JOURNAL OF NEUROTRAUMA 33:871-879 (May 1, 2016)
© Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2015.3972

Vagus Nerve Stimulation Delivered with Motor
Training Enhances Recovery of Function
after Traumatic Brain Injury

David T. Pruitt]® Ariel N. Schmid® Lily J. Kim,*® Caroline M. Abe® Jenny L. Trieu??
Connie Choua,® Seth A. Hays?*® Michael P. Kilgard;*® and Robert L. Rennaker' =

Abstract

Traumatic Brain Injury (TBI) is one of the largest health problems in the United States, and affects nearly 2 million people
every year. The effects of TBI, including weakness and loss of coordination, can be debilitating and last years after the
initial injury. Recovery of motor function is often incomplete. We have developed a method using electrical stimulation of
the vagus nerve paired with forelimb use by which we have demonstrated enhanced recovery from ischemic and hem-
orrhagic stroke. Here we have tested the hypothesis that vagus nerve stimulation (VNS) paired with physical rehabilitation
could enhance functional recovery after TBI. We trained rats to pull on a handle to receive a food reward. Following
training, they received a controlled-cortical impact (CCI) in the forelimb area of motor cortex opposite the trained
forelimb, and were then randomized into two treatment groups. One group of animals received VNS paired with reha-
bilitative therapy, whereas another group received rehabilitative therapy without VNS. Following CCI, volitional forelimb
strength and task success rate in all animals were significantly reduced. VNS paired with rehabilitative therapy over a
period of 5 weeks significantly increased recovery of both forelimb strength and success rate on the isometric pull task
compared with rehabilitative training without VNS. No significant improvement was observed in the Rehab group. Our
findings indicate that VNS paired with rehabilitative therapy enhances functional motor recovery after TBI.
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Introduction

HERE ARE MORE THAN 200,000 HOSPITALIZATIONS annually

due to traumatic brain injury (TBI) in the United States.'
Moderate to severe TBI commonly impairs strength, balance, and
coordination in humans.”>™ Thousands of these injuries each year
lead to chronic motor dysfunction. Most patients receive physical
therapy over a period of several months following a serious brain
injury. Although modest improvements are seen in some patients,
recovery is often incomplete.*

Vagus nerve stimulation (VNS) has been used clinically to ef-
fectively treat many neurological disorders.>™ Recently, an im-
plementation that uses short bursts of VNS paired with
rehabilitative therapy has been demonstrated to enhance functional
recovery in animal models of stroke.”™'? In both ischemic and
hemorrhagic models of stroke, pairing VNS with rehabilitation
improved multiple measures of forelimb performance.”'? Given
the effectiveness of pairing VNS with physical rehabilitation to
enhance functional recovery in multiple models of brain injury and
neurological disorders, we hypothesized that VNS would also be an
effective tool to enhance functional recovery following TBI.

In this study, we trained rats on the isometric pull task, a
highly sensitive measure of forelimb function in models of both
TBI and stroke.'*'* After training, rats received a controlled-
cortical impact (CCI) lesion to model TBI. Animals were re-
turned to training one week after the lesion, and then received 5
weeks of rehabilitative training during which VNS was deliv-
ered paired with successful trials. We hypothesized that VNS
paired with rehabilitative therapy using the isometric pull task
would enhance functional motor recovery following experi-
mental TBI.

Methods
Subjects

Twenty-eight adult female Sprague-Dawley rats weighing be-
tween 250 and 300 g were used in this experiment. The rats were
housed in a 12:12 h reversed light cycle and were food deprived to
no less than 85% of their normal body weight. All handling,
housing, surgical procedures, and behavioral training of the rats
were approved by the University of Texas Institutional Animal
Care and Use Committee.

