al., 1967; Zabara, 1992). Similar results are observed in 

dorsal raphe nuleus (DRN), where VNS rate modulates DRN firing as an inverted-U function 

(Manta et al., 2009). Although the mechanism of VNS-driven plasticity remains unknown, these 

findings suggest one that temporally precise. 

VNS Pulses 

In Chapter 3, we revisit VNS rate to determine if our results in Chapter 2 are due to inconsistent 

overlap of VNS with the paired tone. It is possible that the inverted-U function is not due to the 

timing of the pulses, but the variability of the duration of VNS pulse trains. Animals again 

receive low (7.5 Hz), moderate (30 Hz), or high (120 Hz) rates of VNS in 500 ms pulse trains. In 
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this experiment, the amount of VNS increases with increasing rate, resulting in 4, 16, or 64 

pulses of VNS, respectively. Once again, VNS-driven plasticity is only observed in the moderate 

rate animals. It is possible that the rapid and robust amount of 64 pulses of VNS at 120 Hz 

desensitizes adrenergic receptors. The slow and brief activation of 4 pulses of 7.5 Hz may not be 

enough to activate high affinity adrenergic receptors that are necessary for plasticity 

(Feldmeyer). 

VNS Train Duration 

Chapters 2 and 3 confirmed that of the rates tested, 30 Hz VNS drives cortical plasticity. It is 

possible that this is because 30 Hz drives the release of norepinephrine at an effective rate for 

activating high affinity receptors and not low affinity receptors. Chapter 4 evaluates 30 Hz 

within different train durations and, as a result, varying pulse numbers. Specifically, 125 ms, 500 

ms, and 2000 ms of 30 Hz VNS were examined in this experiment. Similar to the groups in 

Chapter 3, this amounts to 4, 16, and 64 pulses, respectively. Although 4 and 64 pulses of VNS 

failed to drive plasticity in Chapter 3, it is possible that this is because the rate of activation, and 

subsequent neuromodulator release, was too slow and too fast.  

Future Directions 

VNS-directed plasticity is observed under specific parameters, including intensity, rate, interval 

between stimulations, and pulse width (Borland et al., 2016, 2018; Buell et al., 2018; Loerwald 

et al., 2018a, 2018b). Our “standard” VNS parameters consisting of 0.8 mA, 30 Hz, and 16 

pulses within a 500 ms train are consistently effective in driving cortical plasticity when paired 

with an auditory stimulus. If an auditory stimulus is delivered without VNS pairing, cortical 

changes near that stimulus frequency are not observed (Engineer et al., 2011). Similar results are 
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observed in the motor system, where there is significantly less improvement in task performance 

with delayed VNS (Hays et al., 2015). These findings demonstrate the high temporal precision of 

VNS-driven plasticity. Event-paired plasticity is also observed with direct stimulation of certain 

neuromodulatory nuclei, such as the cholinergic nucleus basalis and noradrenergic locus 

coeruleus (Kilgard et al., 1998; Edeline et al., 2011). In addition, these effects are not observed 

when the nucleus basalis is lesioned (Hulsey et al., 2016). Taken together, it is clear that 

neuromodulator release is essential for VNS-driven plasticity and that physiological and 

behavioral changes are dependent on a therapy with high temporal precision. The observations 

described in this document could be the result of optimal levels of neuromodulators present at 

the synapse so that high affinity receptors are activated and low affinity receptors are not (Figure 

D.1). Chapter 4 demonstrated that it is also possible to drive plasticity using one-fourth of the 

VNS used for our standard parameters. Therefore, based on a theoretical model of 

neuromodulator levels as a function of VNS parameters, 0.8 mA, 30 Hz, and 4 pulses delivered 

in a 125 ms train is also capable of driving effective neuromodulator levels (Figure D.2). 

