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Abstract

Advanced age is associated with a higher incidence of stroke and worse functional outcomes.
Vagus nerve stimulation (VNS) paired with rehabilitative training has emerged as a potential
method to improve recovery after brain injury but to date has only been evaluated in young rats.
Here, we evaluated whether VNS paired with rehabilitative training would improve recovery of
forelimb function after ischemic lesion of the motor cortex in rats 18 months of age. Rats were
trained to perform the isometric pull task, an automated, quantitative measure of volitional
forelimb strength. Once proficient, rats received an ischemic lesion of the motor cortex and
underwent rehabilitative training paired with VNS for 6 weeks. VNS paired with rehabilitative
training significantly enhances recovery of forelimb function after lesion. Rehabilitative training
without VNS results in a 34% + 19% recovery, whereas VNS paired with rehabilitative training
yields a 98% + 8% recovery of prelesion of forelimb function. VNS does not significantly reduce
lesion size. These findings demonstrate that VNS paired with rehabilitative training enhances
motor recovery in aged subjects in a model of stroke and may suggest that VNS therapy may
effectively translate to elderly stroke patients.
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1. Introduction

Stroke is a leading cause of disability, with approximately 795,000 cases each year in the
United States (Go et al., 2014). Age is the leading nonmodifiable risk factor; thus, the
elderly population is disproportionately affected by stroke. In addition to increasing risk,
advanced age negatively impacts functional recovery following stroke in animal models and
patients (Alaverdashvili and Whishaw, 2010; Knoflach et al., 2012; Merrett et al., 2010).
Despite physical rehabilitation, many elderly stroke patients are left with a significant degree
of upper limb disability (Kelly-Hayes et al., 2003). The development of rehabilitative
interventions to promote poststroke recovery, particularly in the elderly population, remains
a significant clinical need.

Stimulation of the vagus nerve during rehabilitative training has emerged as a promising
potential method to enhance recovery of forelimb function after brain injury. Vagus nerve
stimulation (VNS) is believed to increase recovery by supporting neuroplasticity to enhance
the benefits of rehabilitative training (Hays et al., 2013; Porter et al., 2011). VNS paired with
rehabilitative training improves recovery of forelimb movement speed and volitional
strength compared to rehabilitative training without VNS in models of cortical ischemic
stroke (Hays et al., 2014b; Khodaparast et al., 2013, 2014) and even when initiated several
weeks after lesion in a model of cortical and subcortical ischemic stroke (Khodaparast et al.,
2015). Extending these findings, VNS therapy improves recovery in models of severe striatal
intracerebral hemorrhage and traumatic brain injury (Hays et al., 20144; Pruitt et al., 2015).
Together, these findings indicate that VNS enhances recovery of forelimb function in a
variety of mechanistically distinct models of acute and chronic brain injury. However, these
proof-of-concept studies have all been performed in young rats, which limits the
interpretation of these results in the context of the most likely target population.

As advanced age is associated with a reduction in neuroplasticity and poststroke recovery, it
may occlude VNS-dependent enhancement of recovery. Following the Stroke Treatment
Academic Industry Roundtable (STAIR) guidelines, we sought to evaluate whether VNS
paired with rehabilitative training would enhance recovery after ischemic lesion of the motor
cortex in rats aged at least 18 months at the time of stroke (Fisher et al., 2009). We find that
VNS paired with rehabilitative training significantly enhances forelimb recovery compared
with rehabilitative training alone. These findings provide initial evidence that VNS delivered
during rehabilitation may represent a novel therapeutic intervention to increase motor
recovery in elderly individuals after stroke.

2. Materials and methods

2.1. Subjects

Thirty-six female Fisher 344 rats, aged approximately 18 months at the time of motor cortex
lesion, obtained from the NIA Charles River colony were used in this experiment. The rats
were housed in a 12:12 hours reversed light cycle environment so that behavioral testing
took place during the dark cycle to increase daytime activity levels. Rats were food deprived
to no less than 85% of their normal body weight during training as motivation for the food
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pellet rewards. All handling, housing, and surgical procedures were approved by the
University of Texas at Dallas Institutional Animal Care and Use Committee.

