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Abstract

Loss of sensory function is a common consequence of neurological injury. Recent clinical and 

preclinical evidence indicates vagus nerve stimulation (VNS) paired with tactile rehabilitation, 

consisting of delivery of a variety of mechanical stimuli to the hyposensitive skin surface, yields 

substantial and long-lasting recovery of somatosensory function after median and ulnar nerve 

transection and repair. Here, we tested the hypothesis that a specific component of the tactile 

rehabilitation paired with VNS is necessary for recovery of somatosensory function. In a second 

experiment in a separate cohort, we investigated whether VNS paired with tactile rehabilitation 

could improve skilled forelimb motor function. Elements of the study design, including planned 

sample size, assessments, and statistical comparisons, were preregistered prior to beginning data 

collection (https://osf.io/3tm8u/). Animals received a peripheral nerve injury (PNI) causing 

chronic sensory loss. Eight weeks after injury, animals were given a VNS implant followed by six 

weeks of tactile rehabilitation sessions consisting of repeated application of one of two distinct 

mechanical stimuli, a filament or a paintbrush, to the previously denervated forepaw. VNS paired 

with either filament indentation or brushing of the paw significantly improved recovery of 

forelimb withdrawal thresholds after PNI compared to tactile rehabilitation without VNS. The 

effect size was twice as large when VNS was paired with brushing compared to VNS paired with 
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point indentation. An independent replication in a second cohort confirmed that VNS paired with 

brush restored forelimb withdrawal thresholds to normal. These rats displayed significant 

improvements in performance on a skilled forelimb task compared to rats that did not receive 

VNS. These findings support the utility of pairing VNS with tactile rehabilitation to improve 

recovery of somatosensory and motor function after neurological injury. Additionally, this study 

demonstrates that the sensory characteristics of the rehabilitation paired with VNS determine the 

degree of recovery.
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1. Introduction

Loss of somatosensation accompanies many forms of neurological injury, including stroke 

and nerve damage [1–4]. Deficits in somatosensation, especially in the upper limb, strongly 

contribute to disability in patients with neurological damage [5–7]. At present, no 

interventional methods produce consistently effective restoration of somatosensory function. 

However, rehabilitation paradigms that emphasize sensory retraining may provide modest 

benefits [8–12].

Vagus nerve stimulation (VNS) has emerged as a novel strategy to enhance the efficacy of 

various rehabilitative paradigms [13]. VNS drives rapid, phasic activation of multiple 

neuromodulatory systems [14,15]. Co-activation of these neuromodulatory networks during 

training enhances plasticity in the motor and sensory circuits engaged by the rehabilitative 

paradigm [16–20]. A number of preclinical and clinical studies provide compelling evidence 

that VNS paired with motor rehabilitation yields significantly improved recovery of motor 

function after a range of neurological injuries, including chronic stroke [16,17,21–31]. 

Moreover, a recent proof-of-concept study in animals and a corresponding clinical case 

study demonstrate the utility of pairing VNS with sensory retraining [18,32]. Delivery of 

short bursts of VNS during tactile rehabilitation results in substantial, lasting improvements 

in somatosensory function.

Here, we sought to build on these promising initial findings and optimize the sensory 

retraining paradigm paired with VNS in a rat model of chronic sensory loss after 

neurological injury [33]. A number of studies demonstrate that the features of auditory or 

motor training paired with VNS dictate the specificity of VNS-dependent effects [34–38]. 

However, whether the nature of tactile input paired with stimulation would influence the 

somatosensory effects of VNS has not been evaluated. In a first experiment, we evaluated 

two mechanical stimuli with fundamentally different tactile features, a brush and a von Frey 

filament, paired with VNS on the degree of recovery of somatosensory function after nerve 

injury. In a second experiment, we sought to independently confirm these findings and 

determine if improved forelimb somatosensory function generalizes to gains in skilled motor 

function. These studies aim to identify whether the specifics of the stimuli presented during 
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tactile therapy influence VNS-dependent enhancement of recovery in order to better inform 

the clinical implementation of VNS paired with sensory retraining therapy.

2. Methods

2.1 Experimental Design

Elements of the design, including procedures, group sizes, outcome measures, statistical 

comparisons, and exclusion criteria were preregistered on Open Science Framework before 

data collection began (https://osf.io/3tm8u/). In a first experiment, we tested whether 

presentation of different mechanical stimuli during tactile rehabilitation would influence the 

degree of VNS-dependent recovery of somatosensory function after forelimb nerve injury. 