Inverted-u functions of cortical plasticity are observed with varying certain VNS parameters, 

with the most plasticity driven within a moderate range of the parameter in question. A potential 

model for optimizing VNS could consider the upper and lower bounds of VNS parameters that 

were not successful in driving plasticity (Figures D.3 and D.4). Combining an unsuccessful 

upper limit of intensity (i.e., 1.6 mA), with an unsuccessful lower limit of rate (7.5 Hz), could be 

effective in driving plasticity if this model is accurate (Figure D.5).  

The rates tested in our experiments consist of an upper limit that is four times our 30 Hz positive 

control (120 Hz), and a lower limit that is one-fourth (7.5 Hz). Rates closer to 30 Hz should also 
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be considered. A VNS rate of 20 Hz is effective in learning and memory and the treatment of 

PTSD, and it is possible it drives tone-paired plasticity, as well (Clark et al., 1999; Noble et al., 

2017). Future studies should continue to investigate if different VNS paradigms are more 

effective at directing neural plasticity. 

Pharmacological studies are an important step to test the hypotheses suggested in this 

manuscript. Future experiments could evaluate the effects of blocking low affinity receptors. If 

our hypotheses are correct, doing so would enable 120 Hz at 125 ms and 500 ms and 30 Hz at 

2000 ms to be effective parameters for driving plasticity. Both the vagus nerve and LC are 

capable of firing at this rate and duration. Removing this postsynaptic inhibitory effect could 

promote VNS-mediated plasticity using these parameters. If these results are due to the 

desensitization of adrenergic receptors, the application of a receptor agonist could promote 

plasticity by these parameters. In addition, because 4 and 16 pulses at 30 Hz are capable of 

driving plasticity, blocking the reuptake of norepinephrine could allow 7.5 Hz at 500 ms and 

2000 ms to also be an effective VNS parameter for driving plasticity. 

Final Thoughts 

The findings described in these chapters are largely linked to activity in the LC and release of 

norepinephrine. However, the author acknowledges that VNS-directed plasticity is likely 

regulated by a synergistic action of multiple neurotransmitters (Dorr & Debonnel, 2006; Hassert 

et al., 2004; Hulsey et al., 2016; Nichols et al., 2011). The overwhelming complexity of the brain 

can only be understood through the thorough investigation of its components. For this reason, 

VNS-directed plasticity was evaluated primarily through A1 and LC in these experiments. 

Although we have certainly progressed in our understanding of the central nervous system, the 
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future of neuroscience research is as exciting as ever, as there is so much more to discover. It has 

been an honor to be part of the exploration.  
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Appendix D 

Figures for Chapter 5 

 

Figure D.1: Theoretical model of neuromodulator level (arbitrary units) as a function of VNS 

duration (ms), intensity (mA), rate (Hz), and number of pulses. Yellow bar indicates effective 

region for driving cortical plasticity. The settings used in this figure are the “standard” 

parameters that consist of 0.8 mA, 30 Hz, and 16 pulses delivered in a 500 ms pulse train. 

Standard VNS parameters have been independently replicated more than six times and serve as a 

positive control. Green text indicates parameters that are successful in driving specific cortical 

plasticity.   
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Figure D.2: Theoretical model of neuromodulator level (arbitrary units) as a function of VNS 

duration (ms), intensity (mA), rate (Hz), and number of pulses. Yellow bar indicates effective 

region for driving cortical plasticity. The settings used in this figure consist of 0.8 mA, 30 Hz, 

and 4 pulses delivered in a 125 ms pulse train. Green text indicates parameters that are successful 

in driving specific cortical plasticity.  
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Figure D.3: Theoretical model of neuromodulator level (arbitrary units) as a function of VNS 

duration (ms), intensity (mA), rate (Hz), and number of pulses. Yellow bar indicates effective 

region for driving cortical plasticity. The settings used in this figure consist of 0.8 mA, 7.5 Hz, 

and 16 pulses delivered in a 2000 ms pulse train. Red text indicates parameters that are 

unsuccessful in driving specific cortical plasticity by driving activity that either falls too short, or 

extends beyond the yellow zone.  
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Figure D.4: Theoretical model of neuromodulator level (arbitrary units) as a function of VNS 