2.2. Isometric pull task training

The isometric pull task was performed similar to previous descriptions (Hays et al., 2012).
The behavioral chamber consisted of an acrylic box (MotoTrak Rat System, Vulintus,
Dallas, TX, USA) with a slot through which the rats could access an aluminum pull handle
with only the right forelimb. The handle was centered in the slot at a height of 6.4 cm from
the cage floor and 1.9 cm outside relative to the inner wall surface of the cage. The handle
was affixed to a force transducer with a maximal load of 2 kg. Custom software was used to
control the task and collect data. Forces readings were sampled at 100 Hz. A motor
controller board relayed information to a custom MATLAB software which analyzed,
displayed, and stored the data. Force values and corresponding time stamps were collected
as continuous traces for each trial to allow for the analysis of force profiles over the course
of a session. If a trial was successful, the software triggered an automated pellet dispenser to
deliver a sucrose pellet (45 mg dustless precision pellet, BioServ, Frenchtown, NJ, USA) to a
receptacle located in the front corner of the cage.

Training sessions lasted 30 minutes and were conducted twice daily, 5 days a week, with
sessions on the same day separated by at least 2 hours. A trial was initiated when the rat
generated a force of at least 10 grams on the handle. If pull force exceeded the 100-g
threshold within 2 seconds of trial initiation, the trial was recorded as a success and a reward
pellet was delivered. If the force did not exceed threshold within 2 seconds, the trial was
recorded as a failure and no reward was given. Rats were held at the prelesion stage until
they had 10 successive sessions averaging over 80% success rate. The prelesion data
reported in this study is compiled from these 10 sessions. After this point, rats were given an
ischemic lesion followed by 7 days of recovery, after which they returned for postlesion
testing. All rats were tested until they had at least 4 sessions with greater than 10 trials each
during the postlesion assessment, and a reliable baseline could be established. Based on
postlesion hit rate, rats were assigned to balanced groups to receive rehabilitative training
with or without paired VNS for 6 weeks.

2.3. Unilateral motor cortex ischemic lesion

Unilateral ischemic lesions of primary motor cortex were performed similar to a previously
described method (Fang et al., 2010; Hays et al., 2012, 2014b; Khodaparast et al., 2013,
2014). Rats were anesthetized with ketamine hydrochloride (80 mg/kg, intraperitoneal) and
xylazine (10 mg/kg, intraperitoneal) and given supplemental doses as needed. After placing
the rat in a stereotaxic frame with a digital readout (David Kopf Instruments, Tujunga, CA,
USA), a craniotomy was performed to expose motor cortex contralateral to the trained
forelimb. Endothelin-1 (ET-1, Bachem, Torrance, CA, USA, 1 mg/mL in saline) was
injected through a 26-gauge Hamilton syringe at 8 sites targeting forelimb area:
anteroposterior 2.5 mm, 1.5 mm, 0.5 mm, and —0.5 mm and mediolateral 2.5 mm and 3.5
mm from bregma. The syringe was lowered to a depth of 1.6 mm from the cortical surface
and 1.0 uL of ET-1 solution was applied at each injection location. The ET-1 solution was
injected over a 2-minute period, and the syringe remained in the brain for an additional 3
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minutes to allow perfusion. After the final injection, KwikCast silicone polymer (World
Precision Instruments, Sarasota, FL, USA) was placed in the craniotomy and sealed with a
thin layer of acrylic.

2.4. Vagus nerve cuff implantation and stimulation parameters

Following ischemic lesion, rats were implanted with a skull-mounted connector and a
bipolar stimulating nerve cuff constructed with platinum-iridium leads (5-6 kQ impedance).
Implantations were performed as previously described (Hays et al., 2014b; Khodaparast et
al., 2013, 2014). Four bone screws were manually drilled into the skull at points near the
lambdoid suture and over the cerebellum. The 2-channel connector was attached to the
cranial screws with acrylic. An incision and blunt dissection of the muscles in the neck
exposed the left cervical vagus nerve. After isolation from the carotid artery, the vagus nerve
was placed inside the cuff and the cuff was closed with sutures. Leads were tunneled
subcutaneously and attached to the 2-channel connector atop the skull. All incisions were
sutured, and the exposed 2-channel connector was encapsulated in acrylic. VNS was
delivered identical to previous studies (Engineer et al., 2011; Hays et al., 2014a, 2014b;
Khodaparast et al., 2013, 2014; Porter et al., 2011; Pruitt et al., 2015). Stimulation consisted
of a 500 ms train of pulses at 30 Hz. Each biphasic pulse was 0.8 mA in amplitude and 100
us in phase duration.

