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a b s t r a c t

Background: Vagus nerve stimulation (VNS) paired with forelimb motor training enhances reorganiza-
tion of movement representations in the motor cortex. Previous studies have shown an inverted-U
relationship between VNS intensity and plasticity in other brain areas, such that moderate intensity
VNS yields greater cortical plasticity than low or high intensity VNS. However, the relationship between
VNS intensity and plasticity in the motor cortex is unknown.
Objective: In this study we sought to test the hypothesis that VNS intensity exhibits an inverted-U
relationship with the degree of motor cortex plasticity in rats.
Methods: Rats were taught to perform a lever pressing task emphasizing use of the proximal forelimb
musculature. Once proficient, rats underwent five additional days of behavioral training in which low
intensity VNS (0.4 mA), moderate intensity VNS (0.8 mA), high intensity VNS (1.6mA), or sham stimu-
lation was paired with forelimb movement. 24 h after the completion of behavioral training, intracortical
microstimulation (ICMS) was used to document movement representations in the motor cortex.
Results: VNS delivered at 0.8mA caused a significant increase in motor cortex proximal forelimb rep-
resentation compared to training alone. VNS delivered at 0.4mA and 1.6mA failed to cause a significant
expansion of proximal forelimb representation.
Conclusion: Moderate intensity 0.8mA VNS optimally enhances motor cortex plasticity while low in-
tensity 0.4mA and high intensity 1.6mA VNS fail to enhance plasticity. Plasticity in the motor cortex
exhibits an inverted-U function of VNS intensity similar to previous findings in auditory cortex.

© 2018 Elsevier Inc. All rights reserved.
Introduction

Vagus nerve stimulation (VNS) has recently emerged as a
method of enhancing rehabilitation for awide range of neurological
disorders affectingmotor function including stroke, traumatic brain
injury, and spinal cord injury [1e11]. Recovery is thought to be
associated with plasticity in central networks after injury [12,13].
VNS is believed to promote recovery by inducing plasticity in net-
works activated during rehabilitation [12]. Thus, increasing the
amount of VNS-mediated plasticity could lead to enhanced
recovery.

VNS drives rapid engagement of the neuromodulators acetyl-
choline and norepinephrine, which act synergistically to
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strengthen synaptic connections in activated circuits [14e18].
Repeatedly pairing VNS with a sensory or motor event drives
robust, targeted cortical plasticity [1,19e22]. For example, repeat-
edly pairing VNS with forelimb training increases forelimb repre-
sentation in the motor cortex [22].

A number of stimulation parameters influence the magnitude of
plasticity driven by VNS in the auditory cortex, but the effect of
these parameters on motor cortex plasticity remains largely un-
explored [23]. Increasing VNS intensity drives monotonic increases
in neural activity in the locus coeruleus (LC), an area necessary for
the effects of VNS on central nervous system [18,24e26]. Thus, VNS
intensity and plasticity may be linearly related, where higher in-
tensities of VNS yield greater plasticity. Alternatively, studies in
auditory cortex and hippocampus reveal an inverted-U relationship
between VNS intensity and plasticity, where low and high intensity
VNS drive little to no plasticity, while moderate intensity VNS
significantly enhances plasticity [23,27e29]. Here we sought to test
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the hypothesis that motor cortex plasticity in rats exhibits an
inverted-U relationship to VNS intensity.

Methods

All experimental procedures, statistical comparisons, and
exclusion criteria were preregistered before beginning data
collection (https://osf.io/3bxgc/).

Subjects

Forty-six female Sprague-Dawley rats weighing approximately
250 g were used in this experiment. All rats were housed in a
reversed 12:12 h light-dark cycle. Rats were food restricted on
weekdays during behavioral shaping and training with ad libitum
access to food on weekends. All rats were maintained at or above
85% body weight. All handling, housing, stimulation, and surgical
procedures were approved by The University of Texas at Dallas
Institutional Animal Care and Use Committee.