duration (ms), intensity (mA), rate (Hz), and number of pulses. Yellow bar indicates effective 

region for driving cortical plasticity. The settings used in this figure consist of 1.6 mA, 30 Hz, 

and 16 pulses delivered in a 500 ms pulse train and are derived from the findings of Borland et 

al. (2016). Red text indicates parameters that are unsuccessful in driving specific cortical 

plasticity by driving activity that either falls too short, or extends beyond the yellow zone.  
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Figure D.5: Theoretical model of neuromodulator level (arbitrary units) as a function of VNS 

duration (ms), intensity (mA), rate (Hz), and number of pulses. Yellow bar indicates effective 

region for driving cortical plasticity. The settings used in this figure are a combination of those in 

Figures D.3 and D.4 and consist of 1.6 mA, 7.5 Hz, and 16 pulses delivered in a 2000 ms pulse 

train. Blue text indicates parameters that could be successful in driving specific cortical plasticity 

based on findings from previous experiments (Borland et al., 2016; Buell et al., 2018).  

 

 

 

 

 

 



 

102 

References 

 

Borland, M. S., Engineer, C. T., Vrana, W. A., Moreno, N. A., Engineer, N. D., Vanneste, S., … 

Kilgard, M. P. (2018). The Interval Between VNS-Tone Pairings Determines the Extent of 

Cortical Map Plasticity. Neuroscience, 369, 76–86. 

https://doi.org/10.1016/j.neuroscience.2017.11.004 

 

Borland, M. S., Vrana, W. A., Moreno, N. A., Fogarty, E. A., Buell, E. P., Sharma, P., … 

Kilgard, M. P. (2016). Cortical Map Plasticity as a Function of Vagus Nerve Stimulation 

Intensity. Brain Stimulation, 9(1), 117–123. https://doi.org/10.1016/j.brs.2015.08.018 

 

Buell, E. P., Loerwald, K. W., Engineer, C. T., Borland, M. S., Buell, J. M., Kelly, C. A., … 

Kilgard, M. P. (2018). Cortical map plasticity as a function of vagus nerve stimulation rate. 

Brain Stimulation. https://doi.org/10.1016/j.brs.2018.07.045 

 

Chase, M. H., Nakamura, Y., Clemente, C. D., & Sterman, M. B. (1967). Afferent vagal 

stimulation: neurographic correlates of induced EEG synchronization and 

desynchronization. Brain Research, 5(2), 236–249. https://doi.org/10.1016/0006-

8993(67)90089-3 

 

Clark, K. B., Naritoku, D. K., Smith, D. C., Browning, R. A., & Jensen, R. A. (1999). Enhanced 

recognition memory following vagus nerve stimulation in human subjects. Nature. 

Retrieved from https://www.nature.com/articles/nn0199_94.pdf 

 

Dorr, A. E., & Debonnel, G. (2006). Effect of Vagus Nerve Stimulation on Serotonergic and 

Noradrenergic Transmission. Journal of Pharmacology and Experimental Therapeutics, 

318(2), 890–898. https://doi.org/10.1124/jpet.106.104166.and 

 

Engineer, N., Riley, J. R., Seale, J. D., Vrana, W. A., Shetake, J. A., Sudanagunta, S. P., … 

Kilgard, M. P. (2011). Reversing pathological neural activity using targeted plasticity. 

Neurosurgery, 68(4), 101–104. https://doi.org/10.1227/01.neu.0000395792.97271.ae 

 

Hassert, D. L., Miyashita, T., & Williams, C. L. (2004). The Effects of Peripheral Vagal Nerve 

Stimulation at a Memory-Modulating Intensity on Norepinephrine Output in the Basolateral 

Amygdala. Behavioral Neuroscience, 118(1), 79–88. https://doi.org/10.1037/0735-

7044.118.1.79 

 

Hays, S. A., Khodaparast, N., Ruiz, A., Sloan, A. M., Daniel, R., Ii, R. L. R., & Kilgard, M. P. 