2.5. Treatment group assignment and exclusion criteria

Rats were assigned to balanced treatment groups based on postlesion hit rate. The Rehab
group underwent rehabilitative training for 6 weeks, which consisted of freely performing
the task during the training sessions (Fig. 1). The VNS+Rehab group underwent identical
rehabilitative training but received stimulation of the vagus nerve on trials which exceeded
the 100-g force threshold. No VNS was delivered on the sixth week, to allow assessment of
persistent effects of VNS pairing. The 5-week course of VNS pairing is similar to previous
studies (Hays et al., 2014a, 2014b; Khodaparast et al., 2013, 2014, 2015; Pruitt et al., 2015).

Nineteen rats were excluded from the study based on the following criteria: (1) Did not
reach a stable prelesion baseline (n=2); (2) Did not survive surgery (n = 6); (3) Did not
display a reduction in hit rate of at least 20% compared to prelesion during postlesion
assessment (n = 6); and (4) Were too impaired to perform the task following lesion (n = 5).
All exclusions took place before group assignment and therefore could not bias
interpretation of the effects of rehabilitative training or VNS.

2.6. Histological processing

Rats were transcardially perfused with 250 mL of 0.02% heparin/0.1 M phosphate buffer
(PB) solution, followed by 450 mL of 4% paraformaldehyde/0.1 M PB solution. Brains were
removed and postfixed in 4% paraformaldehyde/0.1 M PB solution, and then cryoprotected
in a 30% sucrose/0.1 M PB solution. Coronal sections 100-um thick were cryosectioned
through the extent of the lesion. Sections were mounted serially and dehydrated in
increasing concentrations of ethanol and xylene. Lesions and surrounding brain regions were
visualized in dark field using a Nikon Eclipse Ni microscope. Contours of the lesion and
remaining cortex and corpus callosum in every other section, spaced 200 um apart, were
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traced using Neurolucida software program (MicroBrightfield Bioscience Williston, VT,
USA). Lesion volume for each subject was estimated using Cavalieri analysis in MBF Stereo
Investigator program. Ratios of the hemispheric cortex and corpus callosum were calculated
by dividing volume of the ipsilesional by volume of contralesional tissue. Histology could
not be performed on 5 subjects.

2.7. Statistics

3. Results

All data are reported as the mean + standard error of mean. Significant differences were
determined using 1-way analysis of variance (ANOVA), 2-way ANOVA, Pearson
correlation, and ztests where appropriate. Statistical tests for each comparison are noted in
the text. Paired ftests were used to compare repeated measures over time within groups.
Unpaired ¢tests were used for post hoc comparison across groups. Alpha level was set at
0.05 for all comparisons. Error bars indicate standard error of mean in all figures. In figures,
asterisks indicate p < 0.05 between groups. Filled markers at each time point represent
within-group significant differences compared to postlesion performance.

3.1. Aged rats become highly proficient on the isometric pull task

Before lesion, subjects were highly proficient at the task (Fig. 2A, PRE; hit rate, Rehab: 92.2
+ 1.2%; VNS+Rehab: 87.6 £ 1.4%, n =9, 8). A slight, but significant, difference in hit rate
was observed between groups (Rehab vs. VNS+Rehab; unpaired #test, p=0.020). Peak pull
force significantly exceeded the 100-g threshold and was similar between groups (Fig. 2B,
PRE; peak force, Rehab: 131.2 + 3.4 g; VNS+Rehab: 127.8 + 3.6 g; unpaired ftest, p=
0.485). The distribution of peak pull forces on trials before lesion demonstrates the
proportion of trials exceeding the hit threshold and was similar between groups (Fig. 3,
PRE).