'The, School of Behavioral Brain Sciences, “Erik Jonsson School of Engineering and Computer Science, “Texas Biomedical Device Center,

The University of Texas at Dallas, Richardson, Texas.
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Behavioral apparatus and software

The behavioral apparatus and software were used as previously
described.'* The apparatus consisted of an acrylic box
(25.4%30.5%12.1 cm). The box contained a slot in the front right
corner that rats could reach through to access the aluminum pull
handle. The slot was sized and positioned such that rats could
only reach the pull handle using their right forelimb. The pull
handle was centered in the slot at a height of 6.35 cm from the
cage floor, and the distance of the pull handle to the cage was
varied from 1.9 cm inside the cage (relative to the inner cage
wall) to 1.9 cm outside the cage. The aluminum pull handle was
connected to a force transducer (Vulintus, Inc., Sachse, TX) that
could measure pull force with sub-gram accuracy. The force
transducers were inspected daily and were recalibrated when
necessary. Matlab software (MathWorks, Inc., Natick, MA) was
used to control the behavioral apparatus and collect data. A mi-
croprocessor controller (Vulintus, Inc., Sachse, TX) sampled the
force transducer at a frequency of 100 Hz and sent the informa-
tion to Matlab software, which displayed the data on the screen,
controlled the behavioral session, and saved the data to perma-
nent files.

Behavioral training

Animals underwent training for two 30-min sessions per day 5
days per week, with at least 2 h between sessions. Shaping proce-
dures were similar to those previously described.'>'* Animals were
trained to pull on the handle with 120g of force, and single reward
pellets were dispensed following successful trials (45 mg dustless
precision pellet, BioServ, Frenchtown, NJ). If rats did not receive
50 pellets per day, they were given 10 g of additional pellets after
daily training sessions were completed.

A trial was initiated when at least 10g of force were applied to
the pull handle. After initiation the force on the pull handle was
sampled for 4 sec. If the force threshold required for a hit was met
within a 2-sec window after force initiation, the trial was recorded
as a success and a reward pellet was delivered. If the force threshold
was not reached within 2 sec, the trial was recorded as a failure and
no reward was delivered. Success rate for each day was calculated
as the number of hits for that day divided by the total number of
trials for the day.

Rats were considered fully trained after they maintained a per-
formance of 85% success at the 120g threshold for 5 consecutive
days. None of the animals in this study failed to meet this criterion.
After the animals successfully reached this stage, they received a
CCI over the forelimb area of left motor cortex to impair use of the
trained forelimb. They were then implanted with a vagus nerve cuff
and given 7 days to rest before behavioral testing resumed. Because
of the severe forelimb deficits resulting from CCI, animals under-
went a manual or automated adaptive reshaping procedure during
early post-lesion sessions to encourage independent performance of
the task. Once a post-lesion baseline assessment could be obtained,
which consisted of animals independently initiating at least 50 trials
per session for a 2-day period, and at least one successful 120g pull
on each day, they were then divided into two therapy groups to
receive VNS paired with successful trials during rehabilitative
training (VNS +Rehab) or to receive only rehabilitative training
but no VNS (Rehab). Due to the duration of the reshaping period,
division into experimental groups typically occurred 3 to 4 weeks
post-injury. After establishing post-lesion baseline performance
and separating animals into experimental groups, rehabilitative
training continued for 6 weeks and consisted of training on the pull
task with the same parameters that were used during pre-lesion
training. (1.9 cm handle distance, 120g force threshold, 2-sec time
window). The VNS group did not receive stimulation during the
sixth week of training to assess whether the effects of VNS were
sustained after stimulation ceased.
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Stimulation parameters

VNS onset occurred within 45 msec of each successful trial. The
stimulation parameters consisted of a 500-msec train of 15 pulses at
30 Hz. Each biphasic pulse was 0.8 mA in amplitude and 100 s in
phase duration. These parameters were identical to our earlier
studies.”™'"*'> During the first day of the post-lesion baseline, rats
did not have a stimulator cable connected to the headcap. For both
Rehab and VNS +Rehab animals, the stimulator cable was con-
nected during the second day of post-lesion baseline assessment,
but no stimulation was delivered. Throughout the 6 weeks of
therapy, the stimulation cable for the Rehab rats was not connected
to a stimulator. During the sixth week, the stimulator cable was not
used for either group.