Before injury, all rats underwent baseline assessment of mechanosensory withdrawal 

thresholds using an automated aesthesiometer and forelimb use asymmetry using the 

cylinder task. All rats then underwent transection and tubular repair of the median and ulnar 

nerves in the right forearm and implantation of a stimulating cuff electrode on the left 

cervical vagus nerve. Beginning on week 8 post-injury, rats underwent baseline assessment 

of sensorimotor function and were dynamically allocated into three balanced groups based 

on mechanosensory withdrawal thresholds of the impaired forelimb. One group received 

tactile rehabilitation (Rehab, n = 4), comprised of 6 weeks of daily sessions in which 200 

presentations of one of two distinct tactile stimuli, a paintbrush or a 10g filament, were 

applied to the ventral surface of the injured paw. The other two groups received equivalent 

tactile rehabilitation, but a 0.5 s train of VNS was paired with the delivery of each tactile 

stimulus (VNS+Brush, n = 9; VNS+Filament, n = 10). Mechanosensory withdrawal 

thresholds were measured weekly during therapy and one week after the cessation of 

therapy. Additional measures of forelimb sensorimotor function, including cylinder 

asymmetry and footprint analysis, were collected at multiple time points throughout the 

study (Fig. 1A).

In a second experiment, we tested whether VNS-dependent improvements resulting from 

tactile rehabilitation would generalize to recovery of motor function. A separate cohort of 

rats was trained on a skilled forelimb motor task and underwent nerve injury and VNS 

paired with tactile therapy as described in Experiment 1. Forelimb motor function was 

measured daily using the isometric force task [39], and mechanosensory withdrawal 

thresholds and forelimb asymmetry were assessed weekly.

Across both experiments, sixteen rats were excluded based on criteria defined in the study 

preregistration: mortality during surgery (n = 7), VNS device failure (n = 7), and autophagia 

(n = 2). All source data indexed across animals can be found in Supplementary Tables 1–7.

2.2 Subjects

Adult female Sprague Dawley rats (n = 52) weighing approximately 300g when they entered 

the study were obtained from Charles River Laboratories. The rats were housed in a 12:12 

reversed light cycle environment, and behavioral training was performed during the dark 

cycle to increase daytime activity levels. All procedures performed in the study were 
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approved by the University of Texas at Dallas Institutional Animal Care and Use Committee 

(Protocols: 14–10 and 99–06).

2.3 Forelimb Nerve Injury

To generate chronic sensory loss in the forelimb, complete transection of both the median 

and ulnar nerves proximal to the elbow followed by tubular repair was performed as 

previously described [40]. Animals were deeply anesthetized with ketamine hydrochloride 

(50 mg/kg, i.p.), xylazine (20 mg/k, i.p.), and acepromazine (5 mg/kg, i.p.) and were given 

supplemental doses as needed to maintain anesthesia levels. A small incision proximal to the 

elbow of the right forelimb was made, and the median and ulnar nerves were carefully 

isolated and exposed. Both nerves were transected 1 cm proximal to the elbow. Immediately 

following transection, the proximal and distal stumps of each nerve were sutured 1 mm from 

the ends of a 8 mm saline-filled polyurethane tube (Micro-Renathane 0.095” I.D 0.066” 

O.D., Braintree Scientific, Inc., Braintree, MA), resulting in a 6 mm gap between nerve 

stumps. The skin incision was sutured and treated with antibiotic ointment. All animals were 

given enrofloxacin (10 mg/kg) immediately following surgery and sustained release 

buprenorphine (1.2 mg/kg) for 6 days following injury. Animals were placed in Elizabethan 

collars for approximately 1 week following injury to limit autophagia.

2.4 Vagus Nerve Stimulation Implantation Surgery

VNS implantation procedures were performed as described in previous studies 

[17,22,23,25–27,29,30,39]. Seven weeks after transection of the median and ulnar nerves, 

rats were anesthetized with ketamine hydrochloride (50 mg/kg, i.p.), xylazine (20 mg/kg, 

i.p.), and acepromazine (5 mg/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. The rat was then removed 

from the stereotaxic apparatus and placed in a supine position. An incision was made on the 

left side of the neck and the overlying musculature was blunt dissected to isolate the vagus 

nerve. The nerve was placed into a bipolar stimulating cuff electrode, and the electrode leads 

were tunneled subcutaneously and connected with the two-channel skull-mounted connector. 

Incised skin was then sutured closed. All rats received enrofloxacin (s.c., 10 mg/kg) 

following surgery. To confirm cuff electrode functionality and proper placement, VNS-

dependent activation of the Hering-Breuer reflex was assessed per standard procedures 

[41,42]. To do so, blood oxygenation saturation during trains of VNS (0.8 mA, 30 Hz, 100 

μs pulse width, up to 5 s train duration) was monitored via pulse oximetry immediately after 

cuff implant. The cuff electrode was replaced if rats failed to demonstrate a reliable 

stimulation-dependent drop in oxygen saturation. Regardless of group assignment, all rats 

underwent implantation of the headmount and cuff electrode to ensure blinding.

