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ABSTRACT 

 
 
 Supervising Professor:  Seth Hays 
 
 
 
 
Damage to the central and peripheral nervous system cause physical disability, and impairment 

following injury is often permanent. Stroke is the leading cause of physical disability in the 

United States, affecting 800,000 people per year and that number is on the rise. Similarly, 20 

million Americans suffer from peripheral nerve injury related disability making it alongside of 

stroke as one of the leading causes of disabilities in the United States. These lesions frequently 

affect movement control of the upper extremities, and loss of hand function is devastating for 

patients. There is currently an unmet clinical need for therapeutic interventions to restore 

function in patients suffering from these injuries.  

Previous work has demonstrated that vagus nerve stimulation (VNS) paired with rehabilitative 

training is effective in treating motor dysfunction following stroke, traumatic brain injury, and 

most recently spinal cord injury. In healthy subjects, VNS paired with motor training enhances 

plasticity in the paired motor networks. It is believed that VNS paired with rehabilitative training 

works through a similar plasticity-enhancing mechanism to reorganize damaged motor networks. 
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This dissertation work demonstrates VNS paired with rehabilitative training enhances plasticity 

and recovery following stroke and peripheral nerve injury. In a stroke injury model we first 

describe the development of a novel method of assessing forelimb supination, a movement that is 

severely diminished following stroke. Next, we demonstrate that pairing VNS with supination 

training doubles the beneficial effects of rehabilitative training without VNS. We further 

demonstrate that the VNS-dependent benefits on the supination task transfer to an untrained task 

emphasizing volitional forelimb strength, and the benefits of VNS last for two months following 

the cessation of VNS. Transneuronal tracing from musculature of the rehabilitated forelimb 

demonstrates enhanced synaptic connectivity in the VNS-treated subjects. The second half of 

this dissertation focuses on peripheral nerve injuries affecting the upper extremities. We first 

describe a novel forelimb peripheral nerve injury model and demonstrate the effectiveness of the 

isometric pull task to quantitatively measure chronic motor deficits following injury. We next 

show that VNS paired with rehabilitative training following PNI improves forelimb motor and 

sensory function. Physiological and anatomical assessments indicate enhanced plasticity in 

motor networks specific to the rehabilitated movement that likely subserve improved recovery. 

Lastly, we demonstrate that cortical plasticity is critical for recovery following PNI by disrupting 

cortical cholinergic innervation thus blocking cortical plasticity. Subjects receiving NB lesions 

and VNS demonstrate markedly less recovery than VNS subjects and do not demonstrate motor 

map plasticity. 

The results of this dissertation first extend the findings of recent studies that demonstrate the 

effectiveness of VNS paired with rehabilitative training to treat motor dysfunction following 

stroke. We demonstrate the substantial clinical utility of VNS therapy and reveal an anatomical 
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substrate of recovery following stroke. Furthermore, we show initial evidence for the 

effectiveness of plasticity-enhancing therapies to improve motor and sensory dysfunction 

following peripheral nerve injuries.  
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CHAPTER 1 

INTRODUCTION 

Injuries and diseases affecting the nervous system often result in chronic impairment of 

normal function1,2. These disorders typically lead to pathological network activity that 

consequently result in debilitating symptoms3. Traditional rehabilitation supports training-

dependent adaptive plasticity in an effort to renormalize networks and restore function4–7. 

However, rehabilitation yields only modest improvements and many patients are left with 

chronic disability. The ability to augment beneficial plasticity and reverse dysfunctional neural 

activity represent a potential method to improve recovery8,9. In this dissertation we demonstrate a 

novel technique to drive targeted plasticity using brief bursts of vagus nerve stimulation (VNS) 

paired with rehabilitative training8,10. We utilize these plasticity-enhancing properties of VNS to 

facilitate sensorimotor recovery following two mechanistically distinct neurological disorders: 

stroke and peripheral nerve injury.  

Stroke is a leading cause of long-term disability in the United States, affecting 795,000 

people in each year11,12. Of these, 87% of strokes are ischemic in nature, resulting when a clot or 

mass clogs a blood vessel thus reducing blood flow to part of the brain11. The remaining types of 

strokes are 10% intracerebral hemorrhage, in which weakened blood vessels rupture thus 

releasing blood in to the brain, and 3% subarachnoid hemorrhages. Current projections estimate 

that by 2030, a total of 3.4 million people in the United States will have had a stroke, a 20.5% 

increase since 201013,14. About 150,000 strokes annually result in death, leaving around 650,000 

survivors suffering various motor, sensory, and cognitive symptoms. Of these survivors, 80% 

(500,000 patients) suffer some form of long-term disability15. Furthermore, approximately 2% of 
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women and 3% of men have reported being disabled due to stroke symptoms11. Worldwide, the 

prevalence of stroke was 25 million in 201316. Risk factors include high blood pressure 

(hypertension), diabetes mellitus, heart rhythm disorders (atrial fibrillation), high blood 

cholesterol, smoking, physical inactivity, improper nutrition, family history, chronic kidney 

disease, untreated anxiety and distress. 

In addition to the debilitating physical impairments stroke survivors suffer, the overall 

cost associated with a stroke is immense. In the United States, the direct and indirect cost of 

stroke was $33.9 billion in 201213. Ischemic stroke patients are expected to pay on average 

$140,000 for post-stroke care with a significant portion coming from the cost of physical 

rehabilitation13. Stroke survivors suffering from spasticity pay four times more than those not 

suffering from spasticity, indicating the high cost of physical rehabilitation17. Long-term physical 

disability and the financial burden of treatment and care are devastating and have an incalculable 

impact on the lives of the patients and their families.   

Ischemic strokes are the most prevalent stroke accounting for 87% of all strokes cases, 

and thus are the study of this dissertation work. An ischemic stroke can result from a blood clot 

(thrombosis) or a blockage-causing material inside of a blood vessel (embolism). This causes a 

lack of blood flow to a certain area in the brain affecting neurons, glia, and endothelial cells18. 

This results in insufficient delivery of oxygen and glucose, causing reductions in cellular 

homeostasis. Multiple cellular cascades leading to cellular dysfunction or death result including: 

excitotoxicity, acidotoxicity and ionic imbalance, oxidative stress, inflammation, apoptosis, and 

depolarization. Cells on the edge of the lesion, termed the penumbra, receive collateral blood 

flow from unaffected vasculature and cell death occurs over a longer time course and typically 
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through active cell death mechanisms such as apoptosis19. Upon ischemia, the sodium/potassium 

pumps (which consume 70% of the energy supplied to the brain) are depleted of ATP stores 

resulting in failure of the pumps. This failure causes sodium to enter and potassium to exit the 

cell, thus depolarizing the cell membrane18. Furthermore, calcium pumps are unable to function 

properly resulting in calcium entry into the cell and activation of calcium dependent processes. 

Due to the lack of ATP supply, these processes are unable to function and cell death ensues18. 

These mechanisms, along with other inflammatory and oxidative stress processes, contribute to 

cell death and consequently loss of function. 

Fine motor control involves integration across multiple brain regions and systems20. As 

such, massive cell death following a stroke often affect motor networks. Loss of motor function 

is the most common and recognized stroke symptom. Hemiparesis, or loss of function affecting 

one side of the body including movement of the arm, hand, or leg, affects about 80% of stroke 

survivors15. A large focus has been placed on improving motor function following stroke to 

improve impairment and restore function of the affected limb15. 

One common manifestation of motor dysfunction is impairment of forelimb musculature 

controlling forearm rotation21–23. Forearm supination and pronation are two movement synergies 

crucial for properly positioning the hand for object manipulation. Therefore, impairment of 

forearm rotation severely diminishes a patient’s quality of life, as activities of daily living (ADL) 

such as the ability to turn a doorknob, dress, and even feed oneself becomes arduous. 

Rats are the most studied animal in motor research and there exists an assortment of 

rodent motor tasks to model human forearm kinematics and dysfunction24,25. These preclinical 

models provide the foundation for developing therapies to improve recovery25. Furthermore, 
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these models are the critical first step in developing and testing potential therapeutic 

interventions. Although these tasks have widely been adopted across the preclinical research 

community, many limitations exist including inefficiency, lack of quantitative data, inter-scorer 

variability, and susceptibility to compensatory strategies26–31. One task frequently implemented 

to measure skilled paw movement in the rat is the single pellet retrieval task. The task requires a 

rat or mouse to reach through a slot in a cage, grasp a small sugar pellet, and return the pellet to 

the animal for consumption. Video analysis can be utilized to further analyze individual 

movement components of the reach, grasp, and return attempts26. The supination aspect of the 

skilled reach comprises two of the ten components of the combined reach movement and can be 

rated by video analysis27. Currently, studying supination function is inefficient due to the 

extensive time and cost required. The development of a motor task that efficiently and accurately 

models supination kinematics in the rat and directly measures the movement would allow for 

researchers to more effectively test potential therapies. 

In Chapter 2 of this dissertation I will discuss the development of a novel motor task, 

named The Supination Assessment Task, designed to provide quantitative measures of forelimb 

supination in the rat. We created the task in the framework of a larger hardware and software 

suite, MotoTrak32–34. Rats are trained to reach out of a slot in a cage, grasp a spherical 

manipulandum connected to a high-resolution rotary encoder, and then rotate the manipulandum 

to a predetermined degree threshold to receive a reward pellet. The system allows researchers to 

automate the collection of volitional forelimb supination in the rat, and potentially accelerating 

the time to run preclinical studies. 
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In Chapter 3 and 5 of this dissertation I discuss a technique to drive robust and long-

lasting plasticity in CNS circuits to improve motor dysfunction following stroke. A modest 

amount of recovery occurs in the immediate weeks and months following stroke. The initial 

recovery in the first few days following stroke is believed to be due to the reemergence of 

activity in areas that were silenced due to the brain injury35. Following that, plastic principles are 

primarily involved in recovery. Evidence over the past 20 years has demonstrated that the bulk of 

recovery following stroke is largely attributed to the ability of the CNS to undergo substantial 

reorganization36. The observation of excitability alterations in adjacent healthy tissue following 

stroke dates back to the 1950s37, but it wasn’t until the 1990s with the emergence of modern 

ICMS mapping techniques that Nudo and colleagues described in detail the substantial reduction 

of the motor map distal forelimb area following cortical lesions targeting the digit flexors38. This 

reduction in distal forelimb cortical area was reversed in subjects that underwent rehabilitative 

training, demonstrating a potential substrate of recovery following nerve injury. These results 

have since been followed up by many studies in multiple species demonstrating similar 

phenomenon and have led to the conclusion that experience can profoundly alter post-lesion 

plasticity39. In humans using fMRI techniques, stroke has been demonstrated to enhance activity 

in preexisting undamaged networks including contralesional and perilesional tissue40. In severe 

strokes, function of the affected limb often shifts to the contralesional hemisphere. The 

renormalization of activity in the perilesional hemisphere, an effect facilitated by rehabilitative 

training, is associated with improved recovery40,41. These studies, along with numerous others, 

have implicated the role of plasticity in intact networks and stroke recovery. 
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Recently, a large amount of focus has been placed on the development of techniques to 

increase neuroplasticity and improve stroke recovery42–46. One technique currently used in 

humans is constraint-induced therapy in which a patient’s non-paretic arm is constrained so the 

impaired arm and hand are forced to be used. Constraint induced therapy improves functional 

recovery and larger motor representations in motor cortices compared to rehabilitation alone 

without the constraint47. Other methods including pharmacological treatments45,48–50, and 

stimulation techniques44,51 have also been extensively investigated. Techniques to enhance 

plasticity have garnered much interest in the last few decades and hold promise for improving 

functional recovery36,52. 

 Our lab has recently developed a technique to drive robust and long-lasting 

neuroplasticity. Brief bursts of electrical stimulation of the left cervical vagus nerve results in 

widespread release of neuromodulators, notably acetylcholine and norepinephrine which have 

been demonstrated to be involved in modulating plasticity53–55. When VNS is temporally paired 

with sensory stimuli or motor movements, plasticity is enhanced in networks specific to the 

paired event9,56,57. Although the underlying mechanism is currently unknown, it is believed that 

neuromodulator release coincident with local circuit activity enhances plasticity that is restricted 

to the active circuits10. Pairing vagus nerve stimulation (VNS) with auditory tones increases area 

and response characteristics of the primary auditory cortex, while tone presentation without VNS 

has no effect57. Similarly in the motor system, pairing VNS with forelimb movements 

significantly increases the representational maps of motor networks associated with the paired 

movement56. Animals that underwent identical training but in the absence of VNS did not have 
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expanded cortical representations of the trained movements56. These results suggest that VNS 

paired with external events is capable of driving plasticity in both motor and sensory systems. 

The studies discussed above represent a new technique of promoting plasticity in the 

central nervous system by pairing VNS with motor and sensory events. The precise mechanisms 

of these plasticity enhancing effects are currently unclear, but many circumstantial pieces of 

evidence suggest that it’s activation of the locus coeruleus (LC) and the subsequent release of 

norepinephrine that is acting as the main driver of plasticity. Other neuromodulators including 

acetylcholine released from the nucleus basalis (NB) plays a role in regulating plasticity, but if 

and to what degree VNS acts upon the NB is unclear. 

The left vagus nerve is targeted for most VNS applications, including in this dissertation, 

since fibers from the right vagus nerve densely innervate the sinoatrial node of the heart58. Few, 

if any, alterations in cardiac functioning have been reported in humans receiving chronic left 

vagus nerve stimulation59–61. About 80% of the fibers in the left cervical vagus are afferent 

sensory fibers relaying information from the viscera to the brainstem62. Vagal myelinated A-

fibers are the largest and fastest conducting fibers in the vagus, and primarily relay visceral 

afferent information; B-fibers primarily relay efferent sympathetic and parasympathetic 

preganglionic information; and C-fibers primarily relay afferent visceral information63. VNS 

activation of the different fiber types occurs at distinct current amplitudes. Vagal A-fibers are 

recruited starting at 0.02-0.2mA, B-fibers from 0.04-0.6mA, and unmyelinated C-fibers at 

greater than 2.0mA64. Frequencies ranging from 20-30Hz are FDA approved and commonly used 

in the clinic, as frequencies above 50Hz have been shown to cause irreversible nerve damage64. 

Seizure suppression occurs at current amplitudes corresponding to A & B fiber intensities59.  
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The vagal fibers originate in four nuclei in the medulla: the spinal nucleus of the 

trigeminal nerve, the nucleus of the solitary tract (NST), the nucleus ambiguous (NA), and the 

dorsal motor nucleus of the vagus nerve (DMN)65. The vagus carries general afferent information 

from the viscera, baro- and chemo-receptors of the aortic arch, and reflex regulatory processes of 

the respiratory, digestive, and cardiovascular systems. The cell bodies of these afferent 

projections are located in the nodose ganglion and synapse at the caudal part of the NST65. 

Afferents from stretch receptors in the bronchi that respond to lung expansion project through the 

vagus to the NTS, and then to expiratory centers in the reticular formation to regulate 

breathing65. This reflex arch is referred to the Hering-Breuer reflex and be observed during VNS, 

resulting in cessation of breathing during activation and a subsequent reduction in oxygenated 

hemoglobin in the blood. In this dissertation, this reflex was observed to verify proper 

functioning of the cuff electrode.  

VNS was approved by the US food and drug administration (FDA) in 1997 for the 

treatment of partial onset seizures refractory to antiepileptic medications66. However, the effects 

of VNS on the CNS have been demonstrated since 1952, when it was observed that VNS altered 

cortical potentials in vagotomized cats67. VNS exerts therapeutic effects on a wide range of 

mechanistically and anatomically different forms of seizures, suggesting an anticonvulsant 

mechanism affecting multiple brain structures and different cell types. Activation of the locus 

coeruleus (LC) and the subsequent release of norepinephrine is a highly likely mechanism65,68. 