Behavioral training

Rats were trained to perform an automated lever pressing task
[30]. The behavioral training apparatus consisted of an acrylic cage
with a slot located at the front right for access to a lever positioned
outside the cage (Fig. 1A). The slot was situated so that rats were
only able to use their right forelimb to reach for the lever. A
potentiometer affixed to the lever recorded the angle of the lever
relative to the horizontal. The lever had a range of motion of 13�,
and any lever depression exceeding 9.5� was considered a press. A
spring provided approximately 28 g of resistance to bring the lever
back to a horizontal position after it had been depressed. An audio
cue signaled successful presses. All rats were trained to depress the
Fig. 1. Lever Pressing Task and Experimental design. (A) Illustration of rat performing the l
subcutaneous stimulation leads and nerve cuff, and the vagus nerve are shown. (B) Repres
lever twice in rapid succession. If the second press occurred within
500ms of the first, the trial was recorded as a success and a food
pellet was delivered (45mg dustless precision pellet, BioServ,
Frenchtown, NJ) (Fig. 1B). If the lever was not depressed a second
time or the second press occurred longer than 500ms after the first
press, the trial was recorded as a failure and no food pellet was
delivered.

Behavioral shaping occurred in stages. Early in shaping, the lever
extended into the behavioral cage and a single press was required
for a food pellet to be dispensed. The lever was moved back grad-
ually until the tip of the lever was positioned 2.5 cm away from the
cage. Finally, a second press within 500ms of the first press was
required for a food pellet to be dispensed. Rats performed the task
for two 30min periods five days a week, with each 30-min session
being separated by at least 2 h. Rats received a supplemental 10 g of
food pellets if they did not receive at least 100 pellets in a day. Once
proficient at the task, rats were implanted with VNS cuffs and
recovered for 7 days before returning to behavioral testing.
Surgical implantation

Rats were implanted with a stimulating cuff on the left cervical
vagus nerve as described in previous studies [4e7]. Rats were
anesthetized with ketamine hydrochloride (50mg/kg, i.p.), xyla-
zine (20mg/kg, i.p.), and acepromazine (5mg/kg, i.p.), and were
placed in a stereotactic apparatus. An incision was made down the
midline of the head to expose the skull. Bone screws were inserted
into the skull at points surrounding the lamboid suture and over
the cerebellum. A two-channel connector was mounted to the
screws using acrylic.

An incision was made on the left side of the neck and the
overlying musculature was blunt dissected to reveal the vagus
nerve. The nerve was gently dissected away from the carotid artery.
ever pressing task. The stimulating cable plugged into the headmounted -connector, the
entative trial depicting a double press. (C) Timeline of experimental design.
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A cuff electrode was implanted surrounding the vagus nerve with 2
leads tunneled subcutaneously to connect with a 2-channel
connector fixed with acrylic to the skull. Nerve activation was
confirmed by observation of a�5% drop in blood oxygen saturation
in response to a 10 s stimulation train of 30 Hz VNS consisting of
800 mA, 100 ms biphasic pulses, as in previous studies. The head and
neck incisions were then sutured. Rats received subcutaneous in-
jections of 4mL 50:50 0.9% saline 5% dextrose solution and sus-
tained release Buprenorphine (0.3mg/kg). A seven-day recovery
period followed surgery and rats were given one Baytril tablet per
day (2 mg/tablet, BioServ, Frenchtown, NJ).
Vagus nerve stimulation

After surgery rats were randomly sorted into four groups that
received lever training where successful presses were paired with
0.4mAVNS (n¼ 9), 0.8mAVNS (n¼ 7), 1.6mAVNS (n¼ 8), or sham
stimulation (n¼ 9) (Fig. 1C). All rats, regardless of experimental
group, were connected via headmount-connector to a stimulation
cable. In the initial sessions after implantation rats were allowed to
acclimate to being attached to stimulating cables until they per-
formed at least 100 successful trials per day. Once acclimated, rats
then underwent five days of training and received VNS according to
their group. VNS consisted of a 500ms train of 100 ms biphasic
pulses at a frequency of 30 Hz with an amplitude of either 0.4mA,
0.8mA,1.6mA, or 0mA, as appropriate for each group. During daily
VNS sessions, a digital oscilloscope (PicoScope 2204A, PP906, Pico
Technology) was used to monitor cuff impedance to ensure nerve
cuff functionality.
Intracortical microstimulation mapping

Within 24 h of their last behavioral session rats underwent
intracortical microstimulation (ICMS) as previously described
[22,31e34]. Rats were anesthetized with ketamine hydrochloride
(70mg/kg, i.p.) and xylazine (5 mg/k, i.p.). Toe-pinch response and
whisking were used to determine when supplemental doses were
needed in order to maintain a constant state of anesthesia for the
procedure. To evaluate nerve cuff functionality, nerve activation
was confirmed by observation of a �5% drop in blood oxygen
saturation in response to a 10 s stimulation train of 30 Hz VNS
consisting of 800 mA, 100 ms biphasic pulses. Rats that failed to
demonstrate stimulation-induced depression in oxygen saturation
were excluded, as defined in the pre-registration.