2.5 Tactile Rehabilitation and Delivery of Vagus Nerve Stimulation

Tactile rehabilitation began nine weeks post-forelimb nerve injury and continued for 6 

weeks. Sessions of tactile rehabilitation were performed once daily, four days per week, with 

each session lasting approximately 1.25 hours. During each session, up to 8 animals were 

placed in individual acrylic chambers (14 × 15 cm) with a mesh floor (Fig. 1C). Each 
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session consisted of 200 touches to the ventral surface of the right (previously injured) 

forepaw with one of two mechanical stimuli (Fig. 1D and Supplemental Video 1): a 10g von 

Frey filament (North Coast Medical, Gilroy, CA) or a small paintbrush (Kiss Products, Port 

Washington, NY) as appropriate for the experimental group of the animal. Each tactile 

stimulus was applied for approximately 1 s by a blinded experimenter. The von Frey 

filament was applied perpendicularly to the surface of the paw and the digits with an upward 

force of 10 g. The paintbrush was applied across the paw and digits in varying directions and 

with an approximate upward force of 50 g.

In the appropriate groups, a train of VNS was triggered by a button press to coincide with 

delivery of each mechanical stimulus during tactile rehabilitation sessions. VNS parameters 

were equivalent to previous studies [16–20]. Each 0.5 s VNS train consisted of 0.8 mA 100 

μsec biphasic pulses delivered at 30 Hz. No VNS was delivered during week 14 to assess 

effects lasting after the cessation of stimulation. Experimenters delivering tactile therapy 

were blinded to group assignment. All subjects in the study, regardless of group, were 

implanted with the same vagus nerve stimulation (VNS) device and headmount and were 

connected to a stimulator cable during therapy to ensure that they were indistinguishable in 

appearance. As a result, there were no visible differences between subjects to bias the 

experimenter administering the assessments.

2.6 Behavioral Testing

2.6.1 Mechanosensory Withdrawal Threshold Testing—Mechanosensory 

detection thresholds were assessed in all animals according to standard procedures [43]. 

Testing was performed in an acrylic chamber (19.5 × 9.6 cm) on a wire mesh floor. For each 

session, animals were allowed to acclimate to the behavioral chamber for 30 min before 

testing commenced. Mechanical withdrawal thresholds of the left and right forelimbs were 

tested using a dynamic plantar aesthesiometer (Cat. No. 37450, Ugo Basile, Switzerland). 

The actuator filament (0.5 mm diameter) was applied to the plantar surface of the forepaw, 

and a linearly increasing force was applied (20 s ramp time, 50 g maximal force). The force 

at which paw withdrawal occurred was captured for analysis. The left and right forelimbs 

were alternately tested with a minimum of 1 min between consecutive tests. Trials resulting 

in paw withdrawal due to spontaneous exploratory activity were excluded from analysis. 

Assessments were performed before injury (Week −1), before therapy (Week 8), and weekly 

during therapy (Weeks 9–14) by experimenters blinded to group.

2.6.2 Cylinder Forelimb Asymmetry Testing—Spontaneous use of the forelimbs 

during exploratory activity was measured using the cylinder forelimb asymmetry task, 

similar to previous descriptions [44]. Animals were placed in a transparent cylinder (20 cm 

diameter) and allowed to freely explore for two minutes. Video was be recorded from 

directly underneath the cylinder through a clear sheet of acrylic. The total number of both 

left and right forepaw contacts with the wall of the cylinder were recorded. An asymmetry 

index, describing the relative use of the injured forelimb, was calculated as [(right/(left + 

right)) x 100]. Assessments were performed before injury (Week −1), before therapy (Week 

8), and weekly during therapy (Weeks 9–14) by experimenters blinded to group.
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2.6.3 Pawprint Analysis—Pawprint analysis was performed using the stamp and paper 

method as previously described [45]. The forepaws of the animals were pressed into non-

toxic ink, and the animals walked down a Plexiglas corridor (24 in x 4 in) with paper lining 

the floor. Each animal performed 1–3 trials to ensure three footprints from each paw could 

be analyzed. The paper was scanned and digitized, and three footprints from both the left 

and right paw were analyzed by a blinded experimenter using ImageJ software. Toe spread, 

defined as the distance between the center of the second and fifth digits, was measured and 

recorded. Assessments were performed at conclusion of therapy (Week 14) by experimenters 

blinded to group.

2.6.4 Isometric Pull Task—The isometric force task was used to measure volitional 

forelimb strength as previously described [16,24,25,27,39,40,46]. The behavioral training 

chamber consisted of an acrylic box (10 × 12 × 4.75 in) with a slot in the front right corner 

through which rats could access a handle manipulandum. Rats were trained to pull the 

handle, which was attached to a force transducer (Motor Pull Device and Motor Controller, 

Vulintus LLC, Sachse, TX). A trial was initiated when 10 g of force was exerted on the pull 

handle. If the peak pull force exceeded an adaptively scaled threshold within two seconds of 

trial initiation, a reward pellet was delivered (45 mg dustless precision pellet, BioServ, 

Frenchtown, NJ). The threshold was scaled adaptively based on the median peak force of the 

10 preceding trials, with a fixed bounded minimum of 10 grams and maximum of 120 g 

based on previous studies.