Tract tracing studies have demonstrated that anatomical connections exist from the NST 

to LC69,70. Administration of DSP-4, a neurotoxin specifically targeting noradrenergic cells, 

blocks the seizure suppressing effects of VNS thus demonstrating the requirement of proper 
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noradrenergic signaling71,72. Furthermore, VNS treatment increased firing rates in the LC over 

the course of minutes and lasting for hours73,74. Increases in the levels of norepinephrine 

concentrations in the cortex have also been observed75. The effectiveness of VNS on seizure 

suppression has been demonstrated to correlate with the level of norepinephrine76. Taken 

together, these lines of evidence support the concept that norepinephrine release is increased 

during VNS and likely acts as a potential mechanism for the therapeutic effects of VNS. 

In addition to the LC, the nucleus basalis (NB) has been implicated in the effects of VNS 

on the CNS, although the evidence is sparse. A weak monosynaptic connection exists between 

the NST and cholinergic structures in the basal forebrain (horizontal limb of the diagonal band 

and the magnocellular preoptic area), although no direct projection from the NST to the NB has 

been shown77,78. However, polysynaptic connectivity between the NST and the NB may exist 

and was a clear limitation of the previous anatomical studies. One previous study has 

demonstrated activation of cholinergic NB neurons in response to VNS in anesthetized cats79. 

Although the direct pathways between the NST and the NB were not investigated, the authors 

note that the short latency between NST and NB activity was presumably due to a relatively few 

synapses between these structures. Additionally, both excitatory and inhibitory responses were 

observed in the NB due to VNS, suggesting some form of negative feedback regulation on NB 

activity.  

Acute antagonism of muscarinic receptors blocks the EEG desynchronization effects of 

VNS80, indicating that VNS-mediated desynchronization of cortical networks is facilitated 

through muscarinic receptors. However, the plasticity enhancing effects of VNS were not 

assessed after blockade of muscarinic receptors, and therefore it is unclear whether VNS-
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dependent plasticity would also be blocked. Motor map plasticity induced by VNS pairing during 

motor training is occluded following lesions of the NB using a highly specific cholinergic 

immunotoxin 192-IgG-Saporin81, suggesting that ACh is required for VNS-enhanced cortical 

map plasticity. However, this evidence does not directly link VNS activity to activity in the NB 

and cortical release of ACh, but rather suggests that ACh is required for the plasticity enhancing 

effects of VNS. ACh could likely be acting as a “gatekeeper” of plasticity, and is required for 

robust cortical plasticity which has been demonstrated in previous studies using NB lesions to 

impair motor learning and recovery following focal lesions of motor cortex82,83. 

These lines of evidence provide a link between LC and NB activity, and thus 

norepinephrine and acetylcholine release. Previous experiments have revealed the cellular and 

systems level mechanisms underlying neuromodulatory regulation of plasticity. 

Neuromodulatory systems innervate all cortical regions and layers, although individual 

distribution patterns vary84. Neuromodulators are capable of acting as either excitatory or 

inhibitory inputs, and in some instances one neuromodulator can exert both excitatory and 

inhibitory effects depending on post-synaptic receptor expression84. The receptors most 

implicated in regulating synaptic plasticity include cholinergic M185, noradrenergic β186, and 

serotonergic 5-HT2c receptors87. The contribution of these neuromodulators in regulating 

synaptic plasticity largely involve modifications of NMDA receptor gated processes84. 

Acetylcholine (ACh) acts on both ligand-gated ionotropic nicotinic receptors (1-5ms 

onset latency) that are purely excitatory, and muscarinic G protein coupled receptors (GPCRs) 

(>100ms onset latency) that can act as both excitatory and inhibitory cellular inputs88. 

Acetylcholine regulates almost all forms of behavioral states, including sensory processing, 
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learning, memory regulation, mood, attention, sleep, and arousal84. Cholinergic action on 

synaptic plasticity is primarily mediated through the muscarinic M1 receptor. Activation of M1 

receptors in cortical neurons decreases K+ channel conductance, thus making the synapse more 

responsive to excitatory (glutamatergic) inputs. This increase in excitatory post-synaptic 

response enhances NMDA receptor conductance thus increasing activity-dependent 

modifications of synaptic transmission85,86. Activation of M1 receptors also stimulates protein 

kinase C (PKC), thus facilitating downstream cellular responses mediated through NMDA 

signaling89. 

Norepinephrine (NE) receptors all belong to the GPCR super family and can be 

subdivided in to α and β receptor subtypes84. NE is involved with regulating attention, arousal, 

and vigilance84. Depending on the receptor subtype stimulated, NE transmission can act as either 

excitatory or inhibitory. Multiple studies have demonstrated that NE mediates activity-dependent 

plasticity in cortical networks, and the response is largely facilitated through β1 receptors90. 

Similar to the cellular effects of ACh, noradrenergic β1 receptors support NMDA receptor-

mediated responses thus facilitating synaptic plasticity85. NE reduces K channel conductance, 

that in effect increases the probability that excitatory input reach threshold of NMDA receptor 

activation and activity dependent plasticity84. Additionally, activation of β1 receptors increases 

intracellular levels of cyclic AMP (cAMP), which work synergistically with the NMDA-receptor 

downstream responses to further facilitate synaptic plasticity91. 

This evidence links acetylcholine and norepinephrine to individually regulating plasticity 

in cortical neurons. However, further evidence demonstrate that these neuromodulators work 

synergistically to facilitate plasticity55,92. Spike-timing dependent plasticity (STDP) is based on 
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Hebbian associative plasticity principles that involve synaptic strength alterations based on the 

timing of cellular pre- and post-synaptic spiking, and the temporal requirement for STDP 

synaptic alterations have been well defined93. Near coincidental pre- and post-synaptic action 

potential firing can either promote long-term potentiation (LTP) if the post-synaptic spike 

follows the pre-synaptic spike, or long-term depression (LTD) if the pre-synaptic spike follows 

the post-synaptic spike. This effect is dependent on the time delay between the spikes, with the 

greatest alterations occurring within a time delay on the order of milliseconds and dependent on 

cortical region54,94,95. Recent evidence demonstrates that neuromodulators regulate STDP 

plasticity by either increasing or decreasing the temporal threshold for STDP induction96. The 

combinatorial activity of M1 and β1 receptors control the temporal constraints and magnitude of 

STDP54. These neuromodulators act on the adenylyl cyclase (AC) and phospholipase C (PLC) 

signaling cascades and thus phosphorylate the GluR1 subunit on AMPA receptors to support 

LTP or LTD54. How this translates to systems level induction of plasticity and behavioral 

alterations is complex and currently unclear96. A recent study demonstrates eligibility traces of 

synapses in which neuromodulators influence STDP even if applied after the spiking of 

synaptically coupled neurons97. This evidence further demonstrates how neuromodulators affect 

induction of LTP and LTD, and reveals a potential underlying mechanism of reward based 

learning when neuromodulator release comes following synaptic activity. 

The above evidence links neuromodulator release with plasticity, however 

neuromodulator release alone is insufficient for plasticity. Neural activity combined with 

neuromodulator release is required for the expression of plasticity9. The broad cortical 

innervation patterns of cholinergic and noradrenergic projections suggests that synaptic 
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enhancement through neuromodulatory control of STDP are restricted by the coincident release 

of neuromodulators with the temporal network activity in local circuitry10. In the VNS paradigm 

utilized in this dissertation, activation of the vagus nerve is temporally paired (within <100ms) 

with ongoing motor activity. In Chapter 5 we demonstrate that this temporal pairing is essential 

for enhanced plasticity and recovery, corroborating previously results in VNS-mediated stroke 

recovery98,99. The evidence presented above provide a link between the plasticity enhancing 

effects of VNS and neuromodulatory regulation of plasticity. 

If VNS can be experimentally demonstrated to be an effective treatment for motor 

dysfunction following neurological injury, VNS itself has a high translational potential. VNS is 

FDA approved for the treatment of epilepsy and drug-resistant depression66,100,101. It is well 

tolerated in over 75,000 patients worldwide with very few patients suffering from side effects102. 

Common side effects of VNS for the treatment of epilepsy and depression are typically related to 

the “on” phase of stimulation and fade with time. Side effects include cough, hoarseness, voice 

alteration, and paresthesias103. The stimulation paradigm utilized in our VNS-mediated plasticity 

studies delivers less than 1% of the amount of stimulation compared to FDA approved 

standards57,100,104. Due to the relative simplicity of the VNS pairing and the robust plasticity-

enhancing effects, the translational potential of VNS to treat motor and sensory dysfunction is 

substantial10. VNS was shown to decrease the pathological plasticity and behavioral correlates of 

tinnitus in a rat model57,105. This preclinical study directly lead to clinical trials investigating 

VNS for the treatment of tinnitus in humans104,106. 

Following the success in the auditory system, a follow up study investigated if VNS 

improves motor function various forms of neurological injury. VNS paired with rehabilitative 
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training significantly increased recovery of strength and speed in a rat model of ischemic stroke, 

intracerebral hemorrhage, TBI, and spinal cord injury107–109. These preclinical studies indicate 

that VNS has potential of treating motor dysfunction resulting from damage to CNS motor 

networks. An initial pilot clinical study in ischemic stroke survivors was recently conducted100, 

and a second double-blind placebo controlled trial is underway to investigate if VNS paired with 

rehabilitation is effective in treating motor dysfunction resulting from stroke. The initial safety 

efficacy trial indicated that adding VNS to rehabilitative training was effective in improving 

upper-limb function in stroke patients, resulting in a three-fold increase in upper extremity Fugl-

Meyer scores100. These results demonstrate that VNS enhances the beneficial effects of physical 

rehabilitation in both rat models and humans suffering from upper-limb dysfunction following 

stroke. 

In Chapter 3, I describe a study designed to investigate the beneficial effects of VNS on 

improving upper limb function following stroke. Clinical trials using VNS to treat stroke are 

underway, yet many facets of the therapy have yet to be investigated. Here we show evidence 

that VNS therapy can 1) improve recovery of forelimb supination, a movement that is markedly 

diminished following stroke; 2) generalize to other tasks not specifically paired with stimulation; 

and 3) result in improvements that last for two months following the cessation of stimulation. 

This study demonstrates the clinical utility of VNS therapy and has many important implications 

for the future clinical trials. Furthermore, we demonstrate for the first time that VNS enhances 

plasticity that is associated with improved recovery following stroke. These are discussed in 

Chapter 3 and Chapter 6 of this dissertation.   
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In Chapters 4 and 5 of this dissertation, I will discuss another type of neurological injury 

and how a similar rationale described in Chapter 3 for enhancing neuroplasticity to treat stroke 

symptoms can be similarly applied. Peripheral nerve injury is a leading source of lifelong 

disability, affecting 360,000 people in the United States each year110. Nerve injuries most 

commonly affect the upper extremities resulting in impairments of motor function of the arm and 

hand111. Less than 50% of patients following nerve injury regain useful function112. In injuries 

involving transection of nerve trunks, long-term functional impairments are observed in 90% of 

adults113. Despite advances in surgical repair interventions, many patients continue to suffer from 

motor and sensory disability and a host of other secondary problems such as neuropathic pain114.   

In Chapter 4 I discuss the development of the peripheral nerve injury rat model used in 

this dissertation. Although the majority of nerve injuries occur in the upper extremities, animal 

models of PNI have largely been performed and tested in the sciatic nerve of the hindlimb115–119. 

We evaluated the isometric pull task as a method to quantify forelimb function following 

peripheral nerve injuries. This task was chosen as it provides quantitative measures of volitional 

forelimb strength. Weakness is a significant contributor to disability after PNI120–122. We 

demonstrate that in graded severity PNIs, the isometric pull task accurately detects graded 

impairment in function. This study provides a direct comparison of multiple PNI models, and 

allowed us to choose the appropriate injury model for testing whether VNS could improve 

function following PNI. 

In Chapter 5, I describe a study designed to test if the plasticity enhancing effects of VNS 

can be utilized to improve upper limb function following peripheral nerve injury. Our lab has 

previously demonstrated the effectiveness of VNS in promoting targeted and specific plasticity, 
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and how this can be harnessed to treat stroke, traumatic brain injury, and spinal cord injury. Here 

we show evidence that 1) VNS paired with rehabilitative training can improve forelimb strength, 

accuracy, and muscle contraction speed compared to rehabilitative training alone, 2) VNS 

improves tactile mechanosensation and general sensorimotor function, and 3) VNS promotes 

plasticity in motor networks that are consistent with our hypothesis that improved plasticity in 

central networks improves recovery. This study demonstrates the versatility of VNS for treating 

injuries outside of the CNS. Furthermore, we demonstrate the importance of plasticity in the 

CNS in recovery following function following PNI, indicating that methods that can harness 

neuroplasticity hold promise for patients suffering from nerve injury.  

VNS paired with rehabilitation has emerged as a promising plasticity-enhancing 

therapeutic. This dissertation focuses on two separate and mechanistically different injury 

models, but demonstrates how plasticity-enhancing techniques may be used to treat various 

forms of neurological injury.  
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Abstract  

Neurological injuries or disease can impair the function of motor circuitry controlling 

forearm supination, and recovery is often limited. Preclinical animal models are essential tools 

for developing therapeutic interventions to improve motor function after neurological damage. 

Here we describe the supination assessment task, an automated measure of quantifying forelimb 

supination in the rat. Animals were trained to reach out of a slot in a cage, grasp a spherical 

manipulandum, and supinate the forelimb. The angle of the manipulandum was measured using a 

rotary encoder. If the animal exceeded the predetermined turn angle, a reward pellet was 

delivered. This automated task provides a large, high-resolution dataset of turn angle over time. 

Multiple parameters can be measured including success rate, peak turn angle, turn velocity, area 

under the curve, and number of rotations per trial. The task provides a high degree of flexibility 

to the user, with both software and hardware parameters capable of being adjusted. We 

demonstrate the supination assessment task can effectively measure significant deficits in 

multiple parameters of rotational motor function for multiple weeks in two models of ischemic 

stroke. Preexisting motor assays designed to measure forelimb supination in the rat require high-

speed video analysis techniques. This operant task provides a high-resolution, quantitative end-

point dataset of turn angle, which obviates the necessity of video analysis. The supination 

assessment task represents a novel, efficient method of evaluating forelimb rotation and may 

help decrease the cost and time of running experiments. 

Introduction 

Many neurological injures or diseases impair the function of motor circuitry, which can 

lead to permanent physical disability 1–4. One common manifestation of motor dysfunction is 
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impairment of forelimb supination, a fine motor skill critical for object manipulation 5–7. 

Preclinical animal models are essential tools for developing therapeutic interventions to improve 

motor function after neurological damage. Given the prevalence of deficits in forearm rotation, it 

would be valuable to efficiently quantify this motor function in rats.  

Motor assays designed to measure forelimb function in the rat, including pellet retrieval 

and pasta handling tasks, have provided important insight into motor learning and recovery after 

neurological damage 8–10. While powerful, many of these tasks lack automation and require 

qualitative scoring of end-point measures. High-speed video analysis techniques provide 

valuable analysis of individual components of complex movements, including forelimb 

supination, that are too fast to measure in real-time 11–13. However, video analysis greatly 

amplifies the cost and time to run experiments and precludes high-throughput testing. 

We have developed a novel, automated method to quantitatively assess forelimb 

supination in rats. The task requires rats to reach through a narrow slot, grasp a spherical 

manipulandum similar to a doorknob, and rotate the manipulandum by supinating the forelimb to 

receive a reward pellet. The task is fully automated and allows testing of multiple animals 

simultaneously. Furthermore, this operant task provides a high-resolution, quantitative end-point 

dataset of turn angle, which obviates the necessity of video analysis. Assessment of various 

physical measures of forelimb rotational function can be calculated, including peak turn angle 

and rotational velocity. 

Here we demonstrate that the supination assessment task can measure long-term deficits 

across multiple measures in two models of ischemic stroke. These results indicate that this task 

provides an efficient, sensitive measure of forelimb supination function, and may be useful to 
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accelerate the preclinical development of therapies to improve complex aspects of motor 

function. 