Surgical procedures

Rats were anesthetized with a cocktail of ketamine hydrochlo-
ride (50 mg/kg), xylazine (20 mg/kg), and acepromazine (5 mg/kg)
injected intramuscularly, and they were given supplemental doses
as needed. After placing the rat in the stereotaxic frame, a cra-
niotomy (3 to —2 mm anteroposterior [AP], 0.5 to 4 mm lateral
relative to bregma) was performed using rongeurs to expose the
motor cortex. A spring-loaded CCI device (Vulintus, Inc., Sachse,
TX) set to a velocity of 3 m/sec with an impactor tip of 3 mm in
diameter was lowered to the surface of the cortex. Upon trigger-
ing, the impactor delivered a downward blow 2 mm in distance
and was left in place for 5 sec before being lifted out. The crani-
otomy was then covered with KwikCast silicone polymer (World
Precision Instruments, Sarasota, FL) and sealed with a thin layer
of acrylic.

Four bone screws were inserted into the skull at points near the
lambdoid suture and over the cerebellum. A two-channel con-
nector was then attached to the cranial screws using acrylic. The
rat was then removed from the stereotaxic frame, and was laid in a
supine position. An incision was made in the neck, and blunt
dissection of the muscles exposed the left cervical vagus nerve.
After isolating the vagus nerve from the carotid artery, the nerve
was placed inside the stimulating cuff and the cuff was sutured
closed. Cuff leads were tunneled subcutaneously and attached to
the two-channel connector atop the skull. All incisions were su-
tured and the exposed two-channel connector was encapsulated
in acrylic. A topical antibiotic cream was applied to both inci-
sion sites.

Following surgery, rats were provided with 4 mg Rimadyl® and
a 350 mL water bottle containing 50 mg of minocycline hydro-
chloride. This water bottle was removed after one week, and each
rat was returned to normal drinking water.

Histology

Following the completion of therapy, animals were perfused
with 4% paraformaldehyde, and their brains were removed for
processing. Coronal sections 40 um thick extending through the
lesioned area were cut using a cryostat and stained with cresyl
violet. Twenty-two of the brains were included in histological an-
alyses to investigate lesion size and damage to both white matter
and gray matter.

White matter was measured as the area of the corpus callosum
and external capsule in each hemisphere of the brain.'* The total
volume of white matter was calculated for each hemisphere, and the
ratio was taken as the total volume of white matter in the lesioned
hemisphere to the total volume of white matter in the unlesioned
hemisphere. The volume of gray matter was similarly calculated,
and a ratio of the lesioned to the unlesioned hemisphere was
obtained. Histological analysis was completed using Imagel]
(National Institutes of Health; imagej.nih.gov) and was performed
blind to the experimental group and performance of each animal on
the pull task.
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Statistical analysis

Behavioral data from each subject was grouped by combining
each 5 consecutive days into epochs. Each day consisted of two
sessions of data. Post-lesion performance at each epoch was com-
pared across experimental groups, as well as compared with post-
lesion baseline performance and the last 5 days of pre-lesion
training. Significant differences were determined using repeated-
measures analysis of variance (ANOVA), paired ¢ tests, and un-
paired ¢ tests. All data are reported as mean + standard error of the
mean (SEM). Significant differences between groups are noted in
Figures 2 and 4 as *p <0.05. Significant differences for each group
from post-lesion are noted by filled markers in Figure 2 and Figure
4. Bonferroni correction was used to calculate a cut-off value for
significance as p <0.0083 for therapy time points when compared
with post-lesion. Error bars indicate mean + SEM. Matlab software
was used for all statistical analyses.

Results

Rats were trained on the isometric pull task

Rats were trained to perform the isometric pull task (Fig. 1).'*'#

Training continued until each animal achieved a performance of 5
consecutive days in which average success rate exceeded 85%.
Prior to injury, the mean success rate of all rats before injury was
92+0.8% and 92 +0.6% in the VNS + Rehab and the Rehab groups,
respectively (Fig. 2A,B), and the mean maximal pull force was
153.9+4.2g and 154.7+2.4g for each group (Fig. 2A,C). Ad-
ditionally, the distribution of maximal force in both groups was
similar to that of previously reported animals proficient at the task
(Fig. 3, left panels).” No significant differences in maximal pull
force or success rate were observed between groups (unpaired ¢ test
of VNS +Rehab vs. Rehab groups; success rate p=0.49; maximal
force p=0.85).
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Controlled-cortical impact impairs performance

