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Abstract

Background—~Repeatedly pairing a tone with a brief burst of vagus nerve stimulation (VNS)
results in a reorganization of primary auditory cortex (Al). The plasticity-enhancing and memory-
enhancing effects of VNS follow an inverted-U response to stimulation intensity, in which
moderate intensity currents yield greater effects than low or high intensity currents. It is not known
how other stimulation parameters effect the plasticity-enhancing effects of VNS.

Objective—We sought to investigate the effect of pulse-width and intensity on VNS efficacy.
Here, we used the extent of plasticity induced by VNS-tone pairing to assess VNS efficacy.

Methods—Rats were exposed to a 9 kHz tone paired to VNS with varying current intensities and
pulse widths. Cortical plasticity was measured as changes in the percent of area of primary
auditory cortex responding to a range of sounds in VNS-treated rats relative to naive rats.

Results—We find that a combination of low current intensity (200 uA) and short pulse duration
(100 ps) is insufficient to drive cortical plasticity. Increasing the pulse duration to 500 ps results in
a reorganization of receptive fields in Al auditory cortex. The extent of plasticity engaged under
these conditions is less than that driven by conditions previously reported to drive robust plasticity
(800 pA with 100 ps wide pulses).

Conclusion—These results suggest that the plasticity-enhancing and memory-enhancing effects
of VNS follow an inverted-U response of stimulation current that is influenced by pulse width.
Furthermore, shorter pulse widths may offer a clinical advantage when determining optimal

"Corresponding author information: Texas Biomedical Device Center, 800 West Campbell Road, BSB11, Richardson, TX 75080,
kwl150030@utdallas.edu Tel: 1-972-883-7242.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Financial Disclosure
MPK is a consultant for, and has a financial interest in, MicroTransponder, Inc., which is developing therapies using VNS. KWL,
MSB, RLR, and SAH report no biomedical financial interests or potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Loerwald et al. Page 2

stimulation current. These findings may facilitate determination of optimal VNS parameters for
clinical application.
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Vagal nerve stimulation; stimulation parameters; stimulation intensity; pulse width; cortical
plasticity; auditory cortex

Introduction

Repeatedly pairing short bursts of vagus nerve stimulation (VNS) with sensory or motor
events causes lasting changes to the cortical circuits being activated [1-5]. Depending on the
type of sound paired with VNS, it is possible to change the frequency tuning, temporal
following rate, or phoneme selectivity of Al neurons [3-5]. When a single pure tone
frequency is paired with VNS, the proportion of Al neurons that respond to that frequency is
increased [4,6]. When a particular movement is paired with VNS, the proportion of motor
cortex neurons that generate that movement is increased [1,2]. In addition to increasing
neural plasticity in normal subjects, VNS paired with motor or sensory rehabilitation can be
used to enhance recovery from nervous system damage. Numerous preclinical studies have
demonstrated that pairing VNS with rehabilitative training enhances recovery in animal
models of stroke, traumatic brain injury, and tinnitus [4,7-10]. Recent clinical studies
indicate that VNS may be a useful therapy for the treatment of chronic stroke and tinnitus
[11,12]. Determining optimal stimulation parameters to maximize clinical benefit will be
critical to developing its therapeutic utility.

Several studies provide evidence that varying stimulation parameters strongly influences
VNS efficacy. Intensity, frequency, and pulse width are all modifiable parameters that
influence the effects of VNS [6,13-18]. Among the parameters investigated, the influence of
current intensity has been best characterized. Increasing VNS intensity enhances efficacy up
to a certain point, after which higher amounts of VNS begin reducing efficacy. Increasing
VNS intensity results in an inverted-U function of cortical map plasticity, in which middle
intensity (400 and 800 pA) stimulation drives significantly greater plasticity than strong
stimulation (1200 and 1600 pA) [6]. VNS delivered post-training enhances memory
retention in both humans and rats when delivered at moderate intensities, whereas VNS
delivered at higher intensities exerts little or no effect on memory performance [19-21].
Similarly, moderate VNS intensities facilitate hippocampal LTP, while higher current
intensity results in significantly less facilitation [22]. Taken together, these findings suggest
that exceeding the optimal simulation intensity decreases VNS efficacy. However, the lower
range of effective VNS intensities has not been fully explored.