3.2. Ischemic lesion of motor cortex significantly impairs forelimb performance

Once proficient on the task, rats received an ischemic lesion of motor cortex to impair use of
the trained forelimb. As expected, ischemic lesions substantially impaired forelimb
performance. One week after lesion, hit rate was significantly reduced in both groups
compared to prelesion performance (Fig. 2A, POST, Rehab: 37.4% + 6.6%; paired #test vs.
PRE, p=2.67 x 107°; VNS+Rehab: 42.8% =+ 6.3%; p= 6.12 x 107°). No difference in hit
rate was observed between groups (Rehab vs. VNS+Rehab, unpaired ftest, p= 0.535). Peak
pull force was also reduced after lesion (Fig. 2B, POST, Rehab: 82.8 + 6.7 g; paired #test vs.
PRE, p=1.36 x 104; VNS+Rehab: 90.8+5.0 g; p= 1.79 x 107°). No difference was
observed between groups (Rehab vs. VNS+Rehab, unpaired #test, p = 0.33), indicating that
both groups displayed comparable forelimb weakness. The distribution of peak pull forces
illustrated a notable leftward shift compared to prelesion (Fig. 3, POST). This shift was
similar between groups and is consistent with a reduction in forelimb strength.

Rehabilitative training is a common poststroke intervention and can promote benefits in the
elderly (Denti et al., 2008). We evaluated whether 6 weeks of rehabilitative training would
improve forelimb function in aged rats. Rehabilitative training without VNS did not result in
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a significant improvement of function. ANOVA on hit rate during the therapy period failed
to reveal a significant effect of time (Fig. 2A; 1-way ANOVA, F[5,53] = 0.62, p=0.687).
Examining individual performance at the completion of therapy, only 5 of 9 subjects
demonstrated a >50% recovery (Fig. 1C). Similar results were observed for volitional
forelimb strength. ANOVA on peak force also failed to reveal a significant effect of time
(Fig. 2B; 1-way ANOVA, F[5,53] = 0.47, p=0.794) but post hoc comparison with
postlesion performance failed to reach significance (POST vs. wks 1-6; Rehab, paired #test,
all p>0.05). A notable reduction in volitional strength compared to prelesion levels was
observed in most subjects even after extensive rehabilitative training (Fig. 2D). Distribution
of peak forces on the sixth week of rehabilitative training demonstrated a rightward shift
compared to postlesion, suggesting a partial recovery (Fig. 3; week 6). These findings
suggest that rehabilitative training yields little improvement in forelimb strength after stroke
in aged rats.

3.3. VNS paired with rehabilitation significantly enhances recovery of forelimb function

VNS paired with rehabilitative training enhances recovery of forelimb function in multiple
models of brain injury in young rats (Hays et al., 2014a, 2014b; Khodaparast et al., 2013,
2014, 2015; Pruitt et al., 2015); therefore, we sought to examine whether VNS-dependent
benefits would extend to aged subjects. Similar to previous studies, the present design
evaluated VNS delivery to enhance the benefits of rehabilitative training (Hays et al., 20144,
2014b; Khodaparast et al., 2013, 2014, 2015; Pruitt et al., 2015). Thus, VNS was paired with
rehabilitative training sessions and began at least 1 week after lesion (Fig. 1). VNS paired
with rehabilitative training significantly improved recovery of forelimb function after stroke
in aged rats. Subjects in the VNS group received an average of 5438 + 516 stimulations over
the 5 weeks of therapy. ANOVA on hit rate revealed a significant effect of time (Fig. 2A; 1-
way ANOVA, F[5,47] = 7.14, p= 6.54 x 107°). Significant improvements compared to
postlesion performance were observed beginning on week 2 of therapy (POST vs. wks 2-6;
Rehab, paired ztest, all p> 0.05). All subjects that received VNS paired with rehabilitative
training exhibited >50% recovery of function, a significantly greater proportion than
subjects that receive rehabilitative training alone (Fig. 2C; Rehab vs. VNS+Rehab; XZ =
5.63, p=0.018). ANOVA on peak force also revealed a significant effect of time (Fig. 2B; 1-
way ANOVA, F[5,47] = 3.74, p=6.89 x 1073). Peak force was significantly improved
compared to postlesion levels beginning on week 2 of therapy (POST vs. wks 2-6; Rehab,
paired ttest, all p> 0.05). Both hit rate and peak force remained recovered on week 6 after
the cessation of VNS (wk 5 vs. wk 6, paired #test; hit rate: p= 0.94; peak force: p=0.90),
potentially indicating a lasting effect of therapy. Most subjects that received VNS paired
with rehabilitative training exhibit peak force comparable to prelesion levels at the end of
therapy (Fig. 2D). The distribution of peak forces on week 6 demonstrated a marked
rightward shift compared to postlesion (Fig. 3). Moreover, the distribution on the sixth week
of therapy was highly similar to that before lesion, consistent with a restoration of volitional
forelimb strength. These findings suggest that VNS paired with rehabilitative training
significantly enhances recovery of forelimb function after ischemic lesion of motor cortex in
aged rats.