Methods 

Subjects 

Fifteen adult female Sprague-Dawley rats weighing approximately 250g throughout the 

study were used in this experiment. All rats were maintained above 85% of their ideal body 

weight for their specific age. 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 handling, housing, surgical procedures, and behavioral training were approved by The 

University of Texas at Dallas Institutional Animal Care and Use Committee.   

Behavioral Apparatus 

The behavioral chamber consists of a clear acrylic cage (12” x 4” x 10”) with a 0.5” wide 

slot on the right edge of the front wall (MotoTrak Base Cage Rat Model, Vulintus, Inc., Dallas, 

TX) (Fig. 2.1A). The slot restricts use to the right forelimb while allowing full range of 

movement during interaction with the device (Fig. 2.1B). The spherical manipulandum is 0.375” 

in diameter and has miniature grooves to facilitate grip (Fig. 2.1C). An optical rotary encoder 

measures turn angle of the manipulandum with a 0.25 degree resolution. The encoder is mounted 

on a metal slide allowing the device to be placed at various fixed distances relative to the inside 

wall of the cage (Fig. 2.1D & 2.1E). A pulley provides counterweight to the manipulandum, 

limiting animals to clock-wise rotation (supination) while providing a constant torque and 

returning the manipulandum to the original location once released. Three pulley configurations 

with differing counterweights were used in this study: no counterweight, a 6-gram counterweight 
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enacting 0.29mN*m of torque on the manipulandum, and a 7.5-gram counterweight enacting 

0.37mN*m (MotoTrak Behavior Module, Vulintus, Inc., Dallas, TX). 

 

Figure 2.1. Behavioral apparatus   
 

(A) Solidworks model of behavioral cage and device. (B) View from inside of the behavioral 
cage. Aperture dimensions and location restricts use to right forelimb only. Pellet trough is 
located on the left side of the front wall. (C) Close-up of manipulandum. (D) View of device 
located inside of the cage at the initial training position of -0.5” inside of cage wall. (E) Close-up 
of device fully retracted outside of the cage, at the final training location 0.5” from inside of cage 
wall.  (F) Sequential illustration of animal reaching, grasping, and rotating the manipulandum. 
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Software and Behavioral Training 

Custom MATLAB software was used to control the task (MotoTrak Software, Vulintus, 

Inc., Dallas, TX). The GUI displays real-time turn angle of the device in degrees with a 100 Hz 

sampling frequency and performance over the course of the behavioral session. Data was 

collected and stored on a trial-by-trial basis for each animal. Trial initiation occurred when the 

animal rotated the device a minimum of 5 degrees. Animals were required to rotate the pre-

determined turn angle threshold within two seconds of trial initiation to receive a reward pellet 

and record a successful trial (Fig. 2.2D). If the turn angle did not exceed the threshold within the 

two seconds, the trial was recorded as a failure and no reward pellet was given. An additional 

two-second timeout window followed in which no pellet rewards were delivered to the animal. 

All activity one second prior and four seconds following trial initiation was recorded for analysis 

(Fig. 2.2D & 2.2E). Reward pellets were delivered from pellet dispensers (Pellet Dispenser, 

Vulintus, Inc., Dallas, TX), delivering a 45mg pellet (dustless chocolate precision pellet, 

BioServ, Frenchtown, NJ) upon successful completion of a trial. 

Animals underwent two 30-minute behavioral training sessions daily, five days per week, 

with at least a 2-hour interval between training periods (Fig. 2.2A). During the initial phases of 

shaping, the manipulandum was placed 0.5” inside from the cage wall, a position that allows 

animals to easily interact with it (Fig. 2.1D). The reward threshold was set to 5 degrees and no 

counterweight was attached, allowing the device to freely spin. During the initial phases of 

training, the experimenter encouraged animal interaction with the manipulandum by using 

ground pellet dust. When association between device rotation and pellet rewards was made, the 

device was retracted outside of the cage in 0.25” increments to a final location of 0.50” outside 
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of the inner cage wall (Fig. 2.1E). The counterweight was then added and animals began the 

adaptive training program. 

A training algorithm that uses adaptive success thresholds was utilized throughout this 

study. The algorithm uses the median of the peak turn angle of the previous 10 trials to calculate 

the current trial success threshold, with programmable minimum and maximum adaptive 

threshold bounds (Fig. 2.2B). The present study consisted of two cohorts (Cohort A and B), with 

both cohorts training with a minimum adaptive threshold bound of 15 degrees (i.e., the success 

threshold was never lower than 15 degrees). Cohort A was trained with a 7.5-gram 

counterweight and a 60-degree maximum adaptive threshold, and Cohort B was trained with a 6-

gram counterweight and a 75-degree maximum adaptive threshold. Success rate on adaptive 

stages is defined as the percentage of trials greater than the maximum threshold (Fig. 2.2B). In 

both cohorts, once animals recorded four consecutive behavioral sessions with at least a 50% 

success rate, animals progressed to the pre-lesion baseline phase of training. Pre-lesion baseline 

was conducted on a static (i.e., non-adaptive) threshold stage, with the threshold fixed at the 

maximum adaptive threshold (Fig. 2.2C; Cohort A: 60 degrees; Cohort B: 75 degrees). Training 

continued until animals achieved a 75% success rate or greater averaged across six consecutive 

training sessions. Data from these six sessions was used for the “PRE” time point in all analyses. 

At this point, animals were considered proficient at the task and unilateral ischemic lesions were 

administered.  

No behavioral testing was conducted for the 7 days following lesion. Following this 

seven day recovery period, animals were re-assessed on the static stage for four sessions, with 

this data being used for the “POST” time point in all analyses. Behavioral testing then continued 
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twice daily for either 4 or 6 weeks depending on the cohort. Testing and analyses was split in to 

1 week blocks, each consisting of ten consecutive sessions. The first eight sessions of testing for 

each week were conducted on the adaptive stage, and the ninth and tenth weekly sessions were 

on the static stage (Fig. 2.2A). 

 

Figure 2.2. Experimental timeline and behavioral training 
 

(A) Timeline of experiment. Training was performed twice daily. One week represents 5 days of 
training or 10 behavioral sessions. (B) Peak turn angle of individual trials taken from one session 
during the adaptive training. Each point represents the peak turn angle of a single trial. The 
horizontal black dotted line at 75 degrees represents the maximum threshold for Cohort B, and 
the large gray dashed line indicates the adaptive threshold within one behavioral session. (C) 
Example session during static training with the horizontal black dotted line at 75 degrees 
indicating the static threshold. (D) A single, representative trial from a pre-lesion animal during 
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an adaptive training session. The horizontal gray dashed line indicates the turn angle success 
threshold. The leftmost arrow indicates when a pellet reward is delivered once the turn angle 
crosses the success threshold, and the rightmost arrow shows the peak turn angle of the trial. (E) 
A single trial from a pre-lesion animal during a static training session, with the arrow indicating 
a successful trial attempt in which the turn angle exceeded the threshold. 

 

Unilateral Motor Cortex Ischemic Lesion 

 Unilateral motor cortex ischemic lesions were administered similar to previously 

described  14–20. Rats were anesthetized with ketamine hydrochloride (80mg/kg, i.p.) and 

xylazine (10 mg/kg, i.p.) and given supplemental doses as needed.  Rats were placed in a 

stereotaxic frame (David Kopf Instruments, Tujunga, CA) and a craniotomy was performed to 

expose the forelimb area of motor cortex contralateral to the trained limb. The dura mater was 

delicately removed. A 26-gauge Hamilton syringe affixed to the stereotaxic frame was used to 

inject endothelin-1 (Bachem, Torrence, CA, 1mg/mL in saline) at eight locations: 

anteriorposterior 2.5mm, 1.5mm, 0.5mm, -0.5mm, and mediolateral 2.5mm and 3.5mm relative 

to bregma, at a depth of 1.8mm. In Cohort B, an additional ninth injection site at 3.0mm lateral 

and 0mm anteriorposterior from bregma at a depth of 6mm was administered to target the 

dorsolateral striatum. All injections consisted of 0.2uL of endothelin-1 every 30 seconds for a 

total of 2 minutes and 1uL total volume. The Hamilton syringe was left in place for an additional 

3 minutes after injection to minimize backflow. After the final injection, Kwik-Cast Sealant 

(World Precision Instruments, Sarasota, FL) was used to cover the craniotomy and coated with a 

thin layer of acrylic. The head incision was then sutured and treated with antibiotic ointment. 

Histology  

Within one week of the conclusion of behavioral testing, a subset of animals from Cohort 

A (n = 5) and Cohort B (n = 5) were transcardially perfused with 4% paraformaldehyde. Brains 
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were removed and fixed in 4% paraformaldehyde overnight, and then cryoprotected in a 30% 

sucrose solution. Tissue was sectioned in 50-µm slices and processed with Nissl and myelin 

stains for lesion identification. 

Statistics 

All data is represented as mean ± SEM. All comparisons were planned in the 

experimental design a priori, and significant differences were determined using one-way 

repeated measures ANOVA, and two-tailed t-tests where appropriate. Alpha level was set to 0.05 

for single comparisons and a Bonferroni-corrected alpha of 0.01 for Experiment 1 and an alpha 

of 0.007 for Experiment 2 for multiple comparisons were used where appropriate. Statistical tests 

for each comparison are noted in the text. Differences of p<0.05 are indicated with an asterisk (*) 

and error bars are ± SEM in all figures. 

Results 

Experiment 1: Motor Cortex Lesion Impairs Forelimb Rotation 

A cohort of rats (Cohort A: n = 7) were trained on the supination assessment task. Rats 

began to form an operant association between device manipulation and pellet reward within 5 ± 

2 sessions, and completed adaptive training within 21 ± 2 sessions. Animals continued to train 

for an additional 31 ± 7 sessions on the final device configuration of 7.5-gram counterweight and 

60 degree static threshold until they reached the criteria for lesion, defined as a 75% success rate 

or greater across six consecutive sessions. In total, animals completed training within 56 ± 11 

sessions.   
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Figure 2.3. Experiment 1: Ischemic lesion of motor cortex impairs multiple measures of task 
performance 

 
(A) Peak turn angle and (B) success rate of animals in Cohort A was significantly reduced 
compared to pre-lesion at all time points following lesion. (C) Number of trials performed per 
day showed a transient reduction during Post, but returned to pre-lesion levels during Weeks 1-4. 
(D) The maximum turn velocity, calculated as the maximum of the derivative of the turn angle, 
exhibited a transient reduction following injury but did not reach significance at Week 4. All 
plots show group averages (N=7) in black lines and light gray lines represent individual animals. 
Error bars indicate SEM. Significant differences were determined by paired t-tests and are noted 
as *p<0.05, **p<0.01, ***p<0.001. 

 

Individual trial attempts demonstrate a narrow distribution with the majority of attempts 

exceeding 60 degrees, indicative of consistent performance from trial to trial (Fig. 2.4A). The 

average pre-lesion turn angle histogram across all animals in Cohort A exhibits a strong left 
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skew greater than 60 degrees, indicating that most trials exceed the performance threshold (Fig. 

2.4B).  

 

Figure 2.4. Turn angle measurements from a single animal and group turn angle histograms 
 

(A) Trial signals overlaid from one pre-lesion animal during a behavioral session. Gray lines 
represent individual trial signals, and thick black line indicates average turn angle at each 
sample. (B) Pre-lesion group histogram of peak turn angle from Cohort A. (C) Trial signals and 
average overlaid from one post-lesion behavioral session. (D) Post-lesion group histogram of 
peak turn angle from Cohort A. (E) Trial signals and average overlaid from one session during 
the fourth week of post-injury training. (F) Group histogram from the fourth week of post-injury 
training.  
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Ischemic lesions were administered targeting the forelimb area of the left motor cortex to 

impair motor function of the trained forelimb (Fig. 2.5). All observed metrics of task 

performance were substantially reduced by ischemic lesion. A repeated measures one-way 

ANOVA showed a significant effect of lesion on peak turn angle (Fig. 2.3A, F[5,30] = 8.56, 

p<0.001) and success rate (Fig. 2.3B, F[5,30] = 26.649, p<0.001). Peak turn angle was 

significantly decreased relative to pre-lesion during POST and Week 1, and hit rate was 

significantly decreased relative to pre-lesion at all post-lesion time points (Pre-lesion v. each 

week, paired t-test, p < 0.01 for all time points). The number of trials attempted per day showed a 

significant reduction following lesion at the POST time point, but returned to pre-lesion levels 

for the following weeks (Fig. 2.3C, Repeated measures one-way ANOVA, F[5,30] = 7.78, 

p=0.003; Pre-lesion v. each week, paired t-test, p < 0.01 at POST). Analysis of the maximum 

turn velocity exhibited a transient reduction during POST and Week 1 time points (Fig. 2.3D, 

Repeated measures one-way ANOVA, F[5,30] = 8.87, p<0.001; Pre-lesion v. each week, paired 

t-test, p < 0.01 at POST and Week 1). This suggests that the speed with which the animals turn 

the manipulandum is transiently slowed after injury, consistent with forelimb bradykinesia.  

Examination of performance on individual trials highlights impairments in rotational 

function (Supplementary Video 2: POST; Supplementary Video 3: Week 4). Turn attempts 

became lower and more dispersed following injury, with substantially fewer attempts exceeding 

60 degrees even on the fourth week of training (Fig. 2.4C & 2.4E). The group turn angle 

histogram shows a prominent leftward shift following injury, with a slight shift right after four 

weeks of training indicating partial recovery of function (Fig. 2.3D & 2.3F). Together, these 
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findings demonstrate that the supination assessment task can measure lasting impairments in 

forelimb rotation after cortical ischemia. 

 

 

Figure 2.5. Lesion Size 
 

Reconstructions detailing the extent of ischemic damage from the smallest, representative, and 
largest lesions observed. Numbers denote distance from bregma in mm.  

 

Experiment 2: Combined Cortical and Subcortical Lesion Impairs Forelimb Rotation 

A second experiment was conducted to replicate the results above with different task 

parameters and lesion. Animals (Cohort B: n = 7) were trained with a final device configuration 

of 6-gram counterweight and 75-degree maximum threshold. All other training procedures were 

conducted identically to Experiment 1. Operant association between device interaction and pellet 

rewards was achieved within 6 ± 1 sessions. Animals continued on adaptive training for 18 ± 5 

sessions and completed pre-lesion baselines within 24 ± 5 sessions. Training was completed 
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within 48 ± 8 sessions. Animals became highly proficient at the task preceding injury, 

successfully completing trials 77.0 ± 1.5% % of the time. 

 

Figure 2.6. Experiment 2: Combined cortical and subcortical lesion impairs multiple measures of 
task performance 

 
(A) Peak turn angle and (B) success rate was significantly reduced at all time points following 
injury. (C) Number of trials performed per day showed a transient reduction but returned to pre-
lesion levels during Weeks 1-4. (D) The maximum turn velocity exhibited a transient reduction 
following injury through Week 2. All plots show group averages (N=7) in black lines and light 
gray lines represent individual animals. Error bars indicate SEM. Significant differences were 
determined by paired t-test and are noted as * p<0.05, ** p<0.01, *** p<0.001. 

 

Consistent with the results in Experiment 1, combined cortical and subcortical lesions 

resulted in significant reductions in multiple measures of performance (Fig. 2.6). A repeated 

measures ANOVA showed a significant effect of lesion on peak turn angle (Fig. 2.6A, F[7,42] = 

9.43, p<0.001) and success rate (Fig. 2.6B, F[7,42] = 11.17, p<0.001). Peak turn angle was 

significantly decreased relative to pre-lesion for POST and Week 1 time points, and hit rate was 
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significantly decreased relative to pre-lesion during POST and Weeks 1-3 (Pre-lesion v. each 

week, paired t-test, p < 0.007 for POST and Weeks 1-3). A repeated measures ANOVA revealed 

a significant effect of lesion on trials per day, however paired t-tests at each time point post-

lesion compared to pre-lesion do not show any significant reductions (Fig. 2.6C, Repeated 

measures one-way ANOVA, F[7,42] = 5.34, p=0.01; Pre-lesion v. each week, paired t-test, p > 

0.007 for all time points). Maximum turn velocity showed a transient significant reduction 

following lesion up to Week 2 (Fig. 2.6D, Repeated measures one-way ANOVA, F[7,42] = 7.78, 

p=0.003; Pre-lesion v. each week, paired t-test, p < 0.007 for POST and Weeks 1-2). These 

findings confirm that the supination assessment task is capable of detecting long-lasting 

impairments in forelimb rotation after neurological injury. 