The degree of nerve activation is determined by both the stimulation intensity and pulse
width. Varying the pulse width of VNS while keeping the current constant results in
differential activation and deactivation of distinct brain regions [18]. The vagus nerve
compound action potential (CAP) displays a standard strength-duration curve demonstrating
that the intensity required to elicit a cAP decreases with increasing pulse widths [23].
Consistent with this notion, studies using 500 ps pulse widths reveal a narrower range of
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effective VNS intensities [19,21,22] when compared with a study using 100 ps pules widths
[6]. However, the effect of varying pulse width on VNS-mediated enhancement of plasticity
has not been explored within a single study.

Many of the adverse side effects associated with VNS can be mitigated by reducing the
stimulation intensity, either through reductions in current amplitude or pulse width
[11,24,25]. Therefore, the present study aims to investigate the lower range of effective
intensities as well as the influence of pulse width on VNS-dependent plasticity. The
threshold for eliciting a CAP in the vagus nerve is near 200 pA [23]. However, whether this
intensity is effective for the stimulation paradigm used to enhance plasticity has not been
explored. The threshold for eliciting spiking activity in the locus coeruleus (LC), an area
believed to be required for VNS-dependent enhancement of plasticity, is near 200 pA when
delivered at 100 ps pulse widths. However, when the same intensity was delivered at 500 ps
pulse widths, LC spiking activity reached levels similar to that elicited by 800 pA VNS
delivered at 100 ps [17], a parameter set previously shown to drive robust plasticity in
auditory cortex [6]. Here, we evaluated the effect of 200 pA VNS, an intensity near the
threshold for nerve activation, on cortical rearrangement at these two commonly-used pulse
widths.

Sixty 3—-6 month old Sprague Dawley female 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. Rats
receiving tone-paired VNS were implanted with cuff electrodes around the left vagus nerve
and then randomly assigned to one of 3 groups which were interleaved in time. After 20
days of VNS-tone pairing, auditory cortex recordings were performed to assess changes in
auditory stimulus-evoked cortical responses. Recordings were also performed in 10
additional rats that received no VNS-tone pairing to serve as naive controls.

Vagus nerve surgery

A custom made platinum iridium bipolar cuff electrode was implanted around the left
cervical vagus nerve as described previously [2-6,8-10,26,27]. In brief, rats were
anesthetized with ketamine hydrochloride (80 mg/kg) and xylazine (10 mg/kg) administered
intraperitoneally and given supplemental doses as needed. Body temperature was maintained
at 37° C throughout the surgery. The vagus nerve was isolated with blunt dissection and
placed in the cuff electrode. Leads from the cuff electrode were tunneled subcutaneously to
interface with a headcap fixed with acrylic to 4 bone screws on the skull. Immediately
following implantation, activation of the vagus nerve by the cuff electrode was confirmed by
a drop in blood oxygen saturation in anesthetized rats with up to ten seconds of continuous
30 Hz stimulation (800 pA, 100 ps pulse width). Nerve activation was considered to be
successful if blood oxygen saturation reliably decreased by at least 5% from a stable
baseline. Cefotaxime sodium (10mg) was administered subcutaneously to prevent infection.
Rats received amoxicillin (5 mg) and carprofen (1 mg) tablets for 2 days following surgery
and were allowed to recover for at least 5 days before beginning VNS.
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Vagus Nerve Stimulation and Tone Pairing

Rats were exposed to 500 ms, 9 kHz, 50 dB tones paired with VNS 300 times per day for 20
days as in previous studies [4,6]. To eliminate acoustic transients, 5 ms ramps were used at
the beginning and end of each tone. VNS consisted of a 500 ms train of biphasic pulses at 30
Hz, with a 30 s average interval between VNS events. To prevent rats from anticipating
when stimulation would occur, there was a 50% chance of stimulation every 15 s. Current
amplitude was either 200 pA or 800 pA and pulse width was either 100 ps or 500 ps, as
appropriate for each experimental group. Cuff impedance was monitored daily and rats who
had impedance values > 10 kQ for 2 consecutive days were removed from the study. Sixteen
rats were removed from the study based on this criterion.