Neurobiol Aging. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hays et al.

Page 7

To determine whether VNS paired with rehabilitative training yields greater recovery of
forelimb function compared to rehabilitative training alone, we compared forelimb
performance between groups during the therapy period. VNS paired with rehabilitative
training resulted in significantly improved performance compared to rehabilitative training
without VNS (Fig. 2A; 2-way ANOVA, F [1,101] = 31.15, p=2.25 x 10~7). Improved
performance was observed in the VNS+Rehab group compared to the Rehab group on most
weeks during the therapy period (Rehab vs. VNS+Rehab at wks 1-6; unpaired ¢test; weeks
2-4, 6, p<0.05; weeks 1, 5 p> 0.05). VNS paired with rehabilitative training also
significantly increased peak force (Fig. 2B; 2-way ANOVA, F[1,101] = 28.02, p=7.71 x
1077). Peak pull force was significantly greater on most weeks during the therapy period in
the VNS+Rehab group (Rehab vs. VNS+Rehab at wks 1-6; unpaired #test; weeks 2-4, 6, p
< 0.05; weeks 1, 5 p > 0.05). These findings indicate that VNS paired with rehabilitative
training yields significantly greater recovery of forelimb function compared to rehabilitative
training without VNS after stroke in aged rats.

3.4. Lesion size is not significantly influenced by VNS

Previous studies indicate that higher intensity VNS delivered within an hour after ischemic
lesion can promote neuroprotection and reduce lesion volume (Ay et al., 2009; Hiraki et al.,
2012). We sought to examine whether the stimulation paradigm used in this study, consisting
of short bursts of VNS paired with rehabilitative training beginning at least 9 days after
motor cortex lesion, would reduce lesion size. No significant difference in average lesion
volume was observed between groups (Fig. 4A-C; Rehab: 1.49 + 0.12 mm3, VNS+Rehab:
1.01 £0.21 mm3, n =5, 7; unpaired ftest, p = 0.10). Lesion volume was not correlated with
recovery (Pearson linear correlation; r = -0.37, p= 0.231). In addition, no differences were
observed in hemispheric ratio of cortex or corpus callosum area (ratio of ipsilesional/
contralesional cortical area, Rehab: 0.85 £+ 0.04, VNS+Rehab: 0.90 £ 0.05, p=0.4188; ratio
of ipsilesional/contralesional corpus callosum area, Rehab: 1.010 £ 0.02, VNS+Rehab: 1.02
+0.04, p=0.766). These findings corroborate previous reports (Hays et al., 2014a;
Khodaparast et al., 2013, 2014, 2015; Pruitt et al., 2015) and indicate that VNS delivered
using the paradigm in this study does not offer gross neuroprotection.