Adaptive Training Provides Equivalent Measures of Forelimb Rotational Function and 

Increased Trial Counts Compared to Static Thresholds 

Two different thresholding paradigms were used in this study in order to account for 

variations in performance after injury. Adaptive thresholding calculates the median peak turn 

angle of the previous 10 trials to set the current trial success threshold within a training session 

(Fig. 2.2B & 2.2D). Static thresholding uses a fixed, user-defined threshold throughout an entire 

training session (Fig. 2.2C & 2.2E). We tested whether the different thresholding paradigms 

altered performance. To investigate this, animals in Cohort B were tested each week on eight 

sessions of adaptive training and two sessions with a static threshold. No significant difference in 

peak turn angle was detected between adaptive and static thresholds (Fig. 2.7A; Adaptive, 61.14 

± 4.29; Static, 64.53 ± 4.42; paired t-test, p=0.15). However, animals performed significantly 

more trials on adaptive than static (Fig. 2.7B; Adaptive, 155.95 ± 9.91; Static, 119.59 ± 8.64; 
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paired t-test, p<0.01). These results demonstrate that the adaptive thresholding algorithm 

provides an equivalent measure of performance and increases trial counts compared to static 

thresholding. 

 

Figure 2.7. Adaptive training increases trial counts while providing an equivalent measure of 
performance compared to static thresholds 

 
(A) Animals perform significantly more trials per day during adaptive training compared to static 
training. (B) Peak turn angle was not significantly different between adaptive and static 
thresholding sessions. 
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Discussion 

In this study we describe a novel, automated task to quantitatively assess volitional 

forelimb rotation in rats. The task requires animals to reach, grasp, and supinate their forelimb to 

turn a spherical manipulandum attached to a rotary encoder measuring turn angle. Various 

hardware and software parameters can easily be modified, such as reach distance and turn angle 

thresholds. Two models of ischemic stroke result in significant, chronic impairments in multiple 

performance metrics, indicating that this task may be useful in the preclinical development and 

evaluation of therapies focused on improving forelimb function. 

Many forms of neurological injuries and disease impair precise arm and hand motor 

function 21–23. Forelimb rotation is often severely diminished, and recovery is minimal 7,24,25. The 

prevalence of rotational deficits highlights the need for an efficient preclinical test to evaluate 

this motor function in rodents. Here, we demonstrate that the supination assessment task can 

effectively measure deficits in multiple parameters of rotational motor function in two models of 

ischemic stroke. Additionally, the animals in the present study underwent intensive training over 

multiple weeks, performing 7851 ± 651 trials after injury. Despite substantial task-oriented 

training after injury, several metrics remained significantly impaired weeks after injury. These 

results are consistent with the lasting forearm supination impairments in patients with 

neurological injury and disease and provide a framework for testing therapeutic interventions to 

restore rotational function. 

Recently, several automated methods of evaluating motor function in the rat have been 

developed 14,15,20,26–30. Automation of motor assessments obviates many limitations of traditional 

assessments such as single pellet retrieval, permitting high-throughput testing and potentially 
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decreasing the cost and time of running experiments. While these automated methods provide 

valuable insight in to complex learned behaviors, motor coordination, and forelimb strength, no 

current methods provide specific measurement of forelimb supination. Current methods to 

evaluate forelimb supination necessitate the use of video analysis, which is laborious and 

requires supervision by skilled personnel. The supination task eliminates the need of scoring and 

reduces experimenter oversight, providing high-throughput, unbiased measures of performance. 

Additional measures of task performance, such as turn velocity, acceleration, total turn time, and 

latency to reach threshold can be calculated. Examination of these secondary metrics may lend 

valuable insight in to motor function and recovery in various injury models. The efficiency of 

this system has the potential to decrease the cost and time of running experiments while 

providing accurate measures of forelimb rotational function. 

In this study adaptive thresholds were utilized during the pre and post-lesion phases. 

Adaptive thresholding allows software control of success thresholds, which streamlines training 

progression. Following injury, adaptive thresholds allow the software to precisely track 

performance across a range of behavioral deficits. In the current study, no animals were excluded 

due to variability in motor impairment, which may be due in part to the adaptive thresholding 

paradigm. Additionally, trial counts remain consistent across subjects, potentially making 

comparisons across groups more reliable. Independent of injury, custom training regimes may 

also be employed to evaluate other specific aspects of motor learning. 

This task provides a high degree of flexibility to the user, with multiple dimensions of the 

task capable of being adjusted. Hardware parameters, including counterweight and reach 

distance, were adjusted throughout this study to facilitate training. Software parameters, such as 



 

43 

turn angle criterion, adaptive thresholding, and hit-window length, can be modified before or 

online during training sessions. This flexibility may allow the task to be applied to a wide range 

of injury models with variable impairments, such as spinal cord injury or Parkinson’s disease. 

Additionally, this task could also be adapted for mice to capitalize on the diverse set of genetic 

models. Although not utilized in this study, our system has the hardware and software required to 

implement infrared slot detectors to measure reach attempts. This sensor could be used to 

monitor initiation of reaches, quantify the number of reach attempts, and correlate the number of 

reaches with the number of rotational attempts.  

 In summary, here we provide a description of the supination assessment task, an 

automated measure of forelimb rotation. The task can detect long-lasting impairments in models 

of ischemic stroke and provides automated collection and analysis of a rich, quantitative dataset 

of forelimb rotation. Various aspects of the task are easily modified, which may allow it to be 

adapted for various lesion types and rodent models. The supination assessment task represents a 

novel, efficient method of evaluating forelimb rotation and may help accelerate the development 

of motor therapies.  
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Abstract 

Chronic impairment of fine motor control of the arm and hand is a common consequence 

of stroke. Emerging evidence from animal and clinical pilot studies indicates that delivery of 

brief bursts vagus nerve stimulation (VNS) in conjunction with rehabilitative training improves 

recovery of motor function after stroke. In this study, we tested whether VNS could improve 

recovery of fine motor control of forelimb supination in a rat model of ischemic stroke. 

Additionally, we tested whether VNS-dependent enhancement of recovery generalized to a 

similar, untrained skilled forelimb task. Adding VNS more than doubled the benefit of 

rehabilitative training, and the improvements lasted longer than a month following the end of 

VNS. Pairing VNS with supination training also improved performance on a similar but 

untrained task that emphasized volitional forelimb strength, suggesting generalization of 

forelimb recovery. Retrograde transneuronal tracing demonstrates that VNS enhances plasticity 

in corticospinal motor networks of the rehabilitated forelimb. The long-lasting benefits of VNS 

on forelimb function and the enhanced generalization further demonstrate the potential clinical 

utility of VNS. 

Introduction  

Evidence over the past 20 years indicates that neuroplasticity largely underlies recovery 

after stroke1,2. The beneficial effects of physical rehabilitation, the current gold-standard 

intervention to treat motor dysfunction, are largely attributed to increased plasticity3,4. As such, 

techniques to augment plasticity in conjunction with rehabilitation represent a potential method 

to enhance recovery5,6. 
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One such technique involves brief bursts of vagus nerve stimulation (VNS) paired with 

motor training to drive robust and long-lasting plasticity7. VNS engages plasticity-enhancing 

neuromodulatory systems that are hypothesized to drive plasticity in motor networks to improve 

recovery8,9. Previous work demonstrates that pairing VNS with motor training promotes 

plasticity in neural networks specific to the paired event10,11.  

Based on this robust enhancement of plasticity, VNS paired with rehabilitative training 

has emerged as a potential therapy to improve recovery after stroke. In multiple rat models of 

stroke, VNS paired with rehabilitative training significantly improved recovery of forelimb 

movement speed and volitional strength compared to training without VNS12–17. Moreover, VNS 

enhanced forelimb recovery in mechanistically distinct rodent injury models including 

hemorrhagic stroke15, traumatic brain injury18, and spinal cord injury. Extending these findings, a 

recent pilot clinical study in chronic stroke patients demonstrates that VNS paired with 

rehabilitation is feasible and safe19. Moreover, patients that received VNS paired with physical 

rehabilitation demonstrated a significant three-fold improvement of upper-limb function 

compared to patients that received rehabilitation without VNS20, highlighting the translational 

potential of VNS to treat motor dysfunction. Here we sought to determine if VNS paired with 

rehabilitative training could improve recovery of forelimb supination, a complex fine motor skill 

that is markedly reduced following stroke21–28. Next we tested whether VNS-dependent gains 

would generalize to a similar, untrained task emphasizing volitional forelimb strength. 

Ideally, functional improvements resulting from training rehabilitative exercises would 

generalize to other similar movements. Previous studies indicate that VNS-dependent 

enhancement of plasticity is highly specific to the trained stimulus10,11. Thus, VNS paired with 
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rehabilitative training may yield adaptive plasticity to support specific recovery of only the 

trained task. Alternatively, VNS-dependent plasticity within motor networks may generalize to 

improve recovery on other tasks utilizing similar movements. This bears important clinical 

implications for the translation of VNS therapy for stroke patients, as it can inform development 

of rehabilitative paradigms to maximize recovery. In practical terms, insight into the 

generalization of VNS-dependent benefits may be useful to determine whether a patient should 

receive a greater number of VNS pairings on a more restricted set of exercises or a greater 

breadth of rehabilitative exercises with fewer VNS pairings on each during a fixed amount of 

time with a physical therapist.  

It is currently unknown how VNS promotes reorganization of neural circuits that 

contribute to recovery. VNS therapy does not increase large-scale expression of the plasticity 

associated protein MAP-214. The corticospinal tract (CST) is the main pathway from cortical 

motor networks to spinal circuits29, and is a key component in motor dysfunction following 

stroke29. To elucidate the role of corticospinal (CST) reorganization in VNS-mediated recovery, 

we performed retrograde transneuronal viral tracing from the trained forelimb to label 

functionally connected motor networks. This study may inform the development of VNS therapy 

paradigms for treating motor dysfunction in stroke patients, and reveals the neural changes that 

underlie VNS-enhanced recovery.  

Materials and Methods 

Subjects 

Thirty-eight adult female Sprague-Dawley rats weighing approximately 250g throughout 

the study were used. All rats were maintained above 85% of their average body weight for their 
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specific age. 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 handling, 

housing, surgical, and behavioral training procedures were approved by The University of Texas 

at Dallas Institutional Animal Care and Use Committee.   

Supination Assessment Task Behavioral Testing 

The supination assessment task was performed as previously described30,31. Behavioral 

testing was conducted in a clear acrylic cage (30 cm x 13 cm x 25 cm) with a 1.3 cm wide slot on 

the right edge of the front wall (MotoTrak Base Cage Rat Model, Vulintus, Inc., Dallas, TX). 

The slot restricts use to the right forelimb while allowing full range of movement during 

interaction with the device (Fig. 3.1D). A textured spherical manipulandum 1 cm in diameter is 

centered in the slot and coupled about the center axis to an optical rotary encoder, providing turn 

angle measurements with a 0.25 degree resolution. The encoder is mounted on a metal slide 

allowing the device to be placed at various fixed distances relative to the inside wall of the cage. 

A pulley provides 6-grams of counterweight to the manipulandum, limiting animals to clock-

wise rotation (supination) while providing a constant torque (0.29mN*m) and returning the 

manipulandum to the original location once released (Knob Behavior Module, Vulintus, Inc., 

Dallas, TX). A microcontroller sampled the encoder position at a frequency of 100Hz and the 

signal was passed to the computer for displaying data, controlling behavioral sessions, and 

saving data to a file for analysis.  

Custom MATLAB software was used to control the task (MotoTrak Software, Vulintus, 

Inc., Dallas, TX). The GUI displays real-time turn angle of the device in degrees performance 



 

51 

over the course of the behavioral session. Data was collected and stored on a trial-by-trial basis 

for each animal. 

 

Figure 3.1. Experimental design and methods.  

(A) Timeline of experiment. (B) Daily rehabilitative training paradigm on the supination task. 
Subjects in the VNS+Rehab group received VNS immediately delivered on supination task trials 
in which the turn angle crossed the success threshold. (C) Daily rehabilitative training on the 
isometric pull task. No VNS was delivered at any point during isometric pull training. (D) 
Illustration of an animal performing the supination task and (E) the isometric pull task. 
 

Trial initiation occurred when the animal rotated the device a minimum of 5 degrees. If the 

animal rotated the knob past the pre-determined turn angle threshold within two seconds of trial 

initiation, the trial was recorded as a success and a reward pellet was delivered (45 mg dustless 
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chocolate precision pellet, BioServ, Frenchtown, NJ). If the turn angle did not exceed the 

threshold within the two seconds, the trial was recorded as a failure and no reward pellet was 

given. All trials were followed by a two-second timeout window in which no pellet rewards were 

delivered. All activity one second prior and four seconds following trial initiation was recorded 

for analysis (Fig. 3.1B).  

A training algorithm that adaptively scaled success thresholds was used in this study as 

previously described30,31. The algorithm uses the median of the peak turn angle of the previous 

10 trials to calculate the current trial success threshold, with a 15-degree minimum and 60-

degree maximum adaptive threshold bounds. Success rate was defined as the percentage of trials 

greater than the maximum threshold. Animals underwent two 30-minute behavioral training 

sessions daily, five days per week, with at least a 2-hour interval between training periods (Fig. 

3.1A). Training continued until animals achieved a 75% success rate or greater averaged across 

six consecutive training sessions. Data from these six sessions was used for the “Pre” time point 

in all analyses. At this point, animals were considered proficient at the task and unilateral 

ischemic lesions were administered.  

No behavioral testing was conducted for the 7 days following lesion. Following this 

seven day recovery period, animals were re-assessed on the supination task for 4 sessions with at 

least 50 trials each session, with this data being used for the “POST” time point in all analyses. 

Based on post-lesion turn angles, rats were dynamically allocated to balanced groups to receive 

rehabilitative training with or without VNS for 6 weeks. Analyses were split in to 1 week epochs, 

with each weekly time point consisting of 10 consecutive sessions (2 sessions per day for 5 

weekdays) (Fig. 3.1A). 
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Unilateral Ischemic Lesions 

Unilateral ischemic lesions of primary motor cortex and dorsolateral striatum were 

administered similar to previously described14,32–35. Rats were anesthetized with ketamine 

hydrochloride (80mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and given supplemental doses as 

needed. Rats were placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA) and a 

craniotomy was performed to expose the forelimb area of motor cortex contralateral to the 

trained limb. The dura mater was delicately removed. A 26-gauge Hamilton syringe (syringe 

info) affixed to the stereotaxic frame was used to inject endothelin-1 (Bachem, Torrence, CA, 

1mg/mL in saline) at the following cortical locations: anteriorposterior 2.5mm, 1.5mm, 0.5mm, -

0.5mm, and mediolateral 2.5mm and 3.5mm relative to bregma, at a depth of 1.8mm. An 

additional injection site at 3.0mm lateral and 0mm anteriorposterior from bregma at a depth of 

6mm was administered to target the dorsolateral striatum. All injections consisted of 1uL 

endothelin-1 delivered over 2 minutes. The syringe was left in place for an additional 3 minutes 

after injection to minimize backflow. After the final injection, Kwik-Cast Sealant (World 

Precision Instruments, Sarasota, FL) was used to cover the craniotomy, and the filled craniotomy 

was sealed with a thin layer of acrylic. 

Vagus Nerve Cuff Implant and Stimulation Delivery 

Following ischemic lesions, vagus nerve stimulating cuffs were implanted as previously 

described10,12,36. A four-channel connector was attached to four bone screws placed in the skull 

above the cerebellum and surrounding the lambdoid sutures. The left cervical branch of the 

vagus nerve was exposed after careful blunt dissection of muscle and surrounding fascia. A 

stimulating cuff was placed around the vagus nerve and leads from the cuff were tunneled 
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subcutaneously and attached to the connector on top of the head. Exposed leads were covered in 

acrylic and incisions on the head and neck were sutured. Following the lesion and VNS implant 

surgery, animals remained in their homecage for a week. 