Rats were placed in a stereotactic apparatus and a craniotomy
and duratomy were performed to expose the left motor cortex
(4mm to�3mmAP and 0.25mme5mmML). A cisternal drainwas
created to minimize cortical swelling. A tungsten electrode with an
impedance of approximately 0.7MU (FHC, Tungsten Microelec-
trode - UEWMEGSEBN3M) was lowered into the brain to a depth of
1.8mm. Stimulation sites were then chosen at random on a grid
with sites set 500 mm apart from each other. Sites were at least
1mm away from the previous site whenever possible. Stimulations
consisted of a 40ms pulse train of monophasic 200 ms cathodal
pulses delivered at a frequency of 286 Hz. ICMS was conducted
blinded with two experimenters, as previously described [22,35].
The first experimenter placed the electrode and recorded the data
for each site. The second experimenter, blinded to group and
electrode location, delivered stimulations and classified move-
ments. Stimulation was increased from 20 mA until a movement
was observed or until a maximum of 250 mA was reached. Move-
ments were classified into the following categories: proximal
forelimb, distal forelimb, head, and hindlimb.
Subject exclusion

All subject exclusion criteria was preregistered before data
collection began (https://osf.io/3bxgc/). 33 subjects were analyzed
in the final results of the study out of a total of 46 subjects. Of the 13
subjects not used in final analysis, 2 subjects were excluded due to
loss of function of nerve cuffs, 6 subjects were excluded due to
head-connector failure during behavioral training, and 5 subjects
were excluded due to death during or immediately after VNS im-
plantation or before ICMS surgery.

Statistics

Statistical methods and comparisons were preregistered and
defined a priori (https://osf.io/3bxgc/). The primary outcome of this
study was area of motor cortex generating proximal forelimb
movements. All other movement representations and behavioral
performance data were analyzed as secondary outcome measures.
A one-way ANOVA was used to compare experimental group rep-
resentation sizes. Behavioral data was compared using one-way
ANOVA. Bonferroni corrected unpaired two-tailed t-tests at an
alpha of 0.0083 were used to identify any between group differ-
ences, as appropriate. All data are reported as mean ± SEM. “*”
indicates Bonferroni-corrected significant differences in all figures.

Results

We sought to evaluate the effect of varying stimulation intensity
on VNS-dependent plasticity in motor cortex. To do so, rats were
shaped on an automated lever-pressing task emphasizing the
proximal forelimb musculature. Once proficient, rats underwent
five additional days of behavioral training in which low intensity
VNS (0.4mA), moderate intensity VNS (0.8mA), high intensity VNS
(1.6mA), or sham stimulation was paired with forelimb movement
(Fig. 1). Following completion of behavioral training, intracortical
microstimulation (ICMS) was used to document movement repre-
sentations in the motor cortex.

Moderate intensity 0.8 mA VNS enhances plasticity in motor cortex

Previous studies indicate that moderate intensity VNS paired
with training drives substantial reorganization of cortical networks
[23,27e29]. Group analysis of proximal forelimb representation
area revealed a significant effect between groups (one-way ANOVA,
F [3,29]¼ 8.03, p¼ 4.79� 10�4). Moderate intensity 0.8mA VNS
paired with motor training significantly increased proximal fore-
limb representation compared to equivalent motor training
without VNS (0.8mA VNS: 2.86± 0.59mm2; sham:
0.75± 0.27mm2, Unpaired t-test, t(14)¼�3.48, p¼ 3.69� 10�3)
(Fig. 2A, Fig. 3). These results are consistent with previous studies
and demonstrate that pairing moderate intensity VNS with fore-
limb training enhances plasticity in motor cortex [22,35].

Low intensity 0.4 mA VNS and high intensity 1.6mA VNS fail to
enhance plasticity in motor cortex