Behavioral training sessions lasted 30 min and were conducted twice daily, five days per 

week, with the daily sessions separated by at least 2 hr. Prior to injury, rats were trained until 

they reached proficiency, defined as 10 consecutive sessions in which greater than 75% of 

trials exceeded 120 g. To reach proficiency, rats typically took 2–4 weeks of behavioral 

training. Eight weeks after injury, rats returned for behavioral testing and were dynamically 

allocated to balanced groups based on their post-injury performance. Rehabilitative training 

consisted of tactile rehabilitation daily for 4 days followed by 1 day of testing on the 

isometric pull task consisting of two 30-minute sessions. This weekly rehabilitation schedule 

persisted for 6 weeks. No rats received VNS during isometric force task training.

2.7 Statistical Analysis

All group sizes, outcome measures, and planned statistical comparisons were included in the 

study pre-registration prior to beginning data collection. Mechanical withdrawal thresholds, 

cylinder task right forelimb use, and isometric pull force were analyzed using a two-way 

repeated measures ANOVA, followed by post hoc Bonferroni-corrected unpaired t-tests 

where appropriate. Paired t-tests were used to compare measures within subjects from pre-

injury to week 8 pre-therapy time points, where applicable. Statistical tests for each 

comparison are noted in the text. Figures depict mean ± standard error of the mean.

3. Results

Pairing VNS with tactile rehabilitation, consisting of repeated application of a variety of 

mechanical stimuli with different features including a brush, a filament, a stiff copper rod, 

and an air puff, significantly enhances recovery of forelimb somatosensory function in a 
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model of chronic sensory loss caused by nerve injury [18]. Here, we varied the sensory 

characteristics of the rehabilitation paired with VNS and evaluated the influence on the 

degree of recovery using four behavioral assessments.

Rats underwent transection and tubular repair of the median and ulnar nerves in the right 

forelimb to produce chronic sensory loss despite reinnervation [16,18,33]. Eight weeks after 

nerve injury, the rats were allocated to groups to undergo tactile rehabilitation, consisting of 

200 daily applications of a mechanical stimulus to the ventral surface of the previously 

denervated forepaw with or without VNS, as appropriate for each group (Fig. 1). Groups 

received either VNS paired with mechanical stimulation using a 10 g von Frey filament 

(VNS+Filament; n = 11), VNS paired with mechanical stimulation using a brush (VNS

+Brush; n = 9), or equivalent mechanical stimulation with a brush or filament without VNS 

(Rehab only; n = 4). Therapy was delivered for 6 weeks, and forelimb withdrawal thresholds 

and sensorimotor function was assessed weekly.

As expected, mechanosensory withdrawal thresholds in the previously injured forelimb were 

significantly elevated in all groups 8 weeks post-injury, indicative of chronic sensory loss 

(Fig. 2; PRE v. Wk 8; Paired t-test, t(22) = 17.55, p = 2.00 × 10−14). No differences in 

withdrawal thresholds were observed between groups prior to beginning therapy (One-way 

ANOVA across groups at week 8; F[2,22] = 0.29; p = 0.75).

Comparison of withdrawal thresholds during therapy revealed a significant effect of group 

and time (Two-way repeated measures ANOVA, Effect of Group: F[1,21] = 231.14, p = 8.30 

× 10−13; Effect of Time: F[6,126] = 6.56, p = 4.75 × 10−6; Interaction: F[6,126] = 0.43, p = 

0.86). VNS paired with tactile rehabilitation consisting of either brush or filament 

stimulation significantly improved recovery compared to tactile stimulation without VNS 

(Fig. 2A, Week 14; Unpaired t-test; Rehab v. VNS+Filament, t(12) = 6.97; p = 1.50 × 10−5; 

Rehab v. VNS+Brush, t(11) = 13.80; p = 2.74 × 10−8). VNS paired with brush produced 

significantly more recovery of forelimb withdrawal thresholds compared to VNS paired with 

filament stimulation, indicating that the sensory stimuli delivered during rehabilitation with 

VNS influence functional outcomes (Fig. 2A, Week 14; Brush v. Filament; t(17) = 4.95; p = 

1.23 × 10−4). Improvements in withdrawal thresholds were maintained on week 14 after the 

cessation of VNS (Fig. 2B; Unpaired t-test; Rehab v. VNS+Filament, t(12) = 3.85, p = 2.30 

× 10−3; Rehab v. VNS+Brush, t(11) = 6.85, p = 2.75 × 10−5; VNS+Brush v. VNS+Filament, 

t(17) = 4.03, p = 8.72 × 10−4). As expected, no differences in sensory thresholds were 

observed in the uninjured forepaw at any time point (Two-way repeated measures ANOVA; 

Effect of Group: F[1,21] = 1.47, p = 0.24; Effect of Time: F[6,126] = 1.48, p = 0.21; 

Interaction: F[6,126] = 2.08, p = 0.06). These findings demonstrate that VNS paired with 

tactile rehabilitation produces substantial, stable improvements in somatosensory function in 

animals with chronic sensory loss and that the sensory features of the tactile rehabilitation 

paired with VNS influence the degree of recovery.