After the homecage recovery period, rehabilitative training on the supination task 

commenced for six weeks. While in the behavioral chamber, a cable attached to a commutator to 

allow for rotational movement was plugged in to the headcap of all animals for the course of 

rehabilitation. Stimulation was delivered in the appropriate group only during the first five weeks 

of rehabilitative training on the supination task following ischemic lesions. The software 

monitoring the rotary encoder provided a trigger signal to the isolated pulse stimulator (AM 

Systems, Isolated Pulse Stimulator, Sequim, WA) to administer VNS immediately when the 

rotary encoder crossed the adaptively scaled turn angle success threshold (median of previous 10 

trials; minimum threshold: 15 degrees; maximum threshold: 60 degrees) (Fig. 3.1B). As in 

previous studies, stimulation consisted of a 500ms train of pulses at 30 Hz, and each biphasic 

pulse was 0.8mA in amplitude and 100 ms in pulse duration16.  

Treatment Group Assignment and Exclusion Criteria 

Rats were dynamically allocated to balanced groups based on post-lesion success rates to 

receive either rehabilitation alone (Rehab), which consisted of freely performing the behavioral 

task, or equivalent rehabilitative training with VNS paired with successful trials (VNS+Rehab). 

No animals received VNS during any weeks following Week 5. Experimenters were blind to the 

treatment group during testing and all behavioral analysis was automated to eliminate bias. 14 

rats were excluded from this study based upon the following criteria: (1) Did not reach pre-lesion 

criteria (N=6); (2) Did not survive the ischemic lesion and VNS implant (N=4); (3) Did not 
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display at least a 50% reduction in success rate (N=4); (4) Headcap or stimulating cuff failure 

(N=4). 10 of the 14 exclusions were done prior to group assignment (except for headcap or cuff 

failure) and thus could not impact interpretation of results. Data including animals with headcap 

or cuff failures are included in the supplementary data as an intent-to-treat analysis, and had 

minimal effects on statistical comparisons.  

Isometric Pull Task Behavioral Testing 

Behavioral testing on the isometric pull task commenced on Week 7 after the completion 

of rehabilitative training on the supination task. Isometric pull testing was performed as 

previously described37. Identical behavioral chambers were used as in the supination task 

described above, but the slot in the cage allowed access to a manipulandum that emphasizes 

application of volitional forelimb pull force. Instead of a spherical manipulandum attached to a 

rotary encoder as in the supination task, an aluminum handle affixed to a force transducer was 

centered on the slot (Fig. 3.1E). The force transducer measured the pull force applied with a 

resolution of 0.1 grams. The manipulandum was placed 0.75” outside relative to the inner cage 

wall. A microcontroller sampled the force transducer at a frequency of 100Hz, and the MATLAB 

software described above was used to control the task and for collection and displaying the data.   

The training regimen for the isometric pull task was identical to the supination task 

training regimen described above and as previously described37. Animals underwent two 30-

minute sessions daily, five days per week, with a 2-hour interval between training sessions (Fig. 

3.1C). The adaptive thresholding algorithm was identical to that used for the supination task, 

except maximal pull force per trial was used to calculate the threshold. The algorithm used the 

median maximal pull force of the preceding 10 trials, with a 10-gram minimum and 120-gram 
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maximum adaptive threshold bounds. Success rate was defined as the percentage of trials greater 

than the maximum threshold. Analyses were split in to 1 week epochs, with each weekly time 

point consisting of 10 consecutive sessions (2 sessions per day for 5 weekdays).  

Pseudorabies Virus Injections and Analysis 

Retrograde transneuronal tracer injections using pseudorabies virus (PRV) were 

performed in a subset of rats (Rehab N=4; VNS N=4) after the conclusion of behavioral testing 

on week 13 post-lesion (Fig. 3.1A). PRV-152 and PRV-614 were generous gifts from the lab of 

Dr. Lynn Enquist and colleagues at Princeton University. Animals were deeply anesthetized and 

an incision was made over the medial face of the radius and ulna of the (trained) right forelimb to 

expose the flexor digitorum profundus (FDP) and palmaris longus (PL). The FDP and PL are two 

main extrinsic forelimb grasping muscles in the rat. 15 µL of PRV-152 was injected into the 

belly of each muscle in three separate injections of equal volume. The skin was then sutured with 

non-absorbable suture, rinsed with saline, and treated with antibiotic ointment. The same 

procedure was then performed on the (untrained) left forelimb using PRV-614. The PRV-152 

used in this study was ~1.5 x 109 plaque-forming units (PFU), and the PRV-614 was 9.05 x 109 

PFU. At 144 hours after injection, rats were transcardially perfused with 4% paraformaldehyde 

in 0.1 M PBS (pH 7.5). The brain and spinal cord were removed, post-fixed overnight, then 

cryoprotected in 30% sucrose.  

The brain, brainstem, and spinal cord (C3 – T4) were individually blocked and frozen at -

80 C in Shandon M1 embedding matrix (Thermo Fisher Scientific; Waltham, MA). Forebrain 

and brainstem blocks were sectioned at 35 µm on a cryostat and immediately slide-mounted. 

Spinal cord blocks were sectioned and slide mounted at 50µm (C3 - T4). Slides were cover 
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slipped, then scanned and digitized using the Virtual Slide Microscope VS120 (Olympus). Both 

PRV-152 and PRV-614 neuron counts were made on every other forebrain and brainstem section 

(35 µm inter-slice interval), and every third spinal cord section (100µm inter-slice interval). 

Sensorimotor cortical counts were restricted to layer V. All experimenters processing the tissue 

and analyzing cell counts were blinded to the group of the animal. Sensorimotor cortex (M1, M2, 

& S1FL) and red nucleus  were defined using standard anatomical references38. Spinal motor 

neurons were located in Rexed lamina IX. All counts were normalized within rats to the number 

of labeled putative spinal motor neurons in the lower cervical and upper thoracic spinal cord to 

control for any differences in virus uptake. Sensorimotor cortex, red nucleus, and putative spinal 

motor neuron counts were analyzed using unpaired t-tests for each left and right modules.  

Statistics  

All data are represented as mean ± SEM. All comparisons were planned in the 

experimental design a priori, and significant differences were determined using unpaired t-tests, 

one-way ANOVAs, one-way repeated measures ANOVAs followed by paired t-tests, and two-

way repeated measures ANOVAs followed by unpaired t-tests where appropriate. Alpha level 

was set to 0.05 for single comparisons. Statistical tests for each comparison are noted in the text. 

In all figures, * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001. Error bars 

indicate mean ± SEM in all figures. 

Results 

Acquisition of Supination Task 

Rats were trained on the supination assessment task as previously described31 (Fig. 3.1E). 

Both groups of animals reached task proficiency within 21 ± 3 days. Prior to injury, animals 
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were highly proficient at the task. No significant differences between groups were observed for 

peak turn angle (Fig. 3.2A; PRE; Peak Turn Angle, Rehab: 67.3 ± 0.5 degrees; VNS+Rehab: 

68.4 ± 1.5 degrees; unpaired t test, p=0.47) or success rate (Fig. 3.2B; PRE; Success Rate, 

Rehab: 76.1 ± 1.3 degrees; VNS+Rehab: 74.1 ± 3.6 degrees; unpaired t test, p=0.59). The 

average pre-lesion turn angle histogram for both groups exhibit strong left skew greater than 60 

degrees, indicating that most trials exceed the 60 degree threshold (Fig. 3.3A). Once proficient, 

animals received ischemic lesions of the left motor cortex. 

Stroke Impairs Supination Performance 

Ischemic strokes substantially reduced performance on the supination task. One week 

post-lesion, peak turn angle was significantly reduced in both groups compared to pre-lesion 

performance (Fig. 3.2A; Post, Rehab: 27.1 ± 2.9 degrees, paired t test vs. PRE, p=9.5 x 10-8; 

Post, VNS+Rehab: 32.2 ± 2.6 degrees, paired t test vs. PRE, p=1.85 x 10-6). No difference in 

peak turn angle was observed between groups (Fig. 3.2A; Post, Rehab vs. VNS+Rehab, unpaired 

t test, p=0.21). Similarly, both groups exhibited substantial reductions in success rate following 

injury (Fig. 3.2B; Post, Rehab: 10.1 ± 3.0%, paired t test vs. PRE, p=9.5 x 10-9; VNS+Rehab: 

13.2 ± 2.8%, paired t test vs. PRE, p=7.17 x 10-7). No difference in success rate between groups 

was observed (Fig. 3.2B; Post, Rehab vs. VNS+Rehab, unpaired t test, p=0.45). The distributions 

of peak turn angle in both groups exhibited a pronounced leftward shift following injury, 

indicative of a loss of the ability to supinate the forelimb (Fig. 3.3B). These results indicate that 

both groups displayed comparable reductions in forelimb supination following ischemic stroke. 



 

59 

 
 

Figure 3.2. VNS paired with rehabilitative training improves forelimb function after stroke.  

(A) VNS improves recovery of supination turn angle during task-oriented rehabilitative training 
(Post-Wk6). The beneficial effects of VNS transfer to the isometric pull task, with subjects 
receiving VNS therapy during supination training performing significantly better at all 4 weeks 
of isometric pull training (Wk7 – Wk10). Furthermore, when subjects are retested on the 
supination task, the benefits of VNS obtained 7 weeks prior were maintained (Wk11 & 12). (B) 
Similar effects were observed when measuring task success rate. Significant differences were 
determined by Two-Way Repeated Measures ANOV followed by unpaired t-tests. Asterisks 
denote: *p<0.05, **p<0.01, ***p<0.001 between the VNS+Rehab and Rehab groups. Filled 
circles denote significant difference compared to Post timepoint. 
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Previous studies demonstrate markedly less recovery of forelimb rotary function through 

rehabilitative training compared to gross measures of forelimb function, suggesting this complex 

movement is more resistant to rehabilitative interventions23,26,31,39,40. Similarly, we found that 

extensive rehabilitative training resulted in only marginal improvements in multiple metrics of 

forelimb rotation. ANOVA of peak turn angle revealed a slight, but significant improvement 

over the course of rehabilitation (Fig. 3.3A; Rehab, One-way Repeated Measures ANOVA, F[6, 

54] = 4.88, p=4.79 x 10-4). However, average peak turn angle was significantly impaired 

compared to pre-lesion performance at all weeks post-stroke (Fig. 3.2A; Rehab, PRE vs. Weeks 

1-6, paired t-test, p < 0.0063). A significant improvement in peak turn angle compared to post-

lesion performance was observed on Week 6 (Rehab, Post vs. Weeks 1-6, paired t-test, p < 

0.0063 for Week 6), suggesting that intensive rehabilitation yields some recovery of forelimb 

rotation. Three of the ten subjects in the Rehab group exhibited at least 50% recovery of peak 

turn angle by Week 6 (Fig. 3.4B). Similarly, a one-way repeated measures ANOVA on success 

rate revealed no significant improvement due to rehabilitative training alone (Fig. 3.2B; Rehab, 

F[6, 54] = 0.89, p=0.51). These results indicate that following cortical ischemia, extensive task-

oriented training yields minimal improvements in forelimb rotational function. 

VNS Paired with Rehabilitative Training Significantly Improves Forelimb Rotational Function 

Previous studies demonstrate that pairing VNS with rehabilitative training enhances 

recovery of forelimb function in models of ischemic and hemorrhagic stroke12–14,16–18. We tested 

whether VNS paired with rehabilitative training on the supination task would improve forelimb 

rotational function. Animals in the VNS+Rehab group underwent equivalent rehabilitative 
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training as the Rehab group, but brief 500 ms trains of VNS were delivered coincident with 

successful trials during rehabilitative training, as in previous studies (Fig. 3.1E). 

VNS paired with rehabilitative training substantially improved forelimb rotational 

function following stroke through Week 6. One-way repeated measures ANOVA on peak turn 

angle revealed a significant effect of time (Fig. 3.3A; F[6, 48] = 22.55, p=1.98 x 10-12). Peak turn 

angle was significantly improved compared to post-lesion performance for all weeks of therapy 

(Post vs. Weeks 1-5, paired t-test, p < 0.0063 for all weeks). All subjects (9 out of 9) achieved 

greater than 50% recovery of peak turn angle, a significantly greater proportion than observed in 

the Rehab alone group (Fig. 3.4A). Similarly, success rate was significantly improved on all 

weeks points during therapy in subjects that received VNS+Rehab (Fig. 3.3A; One-way 

ANOVA; F[6, 48] = 11.53, p=5.95 x 10-8; Post vs. Weeks 1-6, paired t-test, p < 0.0083 for all 

weeks). 

VNS therapy substantially increased recovery compared to rehabilitative training alone.  

Animals that received VNS+Rehab demonstrated significantly greater peak turn angles 

compared to Rehab, consistent with an enhanced recovery of forelimb supination ability (Fig. 

3.2B; Two-way repeated measures ANOVA (Interaction effect of time x group), F[6, 102] = 

4.60, p=3.61 x 10-4). Significantly improved performance was observed during all 6 weeks of 

therapy (VNS+Rehab vs. Rehab, unpaired t-test, p<0.01 for Weeks 1-6). Additionally, 

VNS+Rehab improved success rate compared to Rehab alone (Fig. 3.2B; Two-way repeated 

measures ANOVA (Interaction effect of time x group), F[6, 102] = 5.12, p=1.22 x 10-4), and post 

hoc tests demonstrated significant improvements during all weeks of therapy (VNS+Rehab vs. 

Rehab, unpaired t-test, p<0.01 for Weeks 1-6). The distribution of peak turn angles on Week 6 in 
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the VNS+Rehab group exhibits a marked rightward shift compared to the Rehab alone group, 

consistent with improvement of forelimb supination. 

 

 

Figure 3.3. Distribution of peak turn angles on the supination task.  

(A) Probability distribution histograms of pull forces prior to stroke (Pre-Lesion, top), (B) 
immediately following stroke (Post-Lesion, middle), and (C) following six weeks of 
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rehabilitative training with or without VNS therapy. The numbers in the dashed box indicate the 
percent of trials greater than the 60-degree success threshold, and the p value indicates the 
unpaired t-test across groups. Note the similar distributions across groups during Pre-Lesion and 
Post-Lesion, and the difference in distributions during Week 6, consistent with an improvement 
in forelimb supination. Error bars indicate mean ± SEM. 

The number of trials performed did not differ between groups (Fig. 3.4A; Week 1 – 

Week 6; Rehab: 9006 ± 824 trials; VNS: 7673 ± 730 trials; unpaired t-test, p=0.38), suggesting 

that the improvement observed in the VNS group cannot be accounted for by differences in the 

intensity of training. Taken together, these results indicate that VNS paired with rehabilitative 

training significantly improves forelimb rotational function compared to rehabilitative training 

alone. 

Functional Benefits of VNS Therapy Generalize to Untrained Tasks 

 To test if the benefits of VNS generalize to a similar, untrained task, we evaluated 

forelimb strength of all subjects using the isometric pull task after the completion of 

rehabilitation on the supination task. The isometric pull task requires similar reach and grasp 

motion as the supination task, but emphasizes forelimb pull force rather than forelimb supination 

angle (Fig. 3.1D & 3.1E).  No VNS was delivered to either group during this phase of testing 

(Fig. 3.1B). All subjects quickly learned the isometric pull task, performing a comparable 

number of trials per session by the second day of training.  