After rats reached proficiency on the pull task, a CCI was per-
formed over the left motor cortex to impair performance of the
trained right forelimb. Following a week of rest, rats underwent
reshaping until they could independently perform the task. Rats
typically established a post-lesion baseline performance 26+2
calendar days following the lesion. No differences were found
between groups in the number of training days required to establish
a post-lesion baseline (VNS +Rehab: 13+7 days, Rehab: 13+8
days; unpaired ¢ test p=0.98). CCI significantly impaired perfor-
mance in both groups (Fig. 2B, VNS +Rehab: 51.2+4%, Rehab:
56.31+5%; paired ¢ test vs. pre-lesion p <0.001 for both groups).
Additionally, a shift in the distribution of maximal forces per trial
was observed (Fig. 3, middle panels). Following CCI, the distri-
bution of maximal force per trial shifted significantly toward lower
peak forces (paired ¢ test of pre-lesion vs. post-lesion, p <0.05 for
all force bins below 120g), indicative of weakness in the forelimb.
Consequently, the mean maximal pull force used by animals was
also significantly reduced in both the VNS+Rehab and Rehab
groups (Fig. 2C, VNS +Rehab 117.3+3.5g, Rehab: 116.8+£5.1g;
paired ¢ test vs. pre-lesion p <0.001 for both groups), and a similar
impairment was observed across both groups (post-lesion baseline
maximal force of VNS + Rehab vs. Rehab, unpaired ¢ test p =0.93).

Rehabilitative training alone fails to promote
significant recovery

We sought to evaluate the ability of rehabilitative training to
promote motor recovery from TBI. Following the post-lesion
baseline period, rats underwent 6 weeks of rehabilitative training.
We first explored whether rats in the Rehab group demonstrated
a recovery of success rate with rehabilitative training, but no
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FIG. 1. Rats were trained on the isometric pull task. Following CCI, animals were divided into two groups (VNS + Rehab and Rehab),

and received 5 weeks of rehabilitative therapy with or without VNS, followed by one week of further testing. (A) The experimental time
line. (B) This plot demonstrates a typical 30-min behavior session. (C) An example individual trial is shown here. This trial shows two
individual pull attempts by the animal, and a hit was achieved on the second pull attempt. (D) Rats were trained to reach out of a small
window in a booth to pull on an aluminum handle. CCI, controlled-cortical impact; VNS, vagus nerve stimulation.
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FIG. 2. VNS paired with rehabilitative training enhances recovery of performance on the isometric pull task. (A) Two example trials are
shown to illustrate measures of behavioral performance. Maximal force generated during a trial was one primary measure of performance.
(B) The overall success rate of all animals was impaired following CCI. During the therapy period, VNS + Rehab animals demonstrated a
significant recovery of success rate, whereas Rehab animals did not. (C) Maximal force of all animals was also impaired following CCIL.
VNS +Rehab animals demonstrated a significant recovery of force, whereas Rehab animals showed no recovery. Data are plotted as mean *
SEM. An * indicates a significant difference between VNS +Rehab and Rehab groups at each time point (p <0.05 with unpaired ¢ tests). Filled
circles at each time point indicate a significant difference from the POST time point (Bonferroni-corrected paired # tests p < 0.0083). Open circles
indicate no significant difference from POST. CCI, controlled-cortical impact; SEM, standard error of the mean; VNS, vagus nerve stimulation.