We next sought to determine whether the observed VNS-dependent improvements in 

somatosensory function would generalize to other measures of forelimb sensorimotor 

function. Spontaneous forelimb use, as measured with the cylinder task, revealed reduced 

reliance on the impaired limb, consistent with previous studies [16,18] (Fig. 3, PRE v. Wk 8; 
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Paired t-test, t(22) = 12.20, p = 2.89 × 10−11). No differences were observed across groups 

before therapy (Fig. 3, Week 8; One-way ANOVA across groups at week 8; F[2,22] = 2.5; p 

= 0.11). Comparison of paw preference during therapy revealed a significant effect of group 

and time (Fig. 3, Two-way repeated measures ANOVA, Two-way repeated measures 

ANOVA, Effect of Group: F[1,21] = 26.87, p = 3.89 × 10−5; Effect of Time: F[6,126] = 2.45, 

p = 0.028; Interaction: F[6,126] = 0.72, p = 0.64). Matching the observed improvement in 

withdrawal thresholds, VNS paired with brush during tactile rehabilitation resulted in 

significantly greater use of the injured forelimb compared to tactile rehabilitation without 

VNS (Fig. 3, Week 14; Unpaired t-test, Rehab v. VNS+Brush, t(11) = 4.02, p = 2.00 × 10−3). 

Consistent with a lower degree of recovery of somatosensory function, VNS paired with 

filament during tactile rehabilitation did not result in significant improvements compared to 

tactile rehabilitation without VNS, although a trend was observed (Fig. 3, Week 14; 

Unpaired t-test, Rehab v. VNS+Filament, t(12) = 1.78, p = 0.10). Assessment of toe spread, 

a measure of weight bearing, revealed a similar distribution of VNS-dependent recovery. 

Again consistent with the degree of improvement in withdrawal thresholds, VNS paired with 

brush stimulation produced significantly greater improvements than VNS paired with 

filament stimulation and rehabilitation without VNS (Fig. 4A, Right Paw, One-way 

ANOVA; F[2,22] = 10.14; p = 9.10 × 10−4; post hoc unpaired t-test across groups; Rehab v. 

VNS+Filament, t(12) = 2.00, p = 0.06; Rehab v. VNS+Brush, t(11) = 4.58, p = 7.93 × 10−4; 

VNS+Brush v. VNS+Filament, t(17) = 2.90, p = 0.01). These findings indicate that the 

degree of VNS-dependent benefits in somatosensory recovery generalizes to other metrics of 

general forelimb function.

Somatosensory function and motor control are inherently integrated. Thus, we next sought to 

determine whether restoration in somatosensory function with VNS paired with tactile 

rehabilitation could produce improvements in skilled forelimb motor function. To do so, an 

independent cohort of animals underwent nerve injury, followed by tactile rehabilitation 

with brush stimulation with or without VNS. Confirming findings from the initial 

experiment, VNS paired with tactile rehabilitation significantly improved forelimb 

withdrawal thresholds compared to equivalent tactile rehabilitation without VNS (Fig. 5A, 

Two-way repeated measures ANOVA, Effect of Group: F[1,11] = 76.73, p = 2.73 × 10−6; 

Effect of Time: F[6,66] = 12.21, p = 3.47 × 10−9; Interaction: F[6,66] = 4.12, p = 1.42 × 

10−3; post hoc Unpaired t-test on Week 14, Rehab v. VNS+Brush; t(11) = 8.96, p = 2.20 × 

10−6). Spontaneous forelimb use was also significantly improved, providing additional 

corroboration of the initial experiment (Fig. 5B, Two-way repeated measures ANOVA, 

Effect of Group: F[1,11] = 66.04, p = 5.62 × 10−6; Effect of Time: F[6,66] = 2.52, p = 0.03; 

Interaction: F[6,66] = 0.31, p = 0.92; post hoc Unpaired t-test on Week 14, Rehab v. VNS

+Brush; t(11) = 3.36, p = 6.41 × 10−3).