Next, we evaluated the effects of low intensity 0.4mA VNS and
high intensity 1.6mAVNS pairedwithmotor training. Low intensity
VNS failed to increase proximal forelimb representation compared
to equivalent motor training without VNS (0.4mA VNS:
1.33± 0.26mm2, sham: 0.75± 0.27mm2, Unpaired t-test,
t(16)¼�1.54, p¼ 0.14) (Fig. 2A). Similarly, high intensity VNS also
failed to increase proximal forelimb representation compared to
equivalent motor training without VNS (1.6mA VNS:
0.53± 0.27mm2, sham: 0.75± 0.27mm2, Unpaired t-test,

https://osf.io/3bxgc/
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Fig. 2. Moderate intensity VNS enhances plasticity in motor cortex. (A) Moderate intensity 0.8 mAVNS paired with forelimb motor training significantly increases the movement
representation of the proximal forelimb in motor cortex compared to equivalent motor training without VNS (Sham). Low intensity 0.4 mAVNS and high intensity 1.6 mAVNS both
fail to increase proximal forelimb representation compared to Sham. (B) No difference was observed in the area of distal forelimb representation across groups, indicating that VNS-
dependent plasticity is specific to the trained movement. (C) No change in the total area of motor cortex was observed across groups. Circles depict individual subjects. Bars
represent mean ± SEM. * denotes significant differences using Bonferroni-corrected p < 0.0083.
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t(15)¼ 0.56, p¼ 0.58). High intensity VNS also resulted in signifi-
cantly less proximal forelimb representation than moderate in-
tensity VNS (1.6mA VNS: 0.53± 0.27mm2, 0.8mA VNS:
2.86± 0.59mm2, Unpaired t-test, t(13)¼ 3.71, p¼ 2.60� 10�3).
Together these results suggest that VNS intensity has an inverted-U
relationship with the magnitude of plasticity, consistent with pre-
vious studies in auditory cortex [23].
VNS-mediated plasticity is specific to the trained movement

Group analysis of other movement representations showed no
significant differences between groups (one-way ANOVA, distal
forelimb: F [3,29]¼ 0.28, p¼ 0.84, sham: 4.81± 0.56mm2, 0.4mA
VNS: 4.61± 0.41mm2, 0.8mA VNS: 4.46± 0.38mm2, 1.6mA VNS:
5.16± 0.76mm2; head: F [3,29]¼ 2.29, p¼ 0.10, sham:
2.17± 0.44mm2, 0.4mA VNS: 4.08± 0.66mm2, 0.8mA VNS:
2.82± 0.41mm2, 1.6mA VNS: 4.00± 0.74mm2; hindlimb: F
[3,29]¼ 2.14, p¼ 0.12, sham: 0.75± 0.20mm2, 0.4mA VNS:
1.36± 0.44mm2, 0.8mA VNS: 2.18± 0.54mm2, 1.6mA VNS:
1.34± 0.35mm2) (Fig. 2B). Additionally, no differences in total
motor cortex area were observed (one-way ANOVA, F [3,29]¼ 2.56,
Fig. 3. Average motor cortex movement representations. (A) Cumulative representation
electrode penetration for each group. (B) Average percentage of the total map devoted to
training significantly increases the amount of motor cortex that represents the proximal fo
p¼ 0.07) (Fig. 2C). Group analysis of average response thresholds
also showed no significant differences between groups (one-way
ANOVA, F [3,29]¼ 2.05, p¼ 0.13). These results confirm that VNS-
dependent enlargement of cortical movement representations is
restricted to the paired movement and does not broadly influence
cortical representations.
VNS does not alter behavioral performance

We tested whether differences in behavioral performance could
account for observed VNS-dependent increase in proximal forelimb
representation. Between-group analysis during behavioral training
revealed no significant differences in total successful trials (one-
way ANOVA, F [3,29]¼ 0.42, p¼ 0.74) total trials (one-way ANOVA,
F [3,29]¼ 1.31, p¼ 0.29) success rate (one-way ANOVA, F
[3,29]¼ 0.75, p¼ 0.53) nor inter-press-interval (one-way ANOVA, F
[3,29]¼ 2.49, p¼ 0.08). Group analysis also revealed no differences
in the number of stimulations received between groups during
behavioral training (one-way ANOVA, F [3,29]¼ 0.99, p¼ 0.41)
(Fig. 4A) or the average time between stimulations (one-way-
ANOVA, F [3,29]¼ 1.19, p¼ 0.33) (Fig. 4B) which had a mean of
s from all ICMS maps expressed as a percentage of representations observed at each
each movement representation. Moderate intensity 0.8mA VNS paired with forelimb
relimb compared equivalent training paired with high intensity 1.6mA VNS.