significant recovery was observed throughout the therapy period (Fig. 2C; F(6,91)=0.39, p=0.88). The distribution of maximal force
(Fig. 2B; repeated measures ANOVA, F(6, 91)=0.25, p=0.96). per trial in the Rehab group at the end of therapy also revealed a
Additionally, a repeated-measures ANOVA of pull force in the significant portion of trials remained sub-threshold (below 120g)
Rehab group revealed that there was no significant recovery of max-  even after 6 weeks of training (Fig. 3, bottom right panel, p > = 0.05
imal pull force throughout the 6 weeks of post-lesion assessment for all force bins of Rehab week 6 vs. Rehab post-lesion). This
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FIG. 3. The distribution of maximal force generated was significantly altered following CCI and at the end of therapy. Both groups
were highly trained on the task before CCI, achieving hit rates above the 85% criterion (left panels). Following CCI, both groups
demonstrated a significant impairment in maximal pull force (middle panels). A significantly greater proportion of trials had maximal
force below the 120g hit threshold. VNS +Rehab animals demonstrate a significant recovery of maximal pull force (right panels). The
proportion of trials exceeding the 120g threshold was significantly greater in the VNS + Rehab group than the Rehab group. The dashed
line in each panel indicates 120g, or the force criterion required for a successful trial. The numbers reported on each dashed line indicate
the percentage of trials at each time point in the experiment in which the maximal force exceeded 120g. Each value is reported as the
mean + SEM. CCI, controlled-cortical impact; SEM, standard error of the mean; VNS, vagus nerve stimulation.
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demonstrates that 6 weeks of extensive rehabilitative training was
not sufficient to promote significant motor recovery.

VNS delivered during rehabilitative training
promotes functional recovery from TBI

We next sought to evaluate whether delivering VNS during re-
habilitative training enhances functional recovery from TBI. Dur-
ing the first 5 weeks of post-lesion training, animals in the VNS
group received stimulation with each successful trial. During the
sixth week VNS animals were disconnected from the stimulator to
examine whether the effects of VNS therapy endured even after
removal of the stimulation. A repeated-measures ANOVA on
overall success rate of the animals during the post-lesion assess-
ment period revealed a significant improvement in the VNS+
Rehab group (Fig. 2B; F(6, 91)=5.91, p= <0.001). There was a
significant increase in the success rate of VNS +Rehab animals
compared with post-lesion baseline performance even after just one
week of training (paired ¢ test VNS + Rehab week 1 vs. post-lesion
baseline, p=0.006). This recovery was observed throughout the 6-
week assessment period (paired ¢ tests VNS +Rehab all weeks vs.
post-lesion baseline, all p<0.0083). To compare the success rate
across experimental groups, a repeated-measures ANOVA was
performed on animals in the VNS +Rehab and Rehab groups dur-
ing the 6-week post-lesion assessment. This revealed that there was
a significant effect of VNS on success rate (F(1, 182)=13.0,
p<0.001). Post hoc tests revealed that VNS +Rehab resulted in
significantly greater success rates on the pull task than Rehab alone
during weeks 4-6 of post-lesion training (unpaired ¢ tests VNS +
Rehab vs. Rehab week 4-week 6, all p <0.05). These results further
demonstrate that pairing VNS with rehabilitative training enhances
recovery of forelimb function after CCI.

To further investigate the effects of pairing VNS with successful
trials on recovery of performance, an analysis was also performed
on the maximal pull force generated by animals throughout the
therapy period. We observed a significant increase in maximal pull
force in VNS + Rehab animals over the duration of the post-lesion
assessment (Fig. 2C; repeated measures ANOVA, F(6, 91)=4.15,
p<0.001). Post hoc tests further revealed improved recovery in
VNS + Rehab animals compared with post-lesion from weeks 3 to
weeks 6 during the therapy period (paired ¢ tests of VNS + Rehab
each week vs. post-lesion baseline, weeks 3—6 p<0.0083). Ad-
ditionally, repeated-measures ANOVA was performed to examine
the effects of VNS on maximal pull force between groups over the 6
weeks of post-lesion training. This test revealed a significant effect
of VNS when compared with the Rehab group (F(1, 182)=11.16,
p=0.001). Post hoc analyses further revealed that the VNS + Rehab
group demonstrated significantly greater pull forces during weeks 4
and 6 of post-lesion assessment compared with the Rehab group
(unpaired ¢ tests of VNS + Rehab vs. Rehab, week 4 and 6, p <0.05).
No significant difference was observed in maximal pull force be-
tween weeks 5 and 6 of the VNS + Rehab group, indicating that the
beneficial effects of the VNS paired with successful trials remained
at least one week following cessation of VNS (maximal force week
5=134.6+3.3g, week 6=137.9+3.7¢g, paired ¢ test, p=0.24). The
VNS +Rehab group had a significantly greater proportion of trials
exceeding the 120g threshold at the end of therapy than the Rehab
group (Fig. 3, right panels). These findings indicate that pairing
VNS with successful pull trials promotes recovery of force on the
pull task.