(2015). The timing and amount of vagus nerve stimulation during rehabilitative training 

affect post-stroke recovery of forelimb strength. Neuroreport, 25(9), 682–688. 

https://doi.org/10.1097/WNR.0000000000000154.The 

 

 

 



 

103 

Hulsey, D. R., Hays, S. A., Khodaparast, N., Ruiz, A., Das, P., Rennaker, R. L., & Kilgard, M. P. 

(2016). Reorganization of Motor Cortex by Vagus Nerve Stimulation Requires Cholinergic 

Innervation. Brain Stimulation, 9(2), 174–181. https://doi.org/10.1016/j.brs.2015.12.007 

 

Hulsey, D. R., Riley, J. R., Loerwald, K. W., Rennaker, R. L., Kilgard, M. P., & Hays, S. A. 

(2017). Parametric characterization of neural activity in the locus coeruleus in response to 

vagus nerve stimulation. Experimental Neurology, 289, 21–30. 

https://doi.org/10.1016/j.expneurol.2016.12.005 

 

Loerwald, K. W., Borland, M. S., Rennaker Ii, R. L., Hays, S. A., & Kilgard, M. P. (2018a). The 

interaction of pulse width and current intensity on the extent of cortical plasticity evoked by 

vagus nerve stimulation. Brain Stimulation, 11, 271–277. 

https://doi.org/10.1016/j.brs.2017.11.007 

 

Loerwald, K. W., Buell, E. P., Borland, M. S., Rennaker, R. L., Hays, S. A., & Kilgard, M. P. 

(2018b). Varying Stimulation Parameters to Improve Cortical Plasticity Generated by VNS-

tone Pairing. Neuroscience, 388, 239–247. 

https://doi.org/10.1016/j.neuroscience.2018.07.038 

 

Manta, S., Dong, J., Debonnel, G., & Blier, P. (2009). Optimization of vagus nerve stimulation 

parameters using the firing activity of serotonin neurons in the rat dorsal raphe. European 

Neuropsychopharmacology, 19(4), 250–255. 

https://doi.org/10.1016/j.euroneuro.2008.12.001 

 

Nichols, J. A., Nichols, A. R., Smirnakis, S. M., Engineer, N. D., Kilgard, M. P., & Atzori, M. 

(2011). Vagus nerve stimulation modulates cortical synchrony and excitability through the 

activation of muscarinic receptors. Neuroscience, 189, 207–214. 

https://doi.org/10.1016/j.neuroscience.2011.05.024 

 

Noble, L., Gonzalez, I., Meruva, V., Callahan, K., Belfort, B., Ramanathan, K., … Mcintyre, C. 

(2017). Effects of vagus nerve stimulation on extinction of conditioned fear and post-

traumatic stress disorder symptoms in rats. Translational Psychiatry, 7. 

https://doi.org/10.1038/tp.2017.191 

 

Zabara, J. (1992). Inhibition of Experimental Seizures in Canines by Repetitive Vagal 

Stimulation. Epilepsia, 33(6), 1005–1012. https://doi.org/10.1111/j.1528-

1157.1992.tb01751.x 

 

 

 

 



 

104 

BIOGRAPHICAL SKETCH 

Elizabeth Paige Buell was born in Houston, TX to Bruce and Yvonne Buell. She began her 

undergraduate work in Biology and Spanish at the University of Dallas. Her sister, Lauren, 

encouraged her to transfer to UT Dallas to study neuroscience. Lauren believed this field would 

bring Elizabeth true fulfillment and happiness. After graduating from UT Dallas, Elizabeth 

received a Master of Science in Computer Education and Cognitive Systems from the University 

of North Texas. In 2011, she returned to UTD to begin her studies in the Doctor of Audiology 

program. Her personal and clinical experiences with tinnitus instilled a desire to learn more 

about auditory plasticity and contribute to this field as a scientist. After acceptance to the PhD 

program, she joyfully began her graduate research in Dr. Michael Kilgard’s Cortical Plasticity 

Laboratory. During her time in this lab, Elizabeth contributed to projects evaluating cortical and 

subcortical responses to complex and simple sounds, how those processes are disrupted by the 

presence of disease, and how to change the auditory system through targeted plasticity. On 

September 14, 2014, her beloved daughter Evangeline was born and solidified these graduate 

school years as the most exciting, challenging, and fulfilling of Elizabeth’s life. 