Fig. 4. Amount of training or stimulation cannot explain moderate intensity VNS-dependent enhancement of plasticity. (A) No difference in the total number of stimulations
received was observed across groups. (B) Additionally, no difference in the timing between stimulations was observed across groups. Together, these findings indicate that dif-
ferences in the amount of stimulation or the timing between stimulations cannot account for the increased in proximal forelimb representation driven by moderate intensity 0.8mA
VNS. Circles depict individual subjects. Bars represent mean± SEM.
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11.06 ± 1.13 s. These results suggest that expansion of map repre-
sentations driven by moderate intensity VNS cannot be ascribed to
changes in motivation, motor performance, or the amount of
stimulations administered during training.

Discussion

Repeatedly pairing VNS with motor or sensory training yields
robust, specific cortical plasticity [1,19e22]. However, little is
known about the stimulation parameters that most effectively
drive VNS-dependent enhancement of plasticity in motor cortex. In
this study, we report that the intensity of VNS paired with forelimb
training exhibits an inverted-U relationship with plasticity, such
that moderate intensity stimulation yields greater motor cortical
reorganization than low or high intensity stimulation. VNS-
dependent enhancement of plasticity is specific to the trained
movement, with no changes observed in the representation of
untrained movements. Differences in behavioral performance or
number of stimulations administered cannot account for the
observed enhancement of plasticity. These results provide evidence
to guide the selection of parameters for VNS applications that aim
to enhance motor cortical plasticity and promote recovery of motor
function after neurological injury [1,2,4e11].

Consistent with findings reported here, previous studies of VNS
document an inverted-U relationship between stimulation in-
tensity and memory or plasticity in other brain regions, with
moderate intensity VNS being most effective [23,27,36]. In the
auditory cortex, low intensity 0.4mAVNS was comparably effective
tomoderate intensity 0.8mAVNS, while herewe report that 0.4mA
VNS fails to significantly enhance plasticity in motor cortex. It is
possible that the difference in the effect of low intensity VNS arises
from fundamental differences in auditory and motor cortices.
Alternatively, this discrepancy could be explained by differences in
interval between stimulations. In studies evaluating plasticity in
auditory cortex, stimulations occur at a fixed interval of 30 s. In the
present study, the interval between stimulations is variable and
depends on the task performance, but averages approximately 11 s.
The interval between stimulations is a major determinant of the
degree of VNS-dependent plasticity, and reducing the amount of
time between stimulations reduces VNS efficacy in auditory cortex
[37]. Thus, the shorter interval in this study may account for the
absence of plasticity using low intensity VNS and raises the possi-
bility that lengthening the time between stimulations could restore
VNS-dependent enhancement of motor cortex plasticity at low
intensity stimulation. The results from the current study
corroborate previous reports in which high intensity 1.6mA VNS
fails to enhance plasticity or memory [23,27e29].

While the vagus nerve mediates parasympathetic activity via
descending projections, ascending projections are able to
communicate information regarding arousing events from the pe-
riphery to the central nervous system. Ascending activation of the
vagus nerve can occur in response to both beneficial stimuli, such as
eating and digestion, or stimuli associated with a negative valence,
such as stress, fear, and inflammation [38,39]. Vagal signals
resulting from these events are able to enhance memory and pro-
mote learning, and several studies have demonstrated that the
vagus nerve is required for peripherally-mediated enhancement of
memory because the effect is blocked by vagal transection [29,40].
The locus coeruleus (LC), a major source of cortical norepinephrine,
demonstrates rapid, phasic activation and releases norepinephrine
in response to increasing intensities of VNS [14,18,25]. Similar to the
effects of vagotomy on memory enhancement, lesions of the LC
block central effects of VNS, suggesting norepinephrine plays a
major role in VNS efficacy [26]. Thus, the vagus nerve is positioned
to influence plasticity in response to a variety of peripheral stimuli
and control of neuromodulatory networks by ascending vagal
projections likely underlies VNS-dependent plasticity observed in
response to electrical stimulation.

A variety of neuronal mechanisms could account for the
inverted-U relationship observed between VNS intensity and
enhancement of plasticity. VNS promotes plasticity by engaging
multiple neuromodulatory networks during training [18,25]. Acti-
vation of these opposing neuromodulator actions or desensitization
of receptors provide a mechanistic basis for the inverted-U. One
potential explanation reflects the activation of opposing processes
with different activation thresholds. In this case, VNS at moderate
intensities sufficiently activates a lowethreshold, pro-plasticity
process and avoids activation of a high-threshold, anti-plasticity
process, resulting in robust enhancement of plasticity (Fig. 5). Low
stimulation intensities would fail to sufficiently activate the pro-
plasticity process, precluding effective plasticity. At high stimula-
tion intensities, activation of the anti-plasticity process would
dominate and similarly prevent the enhancement of plasticity.
Adrenergic receptors, which are activated by VNS-dependent
norepinephrine release, express features that could underlie
these opposing systems. Moderate intensities of VNS may result in
sufficient norepinephrine release to engage higher-affinity a2-re-
ceptors and promote potentiation, whereas high intensity stimu-
lationmay increase norepinephrine levels further to activate lower-
affinity b-receptors and oppose potentiation. Indeed, this