Reduced speed of force generation contributes to overall
weakness and is commonly observed following neurological in-
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sult.'® Therefore, we investigated the time required to generate
force as another measure of forelimb function after CCI (Fig.
4B,D). We found that there was a significant reduction in maximal
speed of force generation in both groups (paired ¢ test of post-lesion
baseline vs. pre-lesion, VNS +Rehab p=0.03, Rehab p=0.006).
Repeated-measures ANOVA revealed a significant effect of the
VNS therapy on maximal pull speed when compared with Rehab
animals (F(1, 182)=44.18, p<0.001), and the maximal speed of
force generation of VNS + Rehab animals was significantly higher
than the Rehab group during weeks 3-6 of the therapy period
(unpaired ¢ tests of VNS + Rehab vs. Rehab weeks 3-6, all p <0.05).
Therefore, it was observed that pull speed is significantly reduced
following TBI, but animals that received VNS paired with reha-
bilitative therapy had a significantly enhanced recovery of pull
speed compared with non-VNS animals.

Due to lower success rates and reduced speed of force generation
following CCI, we suspected that animals would require more in-
dividual pull attempts during trials to succeed at pulling 120g. We
analyzed all pull attempts that exceeded 10g. CCI resulted in an
increase in the total number of pull attempts required to reach the
120g threshold in both groups (Fig. 4,C; paired ¢ test of post-lesion
baseline vs. pre-lesion, VNS 4+ Rehab p <0.001, Rehab p=0.009).
We then explored whether VNS paired with successful trials re-
duces the number of attempts to generate 120g. A repeated-mea-
sures ANOVA revealed an effect of VNS during therapy (F(1,
171)=6.58, p=0.011). Despite this, post hoc tests failed to reveal
significant differences between groups at individual time points
(unpaired ¢ test of VNS +Rehab vs. Rehab week 1-week 6, all
p> = 0.05). These analyses indicate that a modest effect of VNS
exists on the number of pull attempts required to reach 120g, but the
effect is not strong enough with our sample size to be revealed by
post hoc tests at individual time points. Therefore, although a
modest effect of VNS exists in this measure of motor function, it is
unclear what is the functional significance of this modest effect.

VNS delivered during rehabilitative training does
not affect the intensity of rehabilitative training

It has been shown that the total number of repetitions during
training affects motor recovery after brain injury.'”'® To better
understand the enhanced recovery observed in the VNS +Rehab
group, we investigated whether it was due to a difference in the total
amount of trials performed throughout the post-lesion therapy pe-
riod. Consistent with previous studies,g"lO no differences were
found in the total number of trials performed by animals in the
VNS +Rehab and Rehab groups (Fig. 5A; VNS+Rehab:
9044+ 603 trials, Rehab: 8560+ 687 trials; unpaired ¢ test VNS +
Rehab vs. Rehab, p=0.60). Therefore, the number of repetitions
during training cannot explain the significant recovery that was
observed in the VNS + Rehab group.

VNS delivered during rehabilitative training
does not affect lesion size

We examined the extent of tissue damage (Fig. 5B,C) in each
brain and sought to derive correlates with behavioral performance
in either the Rehab or VNS +Rehab experimental groups. No sig-
nificant difference in lesion size was found between VNS + Rehab
and Rehab animals (VNS+Rehab: 18.5%1.7 mm3, Rehab:
20.5+ 1.3 mm?; unpaired ¢ test, p=0.36). The ratio of white matter
in the lesioned hemisphere compared with that in the unlesioned
hemisphere was correlated with performance at the end of therapy
(r=0.81, p=0.0027) and the amount of recovery achieved during
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FIG. 4. A moderate effect of VNS was also observed in the number of attempts to pull 120g and the maximal pull speed of animals.
(A) An example pull trial is shown that demonstrates how the number of pull attempts to reach 120g was calculated. (B) To calculate
maximal pull speed, we derived the change in force from the original force signal of each trial. (C) Both groups of animals were
impaired on the number of attempts to reach 120g following CCI, but a moderate effect of VNS was observed during therapy. (D) Both
groups demonstrated a decrease in peak pull speed after CCI. During therapy, there was a significant effect of VNS comparing across the
two groups. Data are plotted as mean+ SEM. An * indicates a significant difference between VNS +Rehab and Rehab groups at each
time point (p <0.05 with unpaired ¢ tests). Filled circles at each time point indicate a significant difference from the POST time point
(Bonferroni-corrected paired ¢ tests p <0.0083). Open circles indicate no significant difference from POST. CCI, controlled-cortical
impact; SEM, standard error of the mean; VNS, vagus nerve stimulation.