 Animals that previously received VNS paired with rehabilitative training on the 

supination task exhibited significantly improved performance on the isometric pull task 

compared to animals that previously received rehabilitative training without VNS (Fig. 3.2A; 

Two-way repeated measures ANOVA, (Main effect of group), Weeks 7-10; F[1, 17] = 8.44, 

p=9.86 x 10-3). Post-hoc comparisons revealed significantly improved peak pull force during 
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Weeks 7-10 (Rehab vs. VNS+Rehab, unpaired t-test, p < 0.05 during Weeks 7-10). Similar 

improvements were observed in success rate on the isometric pull task (Fig. 3.2B; Two-way 

repeated measures ANOVA (Main Effect of group); F[1, 17] = 4.45, p=0.04; unpaired t-test, 

p=0.03 during Week 7). These results indicate that previous VNS-dependent enhancement of 

forelimb recovery may generalize to similar, untrained forelimb tasks. 

Functional Benefits of VNS Therapy are Maintained for Multiple Weeks Following Cessation of 

Stimulation 

We investigated whether functional improvements are long-lasting after the cessation of 

stimulation. After the completion of generalization testing during Weeks 7-10, animals returned 

to the supination assessment task for an additional two weeks of testing on Weeks 11 & 12 (Fig. 

3.1B). No reduction in performance was observed in the VNS group on the supination task 

following the cessation of stimulation. A one-way repeated measures ANOVA revealed no 

reduction in peak turn angle (Fig. 3.2A; VNS: Weeks 5-6 & 11-12, One-way repeated measures 

ANOVA, F[3, 24] = 0.40, p=0.84) or success rate (Fig. 3.2B; VNS: Weeks 5-6 & 11-12, One-

way repeated measures ANOVA, F[3, 24] = 0.28, p=0.84) following Week 5. Similarly, no 

reductions in performance were observed in the Rehab group over the same time course (Fig. 

3.2; Rehab, Peak turn angle, Weeks 5-6 & 11-12, One-way repeated measures ANOVA, F[3, 27] 

= 0.55, p=0.65; Success rate, Weeks 5-6 & 11-12, One-way repeated measures ANOVA, F[3, 

27] = 0.50, p=0.68). As observed at the completion of VNS therapy, animals in the VNS+Rehab 

group remain significantly improved compared to animals that received rehabilitative training 

without VNS for both turn angle (Fig. 3.2A; Weeks 11&12, Two-way repeated measures 

ANOVA, F[1, 17] = 10.90, p=4.21 x 10-3) and success rate (Fig. 3.2B; Weeks 11&12, Two-way 
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repeated measures ANOVA (main effect VNS), F[1,17] = 12.76, p=2.34 x 10-3). These results 

indicate that the benefits of VNS are maintained for up to 7 weeks following the cessation of 

stimulation. 

 
 

Figure 3.4. VNS paired with rehabilitative training improved forelimb function.  

(A) Percent recovery on the supination task through Week 6 and total number of trials performed 
through Week 6. VNS+Rehab subjects achieved greater recovery while performing fewer trials, 
indicating that the intensity of rehabilitative training did not account for VNS-enhanced 
recovery. All subjects receiving VNS therapy achieved greater than 50% recovery, whereas only 
3 of the 10 subjects in the Rehab group achieved 50% recovery. (B) Scatter plot detailing 
individual subject Week 10 pull forces and Week 6 turn angles. Subjects receiving VNS 
achieved higher pull forces and turn angles, consistent with improved forelimb function. (C) 
Peak turn angle probability distribution histogram during Week 10 of isometric pull training. 
VNS subjects achieved a larger percent of trials at higher pull forces. The numbers in the dashed 
box indicate the percent of trials greater than the 120-gram success threshold, and the p value 
indicates the unpaired t-test across groups. In (A) and (B), crosses indicate group mean ± SEM, 
and in (C) error bars indicate mean ± SEM. 
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VNS Does Not Affect Lesion Size 

No significant difference in total lesion size was observed between groups (Fig. 3.5A; 

Rehab: 11.2 ± 1.0 mm2; VNS+Rehab: 12.1 ± 1.3 mm2; unpaired t-test, p=0.58). These results 

corroborate previous studies that demonstrate that brief pulses of VNS delivered in this paradigm 

do not exert any detectable neuroprotective benefit. Improved recovery in the absence of a 

reduction in lesion extent is consistent with the notion that VNS improves recovery by enhancing 

plasticity in motor networks7.   

 
 
 

Figure 3.5. VNS does not affect lesion size.  

(A) An example of typical lesion size. (B) No differences were observed in lesion volume 
between groups. Error bars indicate mean ± SEM. 
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VNS Alters Cortical Synaptic Connectivity to Musculature of the Trained Forelimb 

Plasticity in corticospinal (CST) projections to spinal circuitry controlling task-relevant 

forelimb muscles is associated with recovery after stroke41–44. We hypothesized that VNS may 

enhance plasticity in the CST to support recovery. To test this, we performed retrograde trans-

synaptic tracing from task-relevant forelimb musculature to motor cortex at the conclusion of 

behavioral testing. PRV-152 (expressing EGFP) was injected into two of the digit flexors 

(palmaris longus and flexor digitorum profundus) of the right forelimb to label CST projections 

to the impaired limb. PRV-614 (expressing mRFP) was injected in to the digit flexors of the non-

paretic left forelimb. Tracing from the paretic limb resulted in enhanced GFP labeling in 

sensorimotor cortex in the lesioned hemisphere (Fig. 3.6A; VNS+Rehab, 14.1 ± 3.4 GFP cells; 

Rehab, 2.3 ± 0.9 GFP cells; unpaired t-test, p=0.014) and the contralesional hemisphere (Fig. 

3.6D; VNS+Rehab, 16.3 ± 2.4 GFP cells; Rehab, 6.1 +/- 1.5 GFP cells; unpaired t-test, p=0.011). 

Furthermore, tracing from the non-paretic left forelimb resulted in increased but non-significant 

RFP labeling in sensorimotor cortex in both the lesioned hemisphere (VNS+Rehab, 107 ± 43 

RFP cells; Rehab, 7.5 ± 1.9 cells; unpaired t-test, p=0.062) and contralesional hemisphere 

(VNS+Rehab, 224 ± 113; Rehab, 16.7 +/- 7.1 cells; unpaired t-test, p=0.12). These results 

demonstrate that VNS paired with rehabilitative training enhances synaptic connectivity in 

descending motor circuits after stroke and are consistent with the hypothesis that VNS-dependent 

plasticity subserves improved recovery.  
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Figure 3.6. VNS enhanced connectivity in descending motor networks.  

(A) Subjects in the VNS+Rehab group exhibited increased GFP-positive cells in left 
sensorimotor cortex. (B) Example images of GFP-positive cells in a Rehab animal, and (C) a 
VNS+Rehab animal. (D) VNS also increased GFP-positive cell counts in right sensorimotor 
cortex. (E) Example GFP-positive cells in right cortex in a Rehab and (F) a VNS subject.   
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Discussion 

In this study we evaluated whether VNS paired with rehabilitative training could improve 

recovery of forelimb supination function and if the functional benefits would generalize to an 

untrained forelimb task. We find that VNS paired with rehabilitative training results in 76% 

recovery of supination function, whereas extensive rehabilitative training alone yields only 34% 

recovery. Furthermore, subjects that received VNS during training on a task emphasizing 

forelimb supination displayed significantly improved performance on a separate task measuring 

forelimb strength compared to subjects undergoing training without VNS. Recovery of 

supination function persists for up to 7 weeks following cessation of VNS, indicative of robust 

and long-lasting improvements of forelimb function. Moreover, we provide the first evidence 

that VNS promotes enhances plasticity after stroke. These findings suggest that the benefits of 

VNS therapy may generalize to similar but untrained tasks, and further support VNS therapy as 

an effective post-stroke intervention.   

The ability to supinate the forearm is an essential component of dexterous hand function. 

Forearm supination is markedly impaired following stroke, and recovery is limited despite 

rehabilitation in both humans21,23–25,27,28 and rodents22,26,30,31,39,40,45,46. The development of 

strategies to improve recovery of forearm rotational function has the ability to reduce post-stroke 

disability. Previous studies demonstrate that VNS improves some metrics of recovery after 

stroke12–14,16, but it is unknown if VNS could improve recovery of fine movements that are 

generally resistant to rehabilitation. Consistent with previous literature, animals that received 

intensive task-oriented rehabilitation displayed only modest recovery of forelimb supination 

function30,31. Pairing VNS with equivalent rehabilitative training more than doubled recovery of 
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supination function. These findings corroborate previous studies demonstrating significant 

enhancements in post-stroke recovery with VNS therapy and suggest that pairing VNS with a 

range of rehabilitative exercises that include complex rotational movements may be beneficial. 

Although subjects receiving VNS therapy show substantial functional improvements, a 

significant impairment compared to pre-lesion levels is still present. The present study provides a 

possible framework for further studies to optimize VNS parameters, delivery, and dosage to 

maximize recovery. 

Generalization of recovery to non-rehabilitated tasks is an important consideration of 

translating potential therapeutics to the clinic. If the benefits of VNS are task-specific, this would 

suggest increasing the breadth of exercises to cover a wider range of movements, thus reducing 

the amount of stimulations per exercise. Alternatively, if VNS-dependent benefits generalize to 

similar tasks, this would support reducing the number of VNS-paired exercises and subsequently 

increasing the number of stimulations per exercise. Additionally, generalization of recovery 

could potentially reduce the amount of rehabilitation required and the amount of time spent with 

a physical therapist, which bears obvious practical benefits for patients27,47–50. Previous work in 

humans suggests that recovery is often restricted to the training workspace51, and skill transfer to 

untrained tasks are often not observed51,52. Results demonstrating transfer of recovery in animal 

models have been varied. Some studies demonstrate that task oriented recovery may compromise 

performance on untrained tasks53,54, while other studies demonstrate a transfer of benefits55–57. A 

number of previous studies in a variety of models demonstrate that VNS-dependent plasticity is 

highly specific to the paired experience10,11,36,58,59. As such, VNS-dependent enhancement of 

recovery may also be specific and restricted to the trained exercise. No previous preclinical VNS 
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therapy study has demonstrated improvements on tasks in which VNS was not paired or tasks in 

which animals did not undergo previous training. Here, animals that received VNS therapy on 

the supination task performed substantially better during four subsequent weeks of testing on the 

isometric pull task. Importantly, no animals received VNS during pull task training, indicating 

that the VNS-mediated improvements are likely attributed to robust changes in forelimb motor 

networks gained during prior rehabilitative training with VNS. In the context of previous work, 

animals in this study that received VNS with supination training recovered to similar levels on 

the isometric pull task as animals that received VNS during pull training (Fig. 3.7). While this 

study demonstrates that the benefits of VNS therapy generalize to an untrained task, the tasks are 

similar and both involve engagement of the distal forelimb. The degree of generalization that 

VNS therapy promotes remains unclear, and these results do not indicate that VNS-dependent 

benefits would generalize to particularly dissimilar tasks (e.g., ladder rung, gait analyses). 

Furthermore, directly relating these preclinical results to the clinic is challenging60. Despite these 

limitations, these results provide insight for the development of rehabilitative and stimulation 

paradigms for future clinical trials assessing VNS therapy as a post-stroke therapy. 

Previous studies in multiple models of neurological injury demonstrate that VNS therapy 

improves recovery of forelimb function for up to a week after the cessation of stimulation14,18,61. 

However, it is unclear if VNS-dependent benefits are retained over longer times. The durability 

of benefits is a key consideration in the translation of VNS therapy. In this study, no detectable 

decline in performance was observed in the VNS group up to 7 weeks after the cessation of 

stimulation. This observation indicates that the benefits of VNS are robust and maintained for 

weeks after the discontinuation of stimulation. It is important to note that subjects continued to 
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receive intensive rehabilitative training during this time; therefore, we cannot directly determine 

whether recovery would be retained with a reduction or absence of continued forelimb training. 

These results provide a preliminary demonstration that VNS-dependent recovery lasts for weeks 

after the cessation of stimulation. 

 

 
 

Figure 3.7. VNS delivered on supination training results in equivalent recovery on the isometric 
pull task compared to previous studies in which VNS was delivered during pull training.  

(A) Experimental timelines of previous VNS stroke studies and the current study. (B) Pull forces 
of the VNS+Rehab and Rehab groups across the 4 different studies. The previous studies 
indicate recovery on the trained task in which VNS was paired. The current study extends these 
findings by showing equivalent recovery on the isometric pull task despite that VNS was 
delivered on the supination task and no prior training was performed on the isometric pull task. 
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Increased neuroplasticity is believed to be the substrate underlying VNS facilitated 

recovery following stroke7. A previous study did not identify large-scale VNS-dependent 

changes in plasticity associated proteins in motor cortex after stroke14. However, recent evidence 

suggests that motor training drives structural and physiological plasticity in networks of 

functionally relevant neurons62–64. Moreover, VNS-dependent enhancement of plasticity is 

highly-specific; therefore, VNS paired with rehabilitative training may act to improve recovery 

by enhancing plasticity in specific subsets of neurons. Previous studies examining plasticity 

enhancing therapies have demonstrated an association between reorganization of corticospinal 

tract (CST) projections and recovery after stroke41,42,44,65. Therefore, we tested whether VNS 

serves to enhance reorganization in these networks by using retrograde transneuronal viral 

tracers injected into the musculature of the trained forelimb. Subjects receiving VNS exhibited 

increased labeling in layer 5 cortical neurons, indicating that VNS facilitates long-term 

anatomical neural plasticity in trained motor networks. Significant behavioral recovery was 

observed by the first week of therapy, and anatomical reorganization of the CST was performed 

2 months following the cessation of VNS. The observation of long-lasting enhanced recovery 

and CST reorganization suggests that the changes in synaptic connectivity in descending motor 

circuits facilitated by VNS are not labile, but robust and enduring. In summary, these results 

support the hypothesis that the plasticity enhancing effects of VNS contribute to recovery 

following stroke, and corroborate with previous evidence that links reorganization of CST 

networks to recovery. 

VNS is believed to augment plasticity by engaging plasticity-enhancing neuromodulatory 

networks. Stimulation of the left cervical vagus nerve drives activity in the locus coeruleus 
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(LC)8, resulting in increased cortical levels of the plasticity regulating neuromodulator 

norepinephrine66. Lesions of the locus coeruleus block the seizure attenuating effects of VNS67, 

demonstrating that proper noradrenergic signaling is essential for the benefits of VNS. Moreover, 

the presence of an intact cholinergic system is required for the effects of VNS11,68. VNS also 

increases levels of brain derived neurotrophic factor (BDNF)69, which in conjunction with 

acetylcholine and norepinephrine provide a clear rationale for the plasticity enhancing effects of 

VNS for supporting recovery following injury. Earlier studies demonstrate that the plasticity 

enhancing properties of VNS depend not only on transmission of these neuromodulators11, but 

on temporally precise stimulation pairings with motor activity14,17. Further studies need to be 

performed to understand the underlying plasticity enhancing mechanisms of VNS, but these lines 

of evidence support VNS as an effective method of directing neuroplasticity. 

Restoration of arm and hand function in stroke patients is a key priority for long-term 

quality of life, and current treatment options are limited5,70,71. A recent open active comparator 

pilot trial demonstrates that delivery of VNS paired with rehabilitation is safe and feasible in 

chronic stroke patients. Moreover, patients who received VNS paired with rehabilitation 

exhibited a clinically significant 3-fold increase in Upper Extremity Fugl-Meyer scores 

compared to those patients receiving rehabilitation alone, providing preliminary evidence that 

VNS therapy may be efficacious19,20. Here we report that VNS therapy yields significant, lasting 

improvements in forelimb supination function and that VNS-dependent enhancement of recovery 

generalizes to a similar, untrained task. Moreover, we demonstrate that VNS paired with 

rehabilitative training enhances neural plasticity in corticospinal motor networks to task-relevant 

musculature, which may provide insight into the neural changes that subserve VNS-dependent 
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improvement of recovery. Taken together, the findings from this study extend the viability of 

VNS therapy as a safe, effective, and robust therapeutic for improving motor dysfunction 

following stroke. 
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Abstract  

Peripheral nerve injuries (PNI) are among the leading causes of physical disability in the 

United States. The majority of injuries occur in the upper extremities, and functional recovery is 

often limited. Robust animal models are critical first steps for developing effective therapies to 

restore function after PNI. We developed an automated behavioral assay that provides 

quantitative measurements of volitional forelimb strength in rats. Multiple forelimb PNI models 

involving the median and ulnar nerves were used to assess forelimb function for up to 13 weeks 

post-injury. Despite multiple weeks of task-oriented training following injury, rats exhibit 

significant reductions in multiple quantitative parameters of forelimb function, including 

maximal pull force and speed of force generation. This study demonstrates that the isometric pull 

task is an effective method of evaluating forelimb function following PNI and may aid in 

development of therapeutic interventions to restore function. 