To evaluate skilled forelimb motor performance, all rats were trained to proficiency on the 

isometric pull task prior to nerve injury and assessed weekly during therapy 

[16,17,23,29,30,40,47–49]. As expected, nerve injury resulted in substantial impairments in 

skilled forelimb function [16,40] (Fig. 6A, PRE v. Wk 8; Paired t-test, t(12) = 68.43, p = 

6.30 × 10−17). No differences were observed between groups prior to therapy (Fig. 6A, Wk 

8, Unpaired t-test; Rehab v. VNS+Brush; t(11) = 0.26, p = 0.80). Evaluation of forelimb 

motor function during therapy revealed a significant effect of group and time (Fig. 6A, Two-
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way repeated measures ANOVA, Effect of Group: F[1,11] = 17.18, p = 1.63 × 10−3; Effect 

of Time: F[6,66] = 4.46, p = 7.54 × 10−4; Interaction: F[6,66] = 0.36, p = 0.90). VNS paired 

with tactile rehabilitation significantly improved recovery of forelimb motor performance 

compared to equivalent tactile rehabilitation without VNS (Fig. 6A, Week 14; Rehab v. VNS

+Brush; Unpaired t-test, t(11) = 5.08, p = 3.54 × 10−4). Similar improvements in pull force 

were observed (Fig. 6B, Two-way repeated measures ANOVA, Effect of Group: F[1,11] = 

15.34, p = 2.40 × 10−3; Effect of Time: F[6,66] = 1.92, p = 0.09; Interaction: F[6,66] = 1.21, 

p = 0.31; post hoc Unpaired t-test on Week 14, Rehab v. VNS+Brush; t(11) = 4.56, p = 8.20 

× 10−4). These findings indicate that VNS pairing during tactile therapy produces associated 

improvements in motor function despite the fact that VNS was not explicitly paired with 

motor training.

4. Discussion

In the present study, we explored whether the sensory characteristics of the tactile 

rehabilitation paired with VNS influence the degree of recovery in a rat model of chronic 

sensory loss. Corroborating previous studies, we find that VNS paired with tactile 

rehabilitation consisting of applying either brush or filament stimulation to the previously 

denervated paw significantly improves restoration of somatosensory function compared to 

equivalent tactile rehabilitation without VNS [18,50]. Use of the brush to apply tactile 

stimulation during rehabilitation produced a greater degree of sensorimotor recovery than 

the filament, indicating that the features of the tactile rehabilitation regimen paired with 

VNS impact the efficacy of the therapy. Additionally, we find that VNS paired with tactile 

rehabilitation yields robust, generalized improvements in skilled motor function. Together, 

these findings support VNS paired with tactile rehabilitation as a novel strategy to enhance 

recovery of somatosensory and motor function after neurological injury and provide 

evidence to guide the selection of the features of the paired rehabilitative therapy.

Previous preclinical studies and a human case study indicate that pairing VNS with tactile 

rehabilitation improves recovery of somatosensory function following chronic sensory loss 

[18,50]. The tactile retraining paradigm employed in these studies was based on delivery of 

VNS coincident with application of tactile stimuli with a wide range of features to the 

reinnervated skin surface. VNS engages neuromodulatory networks to enhance plasticity, 

and this paradigm was premised on activating a variety of somatosensory receptors in 

combination with the pro-plasticity actions of VNS to promote reorganization of sensory 

networks in the central nervous system. A number of studies demonstrate that VNS-

dependent plasticity is specific to features of the paired stimulus [16,17,27,35,51–57]. Thus, 

the features of tactile stimuli paired with stimulation may influence the effects of VNS on 

restoration of somatosensory function. Here, we explored tactile stimuli with fundamentally 

distinct features. The brush and filament stimuli applied differ in a variety of spatiotemporal 

features, including temporal pattern of activation, area of contact, and force of contact, and 

thus produce differential activation of exteroceptive somatosensory receptors. Pairing either 

tactile paradigm with VNS significantly enhanced recovery compared to equivalent tactile 

stimulation without VNS, consistent with previous studies using a combination of tactile 

stimuli [18]. Notably, VNS paired with tactile stimulation with the brush yielded 

significantly greater restoration of sensorimotor function on several measures compared to 
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VNS paired with tactile stimulation with the filament. The restoration of somatosensory 

recovery in subjects that received VNS paired with brush stimulation is comparable to that 

observed in a previous study that used a combination of brush and filament stimulation [18]. 

Because the features of the individual stimuli used in the present study vary in a variety of 

dimensions, the results presented here cannot identify which features contribute to greater 

therapeutic efficacy when paired with VNS. However, these findings highlight the 

importance of the rehabilitation paradigm paired with VNS and suggest that clinical 

implementations should utilize a range of stimuli encompassing a variety of tactile features.

Motor and somatosensory function are highly integrated. As a result, improvements in 

somatosensory function driven by VNS paired with tactile rehabilitation may generalize to 

benefits in motor function. In the present study, we corroborated previous results that the 

benefits of VNS paired with tactile rehabilitation produce consequent improvements in 

measures of forelimb sensorimotor function [18]. Similar to withdrawal thresholds, pairing 

VNS with brush stimulation produced significantly greater improvements in other general 

sensorimotor measures, including spontaneous forelimb use and toe spread, compared to 

pairing VNS with filament stimulation. These findings provide further evidence that the 

selection of the tactile rehabilitation paradigm applied with VNS impacts the efficacy of the 

therapy.