therapy (r=0.71, p=0.014) in the Rehab group. No correlation was
found, however, in the VNS+Rehab group (week 6 maximum
force: r=0.15, p=0.65; recovery of force: r=0.08, p=0.83). Ad-
ditionally, the ratio of gray matter in the lesioned hemisphere to that
in the unlesioned hemisphere was also correlated with behavioral
performance at the end of therapy in the Rehab group (r=0.61,
p=0.046), but no correlation existed for the VNS +Rehab group
(r=-0.15, p=0.66). This suggests that motor recovery in the
Rehab group may be limited by the extent of the lesion. Alter-
natively, recovery is independent of lesion extent in the VNS +
Rehab group, possibly indicating that plasticity of spared tissue is
sufficient to restore function.

Discussion

In this study we tested whether VNS paired with rehabilitative
therapy would enhance motor recovery after TBI. Rats were trained
to proficiency on the isometric pull task and then received a CCI in
motor cortex contralateral to the trained forelimb. CCI resulted in

significant impairments of both success rate and pull force. VNS
paired with rehabilitative training resulted in significant recovery of
these measures of motor function compared with post-injury levels.
Conversely, Rehab animals that received the same level of training
without VNS did not show any improvement. Both Rehab and
VNS +Rehab groups received intensive rehabilitative training
following the lesion, with individual animals attempting over 8,500
trials during 5 weeks of therapy. Intensive physical rehabilitation is
recognized as the current best possible intervention for TBI pa-
tients.'” VNS +Rehab animals demonstrated enhanced recovery
beyond any benefits conferred by intensive rehabilitation, and no
differences were found in the total number of trials performed or
lesion size between the two groups.

Our results for the first time provide evidence that VNS paired
with physical rehabilitation improves motor function following
TBI. The results of this study support our previous findings that
VNS paired with successful trials on a motor task enhances forelimb
recovery in models of both ischemic and hemorrhagic stroke.’™"
Further, we have previously demonstrated that VNS paired with a
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FIG. 5. Therapy intensity and lesion size cannot account for the enhanced recovery observed in the VNS +Rehab group. (A) Total
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the cortical layers into the corpus callosum and external capsule. Ventricle enlargement was also observed in the lesioned hemisphere,

and the ventricular space often merged with the lesion cavity.

tone-based therapy eliminates the behavioral correlates of noise-
induced tinnitus in rats.'> Despite the mechanistically distinct nature
of these models of neural injury, VNS paired with a specific reha-
bilitative regimen promoted recovery in each instance. These results
suggest that VNS engages a common mechanism to boost the effects
of rehabilitative therapies and enhance neurological recovery.

Cortical plasticity is thought to support normal recovery from
brain injury.?*~** Not only does cortical reorganization occur with
training,>?° but the extent of reorganization is correlated with
recovery after brain injury.’® VNS paired with skilled motor
training drives enhanced cortical reorganization compared with
equivalent training without VNS.?’ Additionally, pairing VNS with
tones substantially reorganizes primary auditory cortex.'>*® This
enhanced plasticity in event-related neural circuitry is likely the
mechanism that supports VNS-dependent recovery seen in this
study as well.

Several pathways and neuromodulatory centers of the brain as-
sociated with plasticity are activated by stimulation of the vagus
nerve. VNS activates the cholinergic and noradrenergic systems,
which are known to be important for plasticity.>*~° VNS-induced
release of these neuromodulators in concert with rehabilitative
therapy may therefore drive enhanced plasticity to promote re-
covery. Further studies should evaluate these pathways to help
elucidate the mechanisms of VNS-induced recovery.