Auditory Cortex Recordings

Auditory cortex recordings were performed according to standard procedures [4,6]. 24 — 72
hrs after the last day of pairing, rats were anesthetized with sodium pentobarbital (50 mg/
kg). Depth of anesthesia was monitored throughout the procedure and supplemented with
additional pentobarbital as needed. A tracheal tube and cisternal drain were used to facilitate
respiration and alleviate brain swelling. A section of skull was removed to expose right
auditory cortex. The dura was removed and a thin layer of silicone oil was applied to the
surface of the cortex to prevent desiccation. Four parylene-coated tungsten microelectrodes
(1.5-2.5 MQ, FHC) were lowered to depths of 600 — 700 um below the pial surface to target
layer 1V. Neural signals were amplified using an RA16PA preamplifier (Tucker-Davis
Technologies) and digitized at 24.414 ks/s with 16-bit resolution using an RZ5 BioAmp
processor (Tucker-Davis Technologies) and subsequently filtered with a 300 to 3,000 Hz
bandpass filter and further amplified 20,000 times using Brainware (Jan Schnupp). A 600
mV threshold was applied to amplified voltage signals for spike detection. For electrical and
acoustic isolation, recordings were conducted in a foam-lined, doubled-walled sound
attenuated chamber. Pure tones spanning 81 frequencies ranging from 1 — 32 kHz and 16
intensities ranging from 0 — 75 dB were delivered via a speaker placed 10 cm from the left
ear. Tones were presented every 500 ms in a randomly interleaved fashion. Multiunit neural
activity was recorded using Brainware (TDT) and each recording site location was logged on
a digitized photo of exposed cortex. Upon completion of the recordings, vagus nerve
activation by the cuff electrode was again confirmed by observation of a decrease in blood
oxygen saturation. One animal failed to exhibit a drop in oxygen saturation after mapping
and was consequently excluded from analysis. Seventeen animals were excluded due to
complications during auditory cortex recordings.

Data analysis

Auditory evoked neural responses were analyzed using a custom, fully-automated Matlab
program to quantify receptive field and response characteristics at each site. Onset latency
was defined as the time point where the response was 2 standard deviations above the
spontaneous firing rate. Peak latency was defined as the timepoint of maximum firing. End
of peak latency was defined as the timepoint following the response peak in which the firing
rate fell below 2 standard deviations above the firing rate for 4 consecutive ms. For spike
counts, tone-evoked responses were defined as the average number of spikes occurring
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during the 8-40 ms window following the tone presentation minus the average spontaneous
rate.

The percent of area of Al that responded to each of the 1296 combinations of tone
frequency and intensity was quantified for each rat. Cortical reorganization was evaluated by
subtracting the response of experimentally naive rats from rats that received VNS paired
with 9 kHz tones. The percent of area responding, extent of cortical reorganization, and
response latencies were measured for each animal. Response strengths were measured for
each site. Group averages were compared across conditions using one-way ANOVAS
followed by Tukey’s test for multiple comparisons when appropriate to determine significant
differences in receptive field organization, response latencies, and response strengths. The
characteristic frequency for each site was defined as the frequency of the lowest intensity
sound which elicited a response. For figure 2, a Benjamini-Hochberg correction was used to
control the false discovery rate.

Pairing tones with low intensity-VNS causes receptive field plasticity if pulses are wide

A range of different pulse widths have been used in studies investigating VNS-enhanced
plasticity. However, the effect of systematically varying this parameter on any one measure
of plasticity has not been examined [6,22,28,29]. Here, we tested the effect of varying pulse
width on VNS-dependent enhancement of plasticity in auditory cortex. As in previous
studies, VNS tone-pairing consisted of 20 days of short bursts of VNS paired with a 500 ms
9 kHz, 50 dB tone [4,6] (Fig. 1). Following 20 days of VNS-tone pairing, multi-unit
recordings in Al auditory cortex were collected to characterize the responses to tones
varying in frequency and intensity. All rats had a statistically significant correlation between
anterior-posterior location and the binary logarithm of the characteristic frequency. Average
correlation coefficients were not significantly different between groups (72 = 0.68 % 0.02,
0.68 +0.02, 0.65 + 0.02, 0.64 + 0.01 for naive, 2001A:100us, 200pA:500us, and 800pA:
100ps VNS groups, respectively). Rats that received VNS at 200 pA with 500 ps pulses
(200pA:500ps) paired with high frequency (9 kHz) tones displayed receptive field
reorganization characterized by a significant decrease in the percent of Al responding to low
frequency tones, compared to naive animals (1.5 kHz, 50 dB tone; Naive (N = 10) vs.
200pA:500ps (N =9), 53.9 £ 2.2% vs. 41.4 + 3.0%; Unpaired t(17) = 3.31, A= 0.008, Fig.
2F). This observation demonstrates that 200uA:500us VNS is sufficient to drive cortical
plasticity. 200pA:500us VNS did not significantly alter the percent of Al responding to
frequencies near the tone paired with VNS (9 kHz, 50 dB tone; Naive (N = 10) vs. 200pA:
500us (N =9), 47.3 +3.1% vs. 57.8 = 4.1%; Unpaired t(17) = -2.03, = 0.10, Fig. 2F).