 

 

 

 

 

  

 



 

105 

CURRICULUM VITAE 

ELIZABETH BUELL 

 

EMAIL: EBUELL@UTDALLAS.EDU 

EDUCATION 

 

University of Texas at Dallas, Richardson, TX 

Doctorate of Audiology (Au.D.) 2019 

 

University of Texas at Dallas, Richardson, TX 

Ph.D. in Communication Sciences and Disorders 2018 

 

University of North Texas, Denton, TX 2012 

M.S. Computer Education and Cognitive Science 

 

University of Texas at Dallas, Richardson, TX 

B.A. Biology, Historical Studies 2010 

 

RELATED EXPERIENCE 

 

University of Texas at Dallas 

Research Assistant  2012 – Present 

Advisor: Dr. Michael Kilgard 

 Research focus: Auditory neuroplasticity; vagus nerve 

stimulation; neural mechanisms of tinnitus 

 Data Analysis via MATLAB 

 Cortical electrophysiology using dense microelectrodes 

 Implantable device construction 

 Animal noise exposure, auditory brainstem responses, 

surgery, and recovery 

 Animal behavioral training  

 

      Audiology Clinical Skills                                      2011 – Present 

 Tinnitus 

 Auditory Brainstem Response 

 Pediatric Cochlear Implants 

 Adult and Pediatric Hearing Aids 

mailto:ebuell@utdallas.edu


 

106 

 ENG/VNG 

 Education 

 Hearing Habilitation/Rehabilitation  

 Managed Care Clinic 

 

PUBLICATIONS  

Buell E.P., Loerwald K.W., Engineer C.T., Borland M.S., Buell J.M., Kelly C.A., Khan I.I., 

Hays, S.A., Kilgard M.P. (2018). Cortical Map Plasticity as a Function of Vagus Nerve 

Stimulation Rate. Brain stimulation. 

 

Loerwald, K. W., Buell, E. P., Borland, M. S., Rennaker II, R. L., Hays, S. A., & Kilgard, M. P. 

(2018). Varying stimulation parameters to improve cortical plasticity generated by VNS-tone 

pairing. Neuroscience. 

 

Engineer, C. T., Rahebi, K. C., Borland, M. S., Buell, E. P., Im, K. W., Wilson, L. G., Sharma, 

P., Vanneste, S., Harony-Nicolas, H., Buxbaum, J. D. and Kilgard, M. P. (2018), Shank3-

deficient rats exhibit degraded cortical responses to sound. Autism Research, 11: 59–68. 

doi:10.1002/aur.1883 

 

Borland, M. S., Vrana, W. A., Moreno, N. A., Fogarty, E. A., Buell, E. P., Sharma, P., ... & 

Kilgard, M. P. (2016). Cortical map plasticity as a function of vagus nerve stimulation 

intensity. Brain stimulation, 9(1), 117-123. 

 

Engineer, C. T., Rahebi, K. C., Borland, M. S., Buell, E. P., Centanni, T. M., Fink, M. K., ... & 

Kilgard, M. P. (2015). Degraded neural and behavioral processing of speech sounds in a rat 

model of Rett syndrome. Neurobiology of disease, 83, 26-34. 

 

Engineer, C. T., Rahebi, K. C., Buell, E. P., Fink, M. K., & Kilgard, M. P. (2015). Speech 

training alters consonant and vowel responses in multiple auditory cortex fields. Behavioural 

brain research, 287, 256-264. 

 

Engineer, C. T., Centanni, T. M., Im, K. W., Rahebi, K. C., Buell, E. P., & Kilgard, M. P. 

(2014). Degraded speech sound processing in a rat model of fragile X syndrome. Brain 

research, 1564, 72-84. 