Introduction  

Peripheral nerve injuries (PNI) are a major cause of physical disability in the United 

States. An estimated twenty million Americans are affected by these injuries1–5. PNI most 

commonly occur in the upper extremities, resulting in impairment of sensory and motor function 

of the arm and hand6,7. Disruption of nerve integrity often leads to severely diminished muscle 

strength, limb coordination, tactile discrimination, and skilled hand use8–10. Despite advances in 

repair techniques and rehabilitative strategies, fewer than 50% of patients regain satisfactory 

function of the affected limb8,11. Experimental techniques to augment recovery hold promise, but 

must be rigorously examined and developed in preclinical models12–18. 
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Despite the prevalence of nerve injuries in the upper extremities and consequently arm 

and hand dysfunction in patients, the preponderance of preclinical rodent PNI studies focus on 

the sciatic nerve of the hind limb. Recent studies demonstrate that forelimb PNI results in 

significant impairment on standard behavioral measures in rats, including pellet retrieval, grip 

strength, and horizontal ladder12,19–23. These behavioral assays have provided valuable insight 

into forelimb function and recovery after PNI, but additional assays are needed to model other 

aspects of forelimb dysfunction. Weakness is a significant contributor to disability after 

PNI6,24,25, and volitional strength in the forearm is critical to performing many activities of daily 

living. To date no preclinical methods quantitatively measure volitional forelimb strength. In 

conjunction with standard measures of forelimb function, assessment of volitional strength 

would provide greater insight into function after PNI.  Here we evaluate the isometric pull task, 

an automated, quantitative measure of volitional forelimb strength, in multiple PNI forelimb 

models. 

Materials and Methods 

Subjects 

Twenty-one adult female Sprague-Dawley rats were studied, each weighing 

approximately 250g when they entered the study. All rats were maintained above 85% of their 

ideal body weight for age. 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 

handling, housing, surgical procedures, and behavioral training were approved by The University 

of Texas at Dallas Institutional Animal Care and Use Committee.   
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Behavioral Apparatus and Software 

The behavioral apparatus and software were used as previously described26. The 

behavioral chamber consists of a clear acrylic cage (30 cm x 13 cm x 25 cm) with a 1 cm wide 

slot on the right edge of the front wall (MotoTrak Base Cage, Vulintus, Inc., Dallas, TX). The 

slot restricts use to the right forelimb while allowing full range of movement during interaction 

with the device (Fig. 4.1A). An aluminum pull handle was centered in the slot at a height of 6 cm 

from the cage floor. The pull handle was mounted on a metal slide which allowed the device to 

be placed at various fixed distances relative to the inside wall of the cage (Pull Behavior Module, 

Vulintus, Inc., Dallas, TX). A force transducer measured the force applied to the pull handle with 

a resolution of 0.1 grams. Custom MATLAB software was used to control the task. A 

microcontroller sampled the force transducer at a frequency of 100Hz, and the signal was passed 

to the computer for data display, control of behavioral sessions, and data storage for analysis. 

Behavioral Training 

Continuous force transducer data were collected and stored on a trial-by-trial basis for 

each animal. Trial initiation occurred when the animal generated 10 grams of force on the pull 

handle. Animals were required to exceed the pre-determined force threshold within 2 seconds of 

trial initiation to receive a reward pellet and record a successful trial. If the pull force did not 

exceed the threshold within 2 seconds, the trial was recorded as a failure, and no reward pellet 

was given. Each trial was followed by a 2 second timeout, during which a trial could not be 

initiated. All activity 1 second prior to and 4 seconds following trial initiation was recorded for 

analysis. Reward pellets (45 mg dustless chocolate precision pellet, BioServ, Frenchtown, NJ) 
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were delivered from pellet dispensers (Pellet Dispenser, Vulintus Inc., Dallas, TX) upon 

successful completion of a trial.  

Animals underwent 2 30-minute behavioral training sessions daily, 5 days per week, with 

at least a 2-hour interval between training periods. During the initial phases of training, the pull 

handle was placed 0.5 inches inside the cage wall, and the reward threshold was set to 10 grams. 

An experimenter encouraged animal interaction with the handle using ground pellet dust. When 

the animal began to interact with the handle independently, the handle was retracted outside the 

cage in 0.25 inch increments to a final location of 0.75 inches outside relative to the inner cage 

wall. After that, behavioral testing continued using an adaptive thresholding program.  

The adaptive threshold algorithm used the median of the peak pull force of the 

immediately preceding 10 trials to calculate the current trial threshold, with programmable 

minimum and maximum adaptive threshold bounds. Using this algorithm, the threshold was 

progressively scaled throughout a behavioral session based on performance (Fig. 4.1B). All 

animals in this study trained with a reward threshold minimum of 10 grams and a maximum of 

120 grams (i.e., the success threshold for any trial was never <10 grams or >120 grams). Success 

rate in this study was defined as the percentage of trials greater than the maximum threshold. 

Training continued until animals achieved a ≥85% success rate averaged across 10 consecutive 

training sessions. Data from the 10 sessions was used for the “Pre” time point in all analyses. At 

this point, animals underwent the appropriate peripheral nerve injury procedure.  
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Figure 4.1. Isometric pull task and experimental design.  
 

(A) An animal performing the isometric pull task by firmly grasping and pulling on the handle. 
(B) Maximal pull force of individual trials taken from a behavioral session. Each point represents 
the maximal pull force of a single trial, with dark gray points indicating successful trials and 
light gray ones indicating unsuccessful trials. The black line indicates the adaptive threshold, and 
the dashed black line indicates the maximum threshold (120 grams). (C) Timeline of experiment. 

 

No behavioral testing was conducted during the post-surgical recovery phase. Animals 

that received a distal injury were given 2 weeks of recovery, and animals receiving proximal or 

gap injuries were given 5 weeks of recovery during which they remained in their home cage and 

did not perform the task. The recovery times for each injury were determined by performing 

weekly post-operative assessments on the isometric pull task until animals were able to 

independently perform the task. Following this recovery period, behavioral testing continued 
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twice daily for 6 weeks for animals that received distal and proximal injuries and 7 weeks for 

animals that received gap injuries (Fig. 4.1C). Analyses were split in to 1 week epochs, with each 

weekly time point consisting of 10 consecutive sessions (2 sessions per day for 5 weekdays). 

Peripheral Nerve Lesions  

All injuries were performed on the median and/or ulnar nerves, as appropriate, of the 

trained (right) forelimb. Three distinct injuries were performed in different cohorts of subjects. 

The distal injury (N=6) involved complete transection of the median nerve distal to the elbow. A 

small incision on the forelimb 2 cm distal to the elbow was made, and the surrounding muscles 

were carefully retracted to expose the muscular branch of the median nerve. The nerve was 

completely transected with micro-scissors and repaired with 2 epineural stitches with 9-0 suture 

(Micro AROSuture, Argosurgical Instruments, Newport Beach, CA) to join the nerve stumps. 

The proximal injury (N=6) involved transection of both the median and ulnar nerves proximal to 

the elbow. A small incision was made 1 cm proximal to the elbow, and the pectoralis muscle was 

carefully retracted to expose the median and ulnar nerves. Both the median and ulnar nerves 

were fully transected. End-to-end repair of the median and ulnar nerves was immediately 

performed with 2 epineural stitches for both the median and ulnar nerves. The proximal gap 

injury (N=9) was performed in the same location as the proximal injury. Both the median and 

ulnar nerves were fully transected 1 cm proximal to the elbow. Immediately following 

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

7mm saline filled polyurethane tube (Micro-Renathane 0.095” I.D 0.066” O.D., Braintree 

Scientific, Inc., Braintree, MA), resulting in a 5mm gap between nerve stumps. 
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Following each procedure, skin incisions were sutured and treated with antibiotic 

ointment. All animals were given baytril (7.5 mg/kg) immediately following surgery and 

sustained release buprenorphine (1.2 mg/kg) for 6 days following injury. All animals were 

placed in Elizabethan collars for 5 days following injury to prevent chewing on the denervated 

limb. No animals in this study displayed autophagia. 

Statistics  

All data are shown as mean ± SEM. All comparisons were planned in the experimental 

design a priori, and significant differences were determined using 1-way ANOVAs, 1-way 

repeated measures ANOVAs, and 2-tailed t-tests, where appropriate. Effect sizes were 

determined using the Cohen d. Alpha level was set to 0.05 for single comparisons. A Bonferroni-

corrected alpha for multiple comparisons of 0.0083 was used for the distal and proximal injury 

groups, and an alpha of 0.0071 for the gap injury group 

Results 

Isometric Pull Task Acquisition 

Animals became highly proficient at the isometric pull task, reaching a ≥85% success rate 

averaged across 10 consecutive sessions within 16 ± 2 days. During the final 10 sessions of pre-

injury training, animals demonstrated an average maximal pull force of 166 ± 3.4 grams and 

average success rate of 91% ± 0.6% across all groups.  

Performance after Distal Median Nerve Transection and End-to-end Repair 

Median nerve transection and end-to-end repair 2 cm distal to the elbow transiently 

worsened performance on the isometric pull task. A repeated measures 1-way ANOVA showed a 

significant effect of distal lesion on maximal pull force (Fig. 4.2A; F[7, 56] = 10.28, P=3.46 x 



 

89 

10-6) and success rate (Fig. 4.2B; F[6, 30] = 7.24, P=7.59 x 10-5). Post hoc comparisons indicated 

that maximal pull force was significantly decreased compared to pre-lesion on Week 3, but was 

not significantly reduced in the subsequent weeks (Fig. 4.2A; Pre vs. Weeks 3-8, paired t-test, P 

< 0.0083 for Week 3). Success rate (Fig. 4.2B) followed a similar trend, but post hoc 

comparisons failed to reach significance during any week. Speed of force generation (Fig. 4.2C) 

was not significantly decreased after distal lesion. Together, these findings indicate that distal 

median nerve transection with end-to-end repair resulted in a transient reduction in volitional 

forelimb strength. 

Performance after Proximal Median and Ulnar Nerve Transection and End-to-end Repair 

This injury model resulted in substantially reduced forelimb function over the course of 

several weeks. A repeated measures 1-way ANOVA revealed a significant effect of lesion on 

maximal pull force (Fig. 4.2A; F[6, 30] = 41.47, P<3.29 x 10-13) and success rate (Fig. 4.2B; F[6, 

30] = 23.99, P<3.39 x 10-10). Post hoc comparisons demonstrated that maximal pull force was 

significantly reduced on most weeks post-lesion despite extensive task-oriented training (Fig. 

4.2A; Pre vs. Weeks 6-11, paired t-test, P < 0.0083 for Weeks 6-8 and 11), suggesting a chronic 

impairment of volitional strength. Success rate demonstrated a significant reduction compared to 

pre-lesion at Week 6 (Fig. 4.2B; Pre vs. Weeks 6-11, paired t-test, P < 0.0083 for Week 6). 

Speed of force generation was significantly reduced by a proximal lesion (Fig. 4.2C; Repeated 

measures 1-way ANOVA; F[6, 30] = 11.65, P=1.02 x 10-6), consistent with weakness associated 

with forelimb impairment27. Post hoc comparisons revealed a significant reduction compared to 

pre-lesion during Weeks 6 and 7 (Fig. 4.2C; Pre vs. Weeks 6-11, paired t-test, P < 0.0083 for 

Weeks 6 & 7). The effect size (Cohen d) of maximal force between Pre and the final week of 
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testing (Week 11) was 1.42, and apparent asymptotic recovery was observed during the final 4 

weeks of training (Fig. 4.2A: Repeated measures 1-way ANOVA; Maximal Pull Force, Weeks 8-

11; F[3, 15] = 1.1867, P=0.35). These results demonstrate that median and ulnar nerve 

transection proximal to the elbow with end-to-end repair impairs multiple parameters of 

volitional forelimb function.   

Performance after Proximal Median and Ulnar Nerve Transection and Tubular Repair with a 

5mm Gap 

Volitional forelimb function was markedly diminished following gap injury. A repeated 

measures 1-way ANOVA of maximal pull force revealed a significant effect of lesion (Fig. 4.2A; 

F[7, 56] = 49.65, P<9.76 x 10-22). Post hoc comparisons indicated that maximal pull force was 

significantly reduced at every week post-injury (Fig. 4.2A; Pre vs. Weeks 6-12, paired t-test, all 

P<0.007), suggesting a chronic impairment of volitional strength. Success rate was also 

significantly impaired by the gap injury (Fig. 4.2B; Repeated measures 1-way ANOVA; F[7, 56] 

= 33.42, P<8.73 x 10-18). Post hoc comparisons on success rate indicated significant reductions 

at all post-lesion time points compared to pre-lesion (Fig. 4.2B; Pre vs. Weeks 6-12, paired t-test, 

all P<0.007). Speed of force generation was significantly reduced during Weeks 6-9 (Fig. 4.2C; 

F[7, 56] = 35.25, P<2.68 x 10-18; post hoc paired t-tests, Pre vs. Weeks 6-9, P<0.007). The effect 

size (Cohen d) of maximal force between Pre and Week 12 was 2.13. Similarly to the proximal 

injury, asymptotic performance was observed across the final 4 weeks of rehabilitation (Fig. 

4.2A: Repeated measures 1-way ANOVA; Maximal Pull Force, Weeks 9-12; F[3, 24] = 1.71, 

P=0.19). Together, these results indicate that the gap injury results in a marked, chronic 

impairment of volitional forelimb strength. 
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Figure 4.2. Multiple peripheral nerve injury models resulted in varying degrees of transient and 
chronic impairments in metrics of forelimb function.  

 
(A) Maximal pull force, (B) success rate, and (C) maximal pull speed each show varying degrees 
of impairment dependent on lesion. (D) Animals performed several hundred trials per day across 
groups, with no reduction in trials performed following lesion. All plots show group averages, 
and error bars indicate ± SEM. *P<0.0083 for the distal group, P<0.0083 for the proximal 
group, P<0.0071 for the proximal gap group for each timepoint compared to pre-lesion levels 
in panels A-C.  
 
 

Performance in the 3 injury groups was compared to determine if the isometric pull task 

could discriminate performance deficits between injury models. A 1-way ANOVA on maximal 

pull force during the first week of rehabilitative training revealed a significant effect of lesion (1-

way ANOVA; Maximal Pull Force: Distal Week 3, Proximal Week 6, Proximal Gap Week 6; 

F[2, 18] = 58.69, P=1.29x10-8). Post-hoc comparisons revealed that each injury group was 
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significantly different from the others (Paired t-test; Distal vs. Proximal, P=8.66x10-5; Distal vs. 

Proximal Gap, P=2.75x10-8; Proximal vs. Proximal Gap, P=0.0032). Similarly, a 1-way 

ANOVA revealed a significant effect of lesion on maximal pull force during the final week of 

rehabilitative training (1-way ANOVA; Maximal Pull Force: Distal Week 8, Proximal Week 1, 

Proximal Gap Week 12; F[2, 18] = 9.44, P=0.0016). Post-hoc comparisons revealed significant 

effects between the Distal and Proximal Gap injury group, and Proximal and Proximal Gap 

injury groups (Paired t-test; Distal vs. Proximal, P=0.08; Distal vs. Proximal Gap, P=0.0017; 

Proximal vs. Proximal Gap, P=0.03). These results indicate that the isometric pull task can detect 

graded deficits in performance across peripheral nerve injury models of differing severity. 