Low intensity, long pulse-width VNS drives sub-maximal plasticity

To assess the extent of plasticity engaged by 200pA:500us VNS, another contemporaneous
group of rats received tone-paired VNS consisting of 800 pA, 100 ps pulses (800pA:100ps),
a VNS regimen previously shown to be optimally effective at driving plasticity [6], for
comparison. Consistent with previous studies, we found that rats that heard tones paired with
800pA:100ps VNS showed a 22% decrease in the area of Al responding to 1.5 kHz, 50 dB
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tones when compared to naive rats (Naive (N = 10) vs. 800pA:100ps (N = 7), 53.9+ 2.2%
vs. 41.9 + 2.3%; Unpaired t(15) = 3.41, P=0.007, Fig. 2G), similar to what was seen with
200pA:500ps. Unlike 200pA:500us VNS, 800pA:100us VNS caused a robust and significant
increase in the area of Al responding to 9 kHz, 50 dB tones relative to naive animals (Naive
(N =10) vs. 800pA:100us (N =7), 47.3+ 3.1% vs. 62.2 £ 3.7%; Unpaired t(15) = -2.87, P=
0.02, Fig. 2G).

Earlier studies documented that pairing VNS with a 9 kHz tone can significantly increase the
number of Al neurons that respond to high tone frequencies and significantly decrease the
number of A1 neurons that respond to low tone frequencies [6]. To summarize the effect of
VNS on auditory cortex reorganization, we computed the difference between the percent of
Al neurons that respond to high frequency (8 — 16 kHz) tones and the percent of Al neurons
that respond to low frequency (1 — 2 kHz) tones. In naive rats, a similar proportion of Al
responds to high and low frequency tones at 50 dB SPL, resulting in a difference of -3.8

+ 4.42% (Fig. 3). As previously reported [4,6], pairing a 9 kHz tone with VNS caused a shift
in the responsiveness of Al towards high frequency tones (One-way ANOVA, F(3, 32) =
6.58, £=10.001, Fig. 3). After pairing 800pA:100pus VNS with a 9 kHz tone, there was a
22.2 + 6.1% difference in the proportion of Al neurons that respond to high compared to
low frequency tones. After pairing 200pA:500us VNS with the same tone there was a 14.8

+ 3.4% difference in the proportion of Al neurons that respond to high compared to low
frequency tones. Both 200A:500us and 800A:100us VNS generated significant
reorganization in the auditory cortex compared to naive rats (P < 0.05 for both comparisons).

Low intensity, short pulse-width VNS is insufficient to drive plasticity

A recent study examining electrophysiological responses from the vagus nerve reported that
200pA:100ps VNS is near the threshold for eliciting a compound action potential [23].
Therefore, we next tested whether this low level of stimulation sufficient for nerve activation
could drive plasticity in auditory cortex. Rats receiving 200pA:100us VNS showed no
significant change in the percent of Al responding to any of the individual tones tested
compared to naive rats (Fig. 2E). Similarly, there was no significant change in the difference
in the proportion of Al neurons that respond to high and low frequency tones for 200pA:
100us VNS rats compared to naive rats (Naive (N = 10) vs. 200uA:100us (N = 10), -3.8
+4.42% vs. 1.8 £ 4.4; Unpaired t(18) = —0.90, £=0.38, Fig. 3). The inability of 200pA:
100ps VNS to alter receptive fields suggests that minimal nerve activation is insufficient to
drive cortical plasticity and supports the notion that stronger activation (higher current or
wider pulses) is required to adequately engage ascending structures required for
enhancement of plasticity.