4. Discussion

In this study, we evaluated whether VNS therapy would improve recovery of forelimb
function after stroke in aged rats. We find that VNS paired with rehabilitative training
significantly increases forelimb motor recovery compared to equivalent rehabilitative
training without VNS. VNS-dependent enhancement of recovery persists for at least 1 week
after the cessation of stimulation, potentially suggesting a lasting improvement. No
significant differences were observed between groups in lesion size. The findings from this
study further support VNS paired with rehabilitative training as a poststroke intervention and
indicate that VNS therapy may be effective in elderly stroke patients.

Similar to proof-of-concept studies in young rats (Hays et al., 2014a, 2014b; Khodaparast et
al., 2013, 2014, 2015; Pruitt et al., 2015), we find that VNS paired with rehabilitative
training improves forelimb recovery compared to rehabilitative training alone in aged rats.
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The magnitude of recovery in aged rats that receive VNS paired with rehabilitative training
(98% + 8% recovery) is comparable to that observed in young rats that receive the same
treatment in a previous study (see Supplementary Data; 96% + 3% recovery; aged vs. young,
unpaired ttest, p=0.892; Khodaparast et al., 2013). This likely suggests that, in this model
of advanced age in rats, VNS paired with rehabilitative training remains efficacious. It
should be noted that while these 18—-20 month old animals were significantly older than rats
used in most stroke studies, we cannot rule out that the benefits of VNS therapy would be
reduced in very old animals. Intensive rehabilitative training without VNS in aged rats
resulted in modest improvements in forelimb recovery (34% * 19%) that is comparable to
that observed for an equivalent intervention in young rats (see Supplementary Data; 40%

+ 17%; aged vs. young, unpaired ztest, p= 0.817). These findings are consistent with studies
evaluating the benefits of rehabilitative interventions in the elderly which suggest that age
alone is not a determinant in the benefits of rehabilitative therapies (Bagg et al., 2002). The
present study does not include a group that receives VNS without rehabilitative training, thus
precluding direct evaluation of the effects of VNS alone to enhance recovery. However,
several previous studies have indicated that VNS must be paired with rehabilitative training
to yield significant benefits (Hays et al., 2014b; Khodaparast et al., 2014, 2015), suggesting
that VNS likely acts through a timing-dependent mechanism to improve recovery. Together,
these findings suggest that VNS effectively enhances recovery of forelimb function in a
model of stroke in aged rats.

VNS is believed to improve recovery after brain injury by enhancing neuroplasticity to
support the benefits of rehabilitative training (Hays et al., 2013). Most fibers of the cervical
vagus nerve are afferent projections that terminate in the central nervous system (Foley and
DuBaois, 1937). VNS drives neural activity in proplasticity neuromodulatory centers in the
brain, including the noradrenergic locus coeruleus and cholinergic basal forebrain (Detari et
al., 1983; Dorr and Debonnel, 2006; Groves et al., 2005). Stimulation of the vagus nerve
increases levels of these neuromodulators, as well as brain derived neurotrophic factor,
providing a clear link to plasticity and recovery after injury (Conner et al., 2005; Follesa et
al., 2007; Furmaga et al., 2012; Roosevelt et al., 2006). A reduction in either noradrenergic
or cholinergic function prevents the effects of VNS on the central nervous system, including
VNS-dependent enhancement of cortical plasticity (Hulsey et al., 2016; Krahl et al., 1998;
Nichols et al., 2011). Temporal dissociation of VNS delivery and rehabilitative training
significantly decreases VNS-dependent recovery after stroke, providing further indication
that enhanced-plasticity underlies recovery (Khodaparast et al., 2014, 2015). Together, these
lines of evidence provide potential pathways by which VNS can promote recovery after
stroke. However, additional studies are needed to directly define the molecular and neuronal
mechanisms that underlie VNS-dependent enhancement of recovery and examine the
efficacy of VNS therapy under conditions that limit or perturb plasticity.

Most evidence suggest that neural plasticity is attenuated in aged animal models and humans
(Burke and Barnes, 2006; Freitas et al., 2011; Muller-Dahlhaus et al., 2008; Sawaki et al.,
2003; Tennant et al., 2012). This age-related reduction in plasticity could prevent the
therapeutic benefits of VNS. However, the significant VNS-dependent enhancement of
recovery observed in this study largely excludes this possibility. Based on these findings, we
predict that VNS paired with rehabilitative training is able to drive plasticity through
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partially diminished mechanisms or through alternative mechanisms that do not display age-
related reduction. Future studies should investigate the neuronal and molecular changes that
support VVNS-dependent recovery in the context of healthy advanced age and stroke.