Given that VNS paired with tactile rehabilitation produced generalized improvements in 

simple sensorimotor tasks, we evaluated whether VNS therapy would similarly facilitate 

recovery of skilled forelimb motor function. We elected to evaluate recovery of skilled motor 

function after delivery of VNS paired with brush stimulation, as this paradigm produced the 

greatest functional improvements. In an independent cohort of animals, we observed that 

VNS paired with brush stimulation significantly improved recovery of skilled forelimb 

motor performance compared to tactile rehabilitation without VNS. VNS paired with tactile 

rehabilitation resulted in an approximately 80% recovery of pre-injury motor performance 

and a virtually complete restoration of somatosensory recovery as measured by withdrawal 

thresholds. These findings indicate that VNS paired with tactile rehabilitation generalizes to 

improvements in skilled motor function. A previous study observed a similar generalization 

of sensory recovery when VNS was paired with motor rehabilitation [16]. In that study, 

pairing VNS with rehabilitative training on the skilled motor task produced a virtually 

complete restoration of motor function and an approximately 70% restoration of 

somatosensory function. Taken together, these data indicate that pairing VNS with 

somatosensory or motor rehabilitation produce partial generalization of recovery. As a 

result, clinical implementation in patients with somatosensory and motor dysfunction after 

neurological injury should incorporate both tactile and motor rehabilitative paradigms with 

VNS to ensure the greatest benefits.

VNS supports recovery by engaging neuromodulatory networks coincident with 

rehabilitation to promote synaptic plasticity in the rehabilitated circuits [16,17,30]. After 

injury, pairing VNS with motor rehabilitation drives synaptic reorganization in corticospinal 

projections to facilitate motor recovery [16,17,30]. Depletion of acetylcholine in the cortex 

or temporally uncoupling of VNS and rehabilitation prevents enhancement of plasticity and 

subsequently precludes recovery of motor function, indicating that VNS-directed synaptic 
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plasticity underlies motor recovery. In the context of sensory improvements, pairing VNS 

with auditory stimuli drives reorganization in auditory circuits that is associated with a 

reduction in tinnitus [34,36,55,58–60]. Similar mechanisms likely underlie the VNS-

dependent enhancement of somatosensory recovery observed here. Tactile rehabilitation 

produces activity in somatosensory circuits, and coincident VNS drives activation of 

neuromodulatory networks to facilitate synaptic plasticity. Future studies should explore the 

nature of VNS-dependent plasticity in somatosensory networks, such as changes in 

thresholds or receptive fields, to identify the neural mechanisms that subserve recovery [33].

This study was designed to provide direct translational evidence related to the development 

of VNS therapy to improve somatosensation, and several strengths and weakness merit 

consideration. Strengths include preregistration of experimental procedures and design, a 

confirmation of the main effect of VNS-dependent improvements in an independent cohort 

of animals, automated, quantitative, blinded behavioral assessments, and replication of 

parallel findings of VNS-dependent improvements in somatosensory function in a human 

case study. Additionally, the design of the study is predicated on the direct comparison of 

rehabilitative interventions, rather than comparison to an untreated control. The present 

results also need to be interpreted based on a number of limitations. First, while the study 

utilized several metrics of sensorimotor function, preclinical experiments lack the ability to 

capture the complexity of many aspects of somatosensation. Additionally, the coarse 

behavioral tools available limit assessment of fine characterization of sensory 

discrimination. Neurophysiological analysis of fine metrics of somatosensation, such as 

receptive field size, should be examined in subsequent studies. Second, the present study 

was performed exclusively in female rats. We elected to restrict evaluation to female rats 

because the tactile assessments and VNS parameters have been extensively validated in this 

sex [16,18,61,62,35,51–57]. While there is no evidence of a sex-specific effect of VNS on 

the nervous system in humans [21,31,63], future studies should confirm the present findings 

in male rats. Finally, the present study did not examine reinnervation. Although previous 

studies demonstrate that VNS does not influence any metrics of reinnervation after injury 

[16,18] and the presence of behavioral and neural responses to tactile stimulation indicate 

that reinnervation has occurred [33], we cannot explicitly rule out differences in 

reinnervation across groups in this study.

Recent clinical trials in chronic stroke patients demonstrates that VNS paired with physical 

rehabilitation represents a clinical viable strategy to restore motor function after neurological 

injury [13]. Here, we provide corroborating evidence to support the investigation of VNS 

paired with tactile rehabilitation as a novel strategy to restore somatosensory function in the 

context of chronic sensory loss [18,50]. Additionally, the data presented reinforce the need 

to identify the most effective rehabilitative paradigms in order to maximize the benefits of 

VNS-based therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Chronic sensory loss is often associated with nerve injury

• VNS paired with tactile rehabilitation drives recovery of somatosensory 

function

• The tactile experience paired with VNS affects the degree of sensory recovery

• VNS-dependent recovery of sensory function generalizes to other forelimb 

functions
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Fig. 1. Experimental Design and Tactile Rehabilitation Paradigm
(A) Timeline of experimental design. (B) Schematic showing nerve transection and repair. 