Low intensity, long pulse-width VNS alters spiking activity

Previous studies have observed that VNS paired with tones or speech sounds results in
changes in multi-unit response strength at individual recording sites that corresponds with
changes in the proportion of Al responding [5,6]. Therefore, we next tested whether tone-
paired VNS affects spiking activity in Al at different pulse width and intensity
combinations. We observed no differences in the response onset latency, peak latency, or end
of peak between any groups (Two-way ANOVA main effect of VNS, F(3,102) = 1.04, P=
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0.38, Fig 4). Naive rats demonstrated a slight bias in the number of tone-driven spikes
favoring low frequency tones (Fig 5). Rats receiving 200uA:500us and 800uA:100us VNS
both show a change in the number of driven spikes that shifts towards high frequency tones,
suggesting response strengths are altered in response to VNS-tone pairing (One-way
ANOVA, F(3,1567) = 3.46, P=0.02, Fig. 5). These findings are consistent with the VNS-
mediated changes in receptive field size and demonstrates that receptive field response
strength is similarly altered when VNS is delivered at sufficient levels.

Discussion

Previous findings have demonstrated that repeatedly pairing VNS with tones leads to
plasticity in the auditory cortex [4,6]. Studies examining electrophysiological responses of
the vagus nerve have suggested that the intensity threshold for vagus nerve activation is 200
WA [23,30]. Here, we tested if repeatedly pairing 200 WA VNS with a 9 kHz tone is sufficient
to generate cortical plasticity. VNS delivered at 200pA:500ps caused significant changes in
Al receptive fields, although the extent of this plasticity is weaker than that elicited by
800pA:100ps, the most effective stimulation strength in previous reports [1,4,6]. VNS
delivered at 200pA:100ps, an intensity shown to be sufficient to activate some vagus nerve
fibers [23] and weakly drive spiking in neurons of the locus coeruleus [17], was insufficient
to drive cortical plasticity. Response strengths to a range of tones were similarly affected by
VNS. Taken together, these findings suggest that while vagus nerve activation is required for
enhancement of plasticity, the level of activation must exceed a minimum threshold between
200pA:100ps and 200pA:500ps to elicit a sufficient response from CNS structures
mediating cortical reorganization.

Pairing VNS with a 9 kHz tone caused both an expansion in the percent of Al responding to
the 8-16 kHz frequency range as well as suppression in the percent responding to low
frequencies, corroborating previous findings [6]. While VNS delivered at 800uA:100us
caused a more robust expansion at the targeted frequency range between 8 — 16 kHz than
VNS delivered at 200A:500ys, the degree of suppression in the low frequency range (1 — 2
kHz) was not different between these groups. One explanation for this observation is that
expansion and suppression may occur in parallel, but the mechanisms underlying
reorganization of low frequency neurons are engaged at lower stimulation thresholds.
Alternatively, the shift in receptive fields may be a sequential process in which low
frequency suppression precedes the expansion at the targeted range. A more detailed
understanding of the mechanisms underlying VNS-dependent cortical reorganization may be
useful in developing selective stimulation strategies for VNS-based therapies.

The observation that 200 pA was insufficient to drive any plasticity with 100 ps pulse widths
but was able to drive receptive field reorganization when delivered with 500 ps pulse widths
is consistent with electrophysiological examinations demonstrating the vagus nerve displays
a typical strength-duration function [23,31]. Therefore, to the extent that nerve activation is
correlated with the inverted U response of VNS-mediated enhancement of plasticity and
memory, VNS delivered with a longer pulse width may yield a narrower range of effective
VNS intensities compared to a shorter pulse width. In concert with this notion, studies using
500 ps pulse width VNS achieved maximal efficacy at 400 pA, but changing the intensity
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level by a factor of 2 in either direction resulted in a > 50% reduction in efficacy [19,21,22].
In contrast, 100 ps pulse width VNS doubles the range of effective VNS intensities, with 400
HA and 800 pA VNS being equally effective [6]. However, the timing and amount of VNS
delivered was different across studies, which may account for the enhanced effectiveness of
VNS delivered at 200uA:500us in the current study relative to previous studies. Future
studies exploring a narrower distribution of intensity and pulse width combinations will be
required to confirm whether increasing pulse widths leads to a refined range of effective
VNS intensities.