A recent pilot clinical trial provides initial evidence that VNS paired with rehabilitative
training holds potential as a poststroke intervention. In this open-Ilabel study, patients who
received VNS paired with rehabilitation demonstrated 3-fold greater improvement in Upper
Extremity Fugl-Meyer score compared to patients who received rehabilitation without VNS
(Dawson et al., 2015), providing an initial demonstration that VNS may improve post-stroke
recovery. The present preclinical study provides additional proof-of-concept support and
suggests that VNS therapy may provide benefits for elderly patients as it translated to the
broader clinical population of stroke patients. In addition, as suggested in previous studies
evaluating rehabilitation in the elderly, advanced age itself should likely not be a selection
criterion for VNS therapy (Bagg et al., 2002; Nakayama et al., 1994).

In this study, we report that VNS paired with rehabilitative training enhances recovery of
forelimb function compared to rehabilitative training without VNS after stroke in aged rats.
Recent reports in patients have demonstrated that targeted plasticity therapies using VNS
paired with rehabilitative regimens hold promise to treat neurological disorders associated
with age, including stroke and tinnitus (Dawson et al., 2015; De Ridder et al., 2013; De
Ridder et al., 2015). The findings from this study provide additional support for VNS and
indicate that the therapy may effectively translate to the elderly population. Although these
results are promising, it is important to test VNS therapy in the context of unhealthy aging,
and other age-related complicating factors that may interfere with recovery, such as
hypertension, diabetes, and neurodegenerative diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

E)?perimental design. (A) Hlustration of the experimental timeline. (B) Example isometric
force task data from a behavioral session. The VNS+Rehab group received a brief burst of
VNS paired with trials that exceeded the 100-g hit threshold. (C) A rat performing the
isometric force task. Abbreviation: VNS, vagus nerve stimulation.
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Fig. 2.

VNS paired with rehabilitative training improves forelimb function after stroke in aged rats.
(A) VNS+Rehab improves recovery of hit rate performance on the isometric pull task
compared to Rehab without VNS. (B) VNS+Rehab similarly enhances recovery of forelimb
strength compared to the Rehab group. (C) All subjects that receive VNS+Rehab
demonstrate a >50% recovery of hit rate at the end of therapy, while only a subset of
subjects in the control groups demonstrate >50% recovery. (D) Peak force of individual
subjects before lesion and on week 6 of therapy. Thin symbols represent individual subjects,
and thick symbols represent the group mean. Note that subjects in the VNS+Rehab group
tend to cluster near the unity line, consistent with a restoration of forelimb strength after
therapy. *Denotes p < 0.05 between Rehab and paired VNS at each time point. Filled
markers in (A) and (B) indicate p < 0.05 compared to postlesion performance (POST) for
each group. Error bars indicate mean = SEM. Abbreviations: SEM, standard error of mean;
VNS, vagus nerve stimulation.
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Fig. 3.

Digstribution of pull forces. Probability distribution histograms of pull forces before lesion
(PRE, left column), after lesion (POST, middle column), and on the sixth week of therapy
(week 6, right column) for the Rehab (A) and VNS+Rehab groups (B). The numbers in the
dashed box indicates the percent of trials that exceeded the 100-g hit threshold. Note the
similarity of the distributions of pull forces at PRE and week 6 in the VNS+Rehab group
consistent with a restoration of forelimb strength. Abbreviation: VNS, vagus nerve
stimulation.
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Fig. 4.
VNS does not affect lesion size. Lesion reconstructions from representative subjects from

the Rehab group (A) and the VNS+Rehab group (B). Red represents lesion area, and gray
lines outline corpus callosum and cortex. Scale bar is 1 mm. (C) No significant difference in
lesion volume was observed between groups. Abbreviations: n.s., not significant; VNS,
vagus nerve stimulation. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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