 

PRESENTATIONS 

E.P. Buell. Understanding and Optimizing Targeted Plasticity Therapy in the Auditory Cortex. 

Nano Talk presented at Cognition and Neuroscience Retreat. 2018 October 12; Dallas, TX.  

 



 

107 

E.P. Buell, K.W. Loerwald, M.S. Borland J.M. Buell, C.A. Kelly, K.S. Adcock, C.R. Chandler, 

I.I. Khan, M.P. Kilgard. Cortical Map Plasticity as a Function of Vagus Nerve Stimulation Rate 

and Train Duration. Poster session presented at Reprogramming the Brain to Health Annual 

Symposium. 2018 May 3; Dallas, TX.  

 

E.P. Buell, K.W. Loerwald, M.S. Borland J.M. Buell, C.A. Kelly, K.S. Adcock, C.R. Chandler, 

I.I. Khan, M.P. Kilgard. Cortical Map Plasticity as a Function of Vagus Nerve Stimulation Rate 

and Train Duration. Poster session presented at Association for Research in Otolaryngology 41st 

Annual MidWinter Meeting. 2018 February 10-14; San Diego, CA.  

 

E.P. Buell, K.W. Loerwald, M.S. Borland J.M. Buell, C.A. Kelly, K.S. Adcock, C.R. Chandler, 

I.I. Khan, M.P. Kilgard. Cortical Map Plasticity as a Function of Vagus Nerve Stimulation Rate 

and Train Duration. Poster session presented at Society for Neuroscience Annual Meeting. 2017 

November 11-15; Washington, DC.  

 

E.P. Buell, M.S. Borland, K.W. Loerwald, J.M. Buell, C.A. Kelly, A.M. Carroll, M.P. Kilgard. 

Varying Frequency in Vagus Nerve Stimulation to Optimize Plasticity in the Rat Auditory 

Cortex. Poster session presented at Society for Neuroscience Annual Meeting. 2016 November 

11-16; San Diego, CA.  

 

E.P. Buell, M.S. Borland, N.A. Moreno, P. Sharma, M.C. Lane, Z.I. Alam, M.M. Pantalia, J.M. 

Buell, M.P. Kilgard. A Physiological Comparison of the Tinnitus and Non-Tinnitus Animal 

Model. Poster session presented at: Tinnitus Research Initiative (TRI). 2015 June 7-11; Ann 

Arbor, MI.  

 

E.P. Buell, M.S. Borland, N.A. Moreno, P. Sharma, M.C. Lane, Z.I. Alam, M.M. Pantalia, J.M. 

Buell, M.P. Kilgard. A Physiological Comparison of the Tinnitus and Non-Tinnitus Animal 

Model. Poster session presented at: AudiologyNOW! 25th Annual American Academy of 

Audiology Conference. 2014 March 26-29; Orlando, FL.  

 

E.P. Buell, M.S. Borland, N.A. Moreno, P. Sharma, M.C. Lane, Z.I. Alam, M.M. Pantalia, J.M. 

Buell, M.P. Kilgard. Characteristics of Secondary Auditory Fields in Animal Model of Tinnitus. 

Poster session presented at: UTD 2014 Neuroscience Research Conference: Emotional Learning 

and Memory. 2014 June 6; Richardson, TX.  

 

E.P. Buell, M.S. Borland, M.P. Kilgard. Physiological and Anatomical Comparison of Noise 

Exposed Tinnitus and Non-Tinnitus Animal Models. Poster session presented at:  Promotion 

of Academic and Clinical Excellence (P.A.C.E.) Student Research Forum. 2013 Mar 20; Dallas, 

TX. 

 

E.P. Buell, J.R. Seligman, P.M. Boettiger, I. Fung, C.G. Cokely. Connectivity via Skype: Can it 

enhance communication among residents of a retirement community? Poster session presented 

at: Academy of Rehabilitative Audiology Conference. 2012 Sept 9-11; Providence, RI. and 

Dallas Aging and Cognition Conference. 2013 Jan 26-28; Las Colinas, TX. 