Fig. 5. Model of the Inverted-U relationship between VNS intensity and cortical
plasticity. One potential explanation to account for the inverted-U relationship be-
tween VNS intensity and enhancement of plasticity relies on engagement of two
opposing processes. At low stimulation intensities, VNS fails to drive sufficient acti-
vation of a low-threshold, pro-plasticity process (red) and thus fails to drive plasticity.
At moderate stimulation intensities, VNS activates the low-threshold pro-plasticity
process and avoids activation of a high-threshold, anti-plasticity process (blue),
resulting in robust enhancement of plasticity. At high stimulation intensities, the anti-
plasticity process dominates and prevents effective enhancement of plasticity. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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concentration dependent control of the polarity of plasticity by
adrenergic receptors has been described [41]. In addition to
norepinephrine, several other neuromodulatory systems have been
linked to the action of VNS in the central nervous system, including
serotonin and acetylcholine [42e44]. Similar principles governing
these neuromodulatory systems could also give rise to the
inverted-U effect of VNS on plasticity.

Alternatively, a single desensitizing system could explain the
inverted-U response. Moderate intensity stimulation would pro-
vide sufficient activation with minimal desensitization, while high
levels of stimulation would result in overactivation and reduction
of the response. G-protein coupled receptors, such as those which
likely mediate the response to VNS-dependent engagement of the
noradrenergic, cholinergic, and serotonergic systems, exhibit
notable desensitization andmay explain the inverted-U response to
VNS [45]. Other effects of VNS on cortical neurons, including
desynchronization and activation of hyperpolarizing currents,
could potentially produce the network consequences observed in
this study [44,46,47]. However, since cortical reorganization was
assessed the day after the cessation of VNS, these neuronal effects
would need to engender plasticity in order to mediate the lasting
changes in movement representations. While all of these models
can account for the inverted-U, they are not mutually exclusive and
various other systems likely contribute. Future studies directed at
manipulating the activation of neuromodulatory networks could
provide insight into the neuronal mechanisms that underlie VNS-
dependent enhancement of plasticity. Additionally, a clear under-
standing of activation of these neuromodulatory systems may lead
to pharmacological manipulations to potentiate the effects of VNS.

At moderate intensity stimulation, the reorganization of cortical
movement representations is likely produced by temporally-
precise engagement of neuromodulatory activation by VNS. Dur-
ing performance of the behavioral task in this study, networks in
motor cortex generate activity to produce movement of the prox-
imal forelimb muscles. Delivery of VNS concurrent with
movement-related neural activity provides precisely-timed neu-
romodulatory feedback, which likely facilitates canonical spike-
timing-dependent plasticity mechanisms to enhance plasticity
within the active motor networks [17,48,49]. The degree of
activation of these neuromodulatory networks is contingent upon
the intensity of VNS [18], and results from the present study sup-
port the notion that moderate intensity VNS produces favorable
neuromodulatory activation to facilitate plasticity. This VNS-
dependent enhancement of plasticity forms the basis for the use
of VNS in treatment of movement disorders.

A number of studies in preclinical models and humans
demonstrate that VNS paired with rehabilitative training supports
recovery in a wide range of neurological disorders including stroke,
traumatic brain injury, spinal cord injury [1e11]. Recovery after
these injuries is thought to be dependent on plasticity in central
networks after injury [12,13]. Indeed, VNS paired with rehabilita-
tive training drives large-scale synaptic reorganization in motor
control networks after stroke and spinal cord injury [10,12]. The
VNS-dependent plasticity in corticospinal, corticorubral, and pro-
priospinal networks likely underpins the improvements in recov-
ery of function. Consequently, there is great interest in identifying
paradigms that maximize plasticity and thereby yield greater re-
covery. The present study characterizes the effect of stimulation
intensity across a range of parameters and establishes a framework
for future studies to directly evaluate the effect of varying VNS in-
tensity on plasticity and recovery after neurological injury. Ulti-
mately, these findings may facilitate determination of optimal
parameters for clinical application.
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