VNS has been shown to influence the transmission of several neuromodulator systems
involved with memory and plasticity. Activation of these systems is thought to underlie the
neurophysiological mechanisms contributing to the plasticity-enhancing and memory-
enhancing effects of VNS [17,32-35]. The wide ranging extent of neuromodulator systems
influenced by VNS, which include norepinephrine, serotonin, dopamine, and acetylcholine,
would be expected to generate a complex cortical response. It is likely, therefore, that the
mechanisms underlying the inverted U will be revealed through the understanding of the
activation profiles and dose-responses unique to each neuromodulator system as well as the
interactions between these systems in response to varying VNS. A recent study
characterizing the activity of noradrenergic neurons in the locus coeruleus (LC) in response
to short trains (500 ms) of VNS observed that VNS evokes acute phasic activity in LC [17].
The difference between the activation threshold intensity and the intensity at which LC
activation saturated was greater when the pulse width was shorter (100 ps vs. 500 ps),
suggesting a wider pulse width results in a narrower range of VNS intensities that give rise
to a dynamic activation range. Moreover, the difference in on-target LC activation and off-
target activation is greater at shorter pulse widths than longer pulse widths. These findings
are consistent with the notion that VNS delivered with a shorter pulse width yields a broader
range of effective stimulation intensities. Future studies detailing the direct and indirect
activation of other neuromodulator systems by varied VNS parameters will be vital to
understanding the biomechanisms of VNS.

In summary, we find that pairing tones with VNS delivered at 200pA:500ps results in
significant changes in auditory cortex receptive fields, but only to a level of ~50% of that
reached with VNS delivered at 800uA:100us. In contrast, pairing tones with VNS delivered
at 200pA:100us is insufficient to drive cortical plasticity, providing a description of the
lower limit of the inverted-U effect of plasticity. Taken together, these findings provide
insight into the influence of varying pulse width on VNS-dependent plasticity in auditory
cortex.
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. The interaction of pulse width and current intensity on VVNS-directed cortical

. 200 pA VNS with 100 s pulses is insufficient for driving cortical

. 200 pA VNS with 500 ps pulses drives sub-maximal plasticity.
. Pulse width influences the range of effective VNS intensities.

. Clinical application of VNS should consider the interaction of pulse width

Highlights

plasticity is unclear.

reorganization.

and intensity.
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Figure 1. Schematic of VNS-tone paring paradigm and experimental groups
With each tone presentation, a 30 Hz, 500 ms train of electrical stimulation was delivered to

the left vagus nerve via a cuff electrode. Each group received one of two current intensities
(200 YA or 800 pA) and one of two biphasic pulse widths (100 ps or 500 ps per phase). Rats
received VNS paired with a 9 kHz, 50 dB tone every 30 s 300 times per day for 20 days.
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Figure 2. VNS-tone pairing drives plasticity in auditory cortex
(A — D) Percent of the area of primary auditory cortex responding to each of the 1296 tones

played. Black contour lines indicate 20, 40, and 60% of primary auditory cortex responding.
(E - G) The group average difference in the percent of cortex responding to each tone
between each of the three experimental groups and the naive group. White contour lines
surround tones that were significantly (P < 0.05) increased between the two groups, while
black contour lines surround tones that were significantly (P < 0.05) decreased. N = 10, 10,
9, & 7 for Naive, 200pA:100us, 200pA:500us, & 800UA:100us groups, respectively.
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Figure 3. Stimulation intensity and pulse width influence VNS-dependent rearrangement of
receptive fields in primary auditory cortex

In naive and 200pA:100us groups, the percent of area of primary auditory cortex responding
to 8-16 kHz, 50 dB tones was similar to the percent area of primary auditory cortex
responding to 1-2 kHz, 50 dB tones. In subjects receiving 200uA:500ps or 800UA:100us
VNS, the responsiveness of Al shifted towards 8-16 kHz, 50 dB tones. N = 10, 10, 9, & 7
for Naive, 200pA:100us, 200pA:500us, & 800UA:100us groups, respectively. * = P< 0.05;
** = p<0.01.

Brain Stimul. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Loerwald et al.

50 -

Page 16

[ INaive

I 200,:A: 10048
[12001A:5004s T
I 800,.A:100s L

Onset Latency  Peak Latency End of Peak

Figure 4. Response latencies are unaffected by VNS
Response onset latency, peak latency, and end of peak latency are all unaffected by VNS

delivered under any of the conditions tested in this paper (no significant effect of VNS
revealed by two-way ANOVA or Tukey’s test for multiple comparisons).
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Figure 5. Stimulation intensity and pulse width influence VNS-dependent changes in tone-evoked
response strength

Response strength to high frequency tones (8-16 kHz, 45-75 dB) minus the response
strength to low frequency tones (1-2 kHz, 45-75 dB) in naive and VNS treated animals. In
naive and 200uA:100us VNS groups, Al neurons fired more robustly in response to low
frequency tones. This bias was reduced in rats who received 200pA:500ps or 800pA:100ps
VNS due to a shift in response strength to favor high frequency tones.
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