Representative images from proximal and distal cross-sections of the median nerve 

approximately 14 weeks after nerve transection and tubular repair are shown on the right. 

Reinnervation takes place, but the procedure results in chronic deficits in nerve architecture 

distal to the injury site. (C) Schematic of the tactile rehabilitation apparatus. Rats were 

placed in individual cages with a wire mesh floor. Either a paintbrush or 10 g filament were 

applied to the ventral surface of the right (injured) forepaw. A button press coincident with 

the delivery of the tactile stimuli initiated a 500 ms train of VNS in the appropriate groups. 

(D) Detailed view of the paintbrush and 10 g filament utilized during tactile rehabilitation.
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Fig. 2. Distinct tactile experiences paired with VNS result in different recovery of somatosensory 
thresholds
(A) Nerve damage results in chronic impairments in somatosensation in the forepaw, as 

indicated by a lasting increase in mechanical withdrawal thresholds. VNS paired with the 

either paintbrush (VNS+Brush) or filament (VNS+Filament) stimulation drives robust 

improvements in somatosensory thresholds compared to equivalent tactile rehabilitation 

without VNS (Rehab). However, VNS+Brush yields significantly greater restoration of 

tactile thresholds VNS+Filament, illustrating that specific features of rehabilitation impact 

VNS effects. The shaded region denotes when tactile therapy with or without VNS was 

delivered. Bonferroni corrected unpaired t-test across groups at week 14; *** denotes p < 

0.00033. Error bars indicate mean ± SEM. (B) Percentage of recovery on tactile thresholds 

for each animal. VNS+Brush produced a virtually complete restoration of tactile threshold, 

whereas VNS+Filament produced significant, but incomplete, improvements in tactile 

threshold. Bonferroni corrected unpaired t-test across groups; ** denotes p < 0.0033, *** 

denotes p < 0.00033. Circles depict data from individual subjects. Error bars indicate mean ± 

SEM.
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Fig. 3. VNS-dependent recovery generalizes to an untrained sensorimotor forelimb task.
Nerve damage and resultant sensory loss produces an overreliance on the use of the 

uninjured forelimb during exploration, demonstrated by a reduction in preference for the 

injured paw. VNS+Brush significantly increases use of the previously denervated forelimb 

compared to equivalent tactile rehabilitation without VNS (Rehab) after the completion of 

therapy. Unpaired t-tests across groups at week 14; ** denotes p < 0.0033. Error bars 

indicate mean ± SEM.
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Fig. 4. VNS paired with brush improves toe spread during normal walking
(A) Forelimb toe spread in the injured right forepaw was reduced compared to the intact left 

forepaw after nerve damage, consistent with sensorimotor dysfunction. VNS+Brush 

significantly increased toe spread compared to VNS+Filament or Rehab without VNS on 

week 14. (B) Representative examples of footprints collected from the injured right forepaw 

after the completion of tactile rehabilitation with or without VNS. Green lines illustrate the 

toe spread measurement, and dotted lines are shown for alignment. Bonferroni corrected 

unpaired t-tests across groups at week 14; * denotes p < 0.0167, *** denotes p < 0.00033. 

Circles depict data from individual subjects. Error bars indicate mean ± SEM.
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Fig. 5. Confirmation of VNS-dependent improvements in somatosensory function
A separate cohort of rats confirms that VNS+Brush significantly improves tactile withdrawal 

thresholds (A) and sensorimotor function (B) compared to Rehab. Unpaired t-tests across 

groups at each week; * denotes p < 0.05, * denotes p < 0.01, *** denotes p < 0.001. Error 

bars indicate mean ± SEM.
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Fig. 6. VNS paired with tactile rehabilitation improves skilled forelimb motor function
(A) Success rate, defined as the percentage of pulls greater than 120 g on the isometric force 

task, was reduced following nerve injury consistent with impairment of skilled motor 

function. VNS+Brush significantly improved success rate compared tactile rehabilitation 

without VNS. (B) Similar effects were observed for pull force. The shaded region denotes 

when tactile therapy with or without VNS was delivered. Unpaired t-tests across groups at 

each week; at each time point; * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 

0.001. Error bars indicate mean ± SEM

Darrow et al. Page 22

Behav Brain Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Methods
	Experimental Design
	Subjects
	Forelimb Nerve Injury
	Vagus Nerve Stimulation Implantation Surgery
	Tactile Rehabilitation and Delivery of Vagus Nerve Stimulation
	Behavioral Testing
	Mechanosensory Withdrawal Threshold Testing
	Cylinder Forelimb Asymmetry Testing
	Pawprint Analysis
	Isometric Pull Task

	Statistical Analysis

	Results
	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