VNS enhances recovery of motor function in other distinct
stimulation paradigms. Smith and colleagues found that unpaired
VNS, initiated 2 h post-injury and continuing for 14 days (24 min of
total stimulation per day), promoted recovery in a battery of motor
tests after a lateral-fluid percussion (LFP) injury.’” In a follow-up
study, Smith and associates showed that VNS initiated 24 h after the
lesion promotes delayed recovery compared with VNS initiated 2 h
post-injury.®® Our results support the findings of Smith and co-

workers, and provide further motivation to investigate VNS as a
therapy for brain injury. In our study, VNS began 3 to 4 weeks post-
injury, and subjects received stimulation only during therapy paired
with successful trials (2min of total stimulation per day). Given
that VNS animals significantly recovered using the stimulation
paradigm in the current study, and these animals received fewer
stimulations than in previous stimulation paradigms, our results
provide evidence that VNS paired with rehabilitative training is
effective at lower levels and when initiated several weeks after the
initial injury. The stimulation parameters used in this study have
been shown in previous studies to be most effective when delivered
coincident with specific movements during rehabilitative training
rather than delayed after training.'®'" Therefore, previous studies
demonstrate that pairing VNS with successful trials during training
improves motor recovery compared with a matched amount of
VNS temporally uncoupled with behavior. This may indicate
that the VNS-dependent recovery observed using the paradigm in
the current study engages different mechanisms than the VNS-
dependent recovery observed by Smith and associates.*”-*®
Weakness is a problem often reported by patients who have
suffered a TBI,>* and an increase in strength may be an important
factor in recovery. In this study, VNS paired with rehabilitative
training enhanced multiple measures of motor recovery after TBI.
The VNS +Rehab group demonstrated significantly increased
forelimb strength compared with the Rehab group. Additionally,
VNS +Rehab animals had higher success rates on the pull task than
Rehab animals. Moderate effects of paired VNS therapy were also
observed in other measures such as the animals’ number of attempts
to pull 120g and their speed of force generation. Despite the en-
hanced recovery that was observed in these measures, a complete
recovery to pre-lesion levels was not observed. This indicates that
additional optimizations may be made to the therapy to confer
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further benefits to motor function. Optimizing VNS parameters,
such as frequency and pulse-train duration, may confer additional
benefit on those behavioral measures that did not fully recover.

The results from this study support the hypothesis that VNS
paired with rehabilitation may be a potentially effective therapy for
humans with motor dysfunction resulting from TBI. Approxi-
mately 5 million Americans are currently living with TBI-related
disabilities.*® Although the location and degree of TBIs that pa-
tients suffer are diverse, paired VNS therapy may prove useful
given the diversity of mechanistically distinct brain injuries that
have shown improvement with VNS in animal models. Ad-
ditionally, pilot clinical trials have demonstrated the safety and
efficacy of a VNS-based plasticity therapy for a sensory disor-
der,***! and other clinical trials are currently underway to inves-
tigate the effectiveness of this therapy in stroke patients.**** The
preclinical studies and clinical trials that employ a plasticity-based
VNS therapy deliver only 1% of the stimulation used in Food and
Drug Administration (FDA)-approved conventional VNS therapy
for refractory epilepsy and depression.>®* ¢ Moreover, intensive
rehabilitative therapy, which is presently the best available inter-
vention for TBI patients,' is optimally effective when initiated
early after the onset of injury.*’~° In this study the VNS-paired
intervention was initiated between 3 and 4 weeks post-injury, and it
endured for 5 weeks. Therefore, the lower stimulation requirements
and long therapeutic window demonstrate that paired VNS therapy
is a promising candidate for patients who are suffering the long-
term effects of brain injury.

In this study, we have shown that pairing VNS with physical
rehabilitation enhances recovery of forelimb function and voli-
tional pull strength following an experimental TBI. Our results
support previous findings that VNS can promote recovery after
brain injury. These provide further motivation for continued studies
of VNS delivered during rehabilitation to enhance motor recovery
after TBI. Although significantly enhanced recovery was observed,
optimization of the therapy may confer additional benefits and
greater recovery. With further research, VNS paired therapy holds
promise as a candidate for effectively treating patients with severe
brain injuries.
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