Number of Isometric Pull Task Trials Performed During Study 

We investigated whether lesion severity affected ability to perform trials. Trial counts of 

the 3 injury groups were not significantly different (Fig. 4.2D; 2-way ANOVA; Group x Time, 

F[2,18] = 1.11, P=0.35) despite the substantial difference in forelimb performance, indicating the 

nerve injuries did not impair the animal’s capability to perform trials. These results suggest that 

differences in the number of trials performed following lesions cannot account for the 

differences in functional impairment across lesion models. 

Discussion 

While previous studies in rodents have provided thorough characterization of motor 

performance following forelimb peripheral nerve injuries19–22,28–31, additional assays are needed 

to thoroughly model the complex functional consequences of these injuries. The isometric pull 

task provides an additional efficient method to evaluate volitional forelimb strength in rats and 

yields a large quantitative dataset. Unlike grip strength assessment, the isometric pull task 
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provides automated measures of forelimb strength without experimenter intervention during 

testing. A previous study demonstrated that the isometric pull task correlates well with standard 

forelimb assessments including pellet reaching and pasta matrix tasks, but yields a larger effect 

size and decreases experimenter oversight 32. This study suggests that the isometric pull task is 

sensitive to multiple models of PNI and could be combined with additional motor and sensory 

assays to gain a more comprehensive understanding of forelimb dysfunction following injury. 

Three distinct nerve injuries were performed to examine the behavioral effects on the 

isometric pull task. The distal median nerve injury resulted in transient forelimb grasping 

dysfunction. This injury was performed distal to the median nerve bifurcation, targeting the 

muscular branch of the median nerve. The muscular branch supplies partial innervation to the 

digit flexors of the forelimb (flexor digitorum sublimis, flexor digitorum profundus, and palmaris 

longus) and was fully transected. The spared branch, the volar interosseous, supplies innervation 

to the pronator quadratus and the remaining heads of the flexor digitorum profundus. 

Additionally, multiple intrinsic muscles of the forepaw supplied by the muscular branch were 

also damaged33. The model produced minor impairments in maximal pull force, and all measured 

parameters return to pre-lesion levels within 4 weeks of the injury. This model may prove useful 

in short-term studies due to the transient deficit.  

The proximal injury produced a more severe functional impairment compared to the 

distal injury. Proximal peripheral nerve injuries require reinnervation over greater distances and 

consequently increased time, resulting in less successful reinnervation of target end-organs. 

Axonal misdirection is also increased following proximal injuries, leading to impaired functional 

recovery34. Furthermore, the ulnar nerve was included in this model, because previous studies 
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have shown combined ulnar and median injuries reduce performance on the staircase and grip 

strength tasks compared to median only injuries12,20,21. The proximal injuries were performed 

1cm above the elbow, resulting in complete denervation of all extrinsic and intrinsic digit 

flexors33. Previous studies have characterized reinnervation patterns following end-to-end repair 

of the median and ulnar nerves12,20,21,29,35,36. Using the isometric pull task, animals with proximal 

median and ulnar nerve injuries exhibit significant impairments in maximal force, success rate, 

and pull speed during post-injury training. These results suggest that this injury model may be 

utilized for long-term studies.  

Similar to the proximal injury, the gap injury resulted in complete denervation of digit 

flexors of the forelimb. Saline filled tubes are often used as controls to other complex 

interventions to promote growth37, therefore saline filled polyurethane tubes were used to 

investigate loss of function and recovery under control conditions. Additionally, nerve 

reinnervation is known to occur following short saline-filled tubular gaps16,38,39. Following gap 

injury, all measured parameters reflecting volitional forelimb function were significantly reduced 

for the entirety of post-injury training. This injury model produces a substantial chronic 

behavioral impairment and provides a framework to assess therapeutic interventions.  

The 3 distinct nerve injuries described above resulted in a wide range of behavioral 

impairments. Due to the variability in forelimb function post-lesion, the adaptive thresholding 

program allowed for simple, flexible software-controlled post-injury training. All animals in this 

study were tested on the same training stage with adaptively scaled 10-120 gram lower and upper 

bounds, encompassing a wide dynamic range of forces. This range allowed for a variety of lesion 

severities to be accurately measured, reducing experimenter involvement with training 
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progression and thus limiting experimenter bias. No animals in this study were excluded due to 

variability of post-injury impairment (i.e., impairment that was too severe to be measured, or too 

mild and resulted in no task deficit). Additionally, the large number of trials performed per day 

ensures that performance data can be reliably assessed before and after lesion.  

The isometric pull task allows efficient, quantitative analysis of forelimb function, 

providing a rich dataset of continuous high-resolution force measurements. Along with recent 

reports in stroke, traumatic brain injury, and spinal cord injury, this study demonstrates the 

flexibility and sensitivity of the isometric pull task to assay forelimb function after neurological 

injury26,40,41. The isometric pull task may also be useful in investigating additional forelimb 

peripheral nerve injury models, including nerve crush and brachial plexus injury. This study 

demonstrates that the isometric pull task may provide a framework for investigators to study 

peripheral nerve injuries and aid in the development of therapeutic strategies to restore function. 
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Abstract  

Long-term impairment of hand function is a common consequence following peripheral 

nerve injury. Insufficient plasticity in cortical networks has been implicated in poor recovery. 

Here we tested the hypothesis that enhancing cortical plasticity could improve recovery after 

forelimb nerve injury. We utilized a targeted plasticity therapy consisting of short bursts of vagus 

nerve stimulation (VNS) paired with rehabilitative training. Subjects receiving VNS paired with 

rehabilitation displayed significantly increased forelimb strength and improved 

mechanosensation compared to subjects receiving a matched amount of rehabilitative training 

without VNS. Physiological and anatomical studies revealed that pairing VNS with rehabilitation 

increased functional connectivity in descending motor networks. Furthermore, a matched amount 

of VNS delivered after daily rehabilitation sessions failed to improve recovery or enhance 

plasticity. VNS did not affect morphology of the injured nerves suggesting that peripheral nerve 

changes did not mediate recovery. Finally, disrupting the cortical cholinergic system blocked the 

plasticity enhancing effects and the improved recovery observed in paired VNS subjects. 

Together, these findings highlight the importance of cortical plasticity in recovery after PNI and 

suggest that strategies to enhance plasticity may provide an additional avenue to improve sensory 

and motor recovery after PNI.  

Introduction 

Peripheral nerve injuries are a leading cause of long-term disability in the United States, 

with over 20 million Americans suffering from injury related disability1–6. The upper extremities 

are commonly affected, resulting in chronic sensorimotor impairment of the arm and hand7,8. 

Lack of recovery after PNI is largely attributed to misdirection of regenerating axons, resulting 
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in aberrant innervation patterns of the affected limb9–11. Despite advances in surgical repair 

procedures and techniques to improve reinnervation, long-term prognosis for more than 50% of 

patients remains poor12,13.  

The central and peripheral nervous systems are functionally integrated, and disruption of 

peripheral signaling results in profound reorganization in the central nervous system14–16. 

Physical rehabilitation facilitates activity-dependent reorganization, and this reorganization is 

believed to be a substrate of functional recovery17–20. However, training-dependent plasticity is 

often insufficient for complete recovery9,21. The extent of reorganization and the subsequent 

renormalization of circuits to a pre-injury state has been shown to predict recovery of hand 

function in humans21. Furthermore, children present substantially improved recovery compared 

to adults despite similar degrees of misdirected regrowth, an effect largely attributed to elevated 

plasticity in children9,17,22–24. Taken together, these lines of evidence reveal the involvement of 

central processes following PNI and suggest that techniques to augment beneficial CNS 

plasticity hold promise for improving recovery following PNI10,25.  

In this study, we tested the hypothesis that enhancing plasticity improves recovery after 

PNI. Vagus nerve stimulation (VNS) engages plasticity-enhancing neuromodulatory 

networks26,27 and when paired with motor training facilitates neuroplasticity in neural networks 

specific to the paired movement28,29. VNS paired with rehabilitative training has emerged as a 

promising neurotherapeutic to direct targeted plasticity30, which improves upper-limb function 

following stroke31–36, traumatic brain injury37, and spinal cord injury. However, no previous 

study has investigated the plasticity-enhancing effects of VNS on a lesion outside of the central 

nervous system. Here we sought to determine if directing plasticity using VNS in conjunction 
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with rehabilitative training could improve recovery following forelimb PNI. Furthermore, we 

tested if depleting cortical cholinergic systems to block cortical plasticity would preclude the 

VNS-dependent enhancement of recovery. This study reveals a critical role for central plasticity 

in recovery after PNI and suggests that plasticity-enhancing techniques hold promise for 

improving function. 

Materials and Methods 

Subjects 

Fifty adult female Sprague-Dawley rats were studied, each weighing approximately 250g 

when they entered the study. All rats were maintained above 85% of their ideal body weight for 

age. 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 handling, housing, 

surgical procedures, and behavioral training were approved by The University of Texas at Dallas 

Institutional Animal Care and Use Committee.   

Behavioral Apparatus and Software 

The behavioral apparatus and software were used as previously described38. The 

behavioral chamber consists of a clear acrylic cage (30 cm x 13 cm x 25 cm) with a 1 cm wide 

slot on the right edge of the front wall (MotoTrak Base Cage, Vulintus, Inc., Dallas, TX). The 

slot restricts use to the right forelimb while allowing full range of movement during interaction 

with the device. An aluminum pull handle was centered in the slot at a height of 6 cm from the 

cage floor. The pull handle was mounted on a metal slide which allowed the device to be placed 

at various fixed distances relative to the inside wall of the cage (Pull Behavior Module, Vulintus, 

Inc., Dallas, TX). A force transducer measured the force applied to the pull handle with a 
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resolution of 0.1 grams. Custom MATLAB software was used to control the task. A 

microcontroller sampled the force transducer at a frequency of 100Hz, and the signal was passed 

to the computer for data display, control of behavioral sessions, and data storage for analysis. 

Isometric Pull Behavioral Testing 

Isometric pull behavioral testing was performed as previously described38,39. Continuous 

force transducer data was collected and stored on a trial-by-trial basis for each animal. Trial 

initiation occurred when the animal generated 10 grams of force on the pull handle. Animals 

were required to exceed the pre-determined force threshold within 2 seconds of trial initiation to 

receive a reward pellet and record a successful trial (Fig. 5.1C). If the pull force did not exceed 

the threshold within 2 seconds, the trial was recorded as a failure, and no reward pellet was 

given. Each trial was followed by a 2 second timeout, during which a trial could not be initiated. 

All activity 1 second prior to and 4 seconds following trial initiation was recorded for analysis. 

Reward pellets (45 mg dustless chocolate precision pellet, BioServ, Frenchtown, NJ) were 

delivered from pellet dispensers (Pellet Dispenser, Vulintus Inc., Dallas, TX) upon successful 

completion of a trial.  

Animals underwent two 30-minute behavioral training sessions daily, 5 days per week, 

with at least a 2-hour interval between training periods. During the initial phases of training, the 

pull handle was placed 0.5 inches inside the cage wall, and the reward threshold was set to 10 

grams. An experimenter encouraged animal interaction with the handle using ground pellet dust. 

When the animal began to interact with the handle independently, the handle was retracted 

outside the cage in 0.25 inch increments to a final location of 0.75 inches outside relative to the 

inner cage wall. After that, behavioral testing continued using an adaptive thresholding program.  
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Figure 5.1. Experimental design and methods.  
 

(A) Timeline of experiment. (B) Daily rehabilitative training paradigm. Subjects in the Paired 
VNS and NB- Paired VNS groups received VNS immediately delivered on successful pull 
attempts. Subjects in the Delayed VNS group received VNS in a dummy cage 2 hours following 
cessation of stimulation. (C) Illustration of a rat performing the isometric pull task. (D) Total 
number of stimulations for each experimental group.   
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The adaptive threshold algorithm was used as previously described38. The program used 

the median of the peak pull force of the immediately preceding 10 trials to calculate the current 

trial threshold, with programmable minimum and maximum adaptive threshold bounds. Using 

this algorithm, the threshold was progressively scaled throughout a behavioral session based on 

performance. All animals in this study trained with a reward threshold minimum of 10 grams and 

a maximum of 120 grams (i.e., the success threshold for any trial was never <10 grams or >120 

grams). Success rate in this study was defined as the percentage of trials greater than the 

maximum threshold. Training continued until animals achieved a ≥85% success rate averaged 

across 10 consecutive training sessions. Data from the 10 sessions was used for the “Pre” time 

point in all analyses. At this point, animals underwent the PNI procedure.  

Animals were given 6 weeks of recovery following nerve repair to allow for 

reinnervation, which is similar to previous studies38,40. Following the VNS cuff implant surgery, 

animals were given one complete week of recovery during which they remained in their home 

cage and did not perform the task. Following this recovery period (a total of 6 weeks after PNI), 

behavioral testing continued twice daily for 7 weeks (Fig. 5.1C). Similar to pre-lesion training, 

rehabilitative training utilized a reward threshold minimum of 10 grams and a maximum of 120 

grams. Analyses were split into 1 week epochs, with each weekly time point consisting of 10 

consecutive sessions (2 sessions per day for 5 weekdays).  

Peripheral Nerve Lesions  

Peripheral nerve injuries were performed within one week of reaching proficiency on the 

isometric pull task. Complete transection of the median and ulnar nerve proximal to the elbow 

followed by tubular repair were performed as previously described38. Animals were anesthetized 
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with ketamine hydrochloride (80 mg/kg, i.p.) and xylazine (10 mg/k, i.p.), and given 

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

proximal from the elbow was made, and the median and ulnar nerves were carefully isolated and 

exposed. Each nerve was completely transected 1cm proximal to the elbow. Immediately 

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

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

Braintree Scientific, Inc., Braintree, MA), resulting in a 6mm gap between nerve stumps. The 

skin incision was sutured and treated with antibiotic ointment. All animals were given baytril 

(7.5 mg/kg) immediately following surgery and sustained release buprenorphine (1.2 mg/kg) for 

6 days following injury. All animals were placed in Elizabethan collars for 7 days following 

injury to prevent over-grooming of the denervated limb. Two animals in this displayed 

autophagia in the first two weeks following PNI and were removed from the study. Animals 

were given 5 weeks of recovery before the cortical cholinergic depletion and/or vagus nerve cuff 

implant surgeries were performed. 

Vagus Nerve Cuff Implant and Stimulation Delivery 

 All subjects underwent implantation of a VNS stimulating cuff and head-mounted 

connector five weeks after nerve injury, as previously described31. A four-channel connector was 

attached to four bone screws placed in the skull above the cerebellum and surrounding the 

lambdoid sutures. The left cervical branch of the vagus nerve was exposed after careful blunt 

dissection of muscle and surrounding fascia. A stimulating cuff was placed around the vagus 

nerve and leads from the cuff were tunneled subcutaneously and attached to the connector on top 

of the head. Exposed leads were covered in acrylic and incisions on the head and neck were 
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sutured. While animals were in the behavioral chamber, a cable attached to a commutator to 

allow for rotational movement was plugged in to the headcap for the course of rehabilitation. The 

software monitoring and collecting the data signal from the force transducer provided a trigger 

signal to the isolated pulse stimulator (AM Systems, Isolated Pulse Stimulator, Sequim, WA). 

For subjects in the Paired VNS group, the trigger was sent to the stimulator to administer VNS 

immediately when the pull force crossed the adaptively scaled success threshold (median of 

previous 10 trials; minimum threshold: 10 grams; maximum threshold: 120 grams) (Fig. 5.1B). 

The Delayed VNS group received VNS for one hour in a separate chamber 2 hours following 

behavioral training. Stimulation was triggered every 16 seconds, resulting in a total of 225 

stimulations per day Stimulation consisted of a 500ms train of pulses at 30 Hz, and each biphasic 

pulse was 0.8mA in amplitude and 100µs duration per phase (Fig. 5.1B). Stimulation was 

delivered in the appropriate groups during Weeks 7 to 11 (Fig. 5.1B). No VNS was delivered in 

any group on week 12 to examine effects lasting after the cessation of stimulation (Fig. 5.1A).   

Cortical Cholinergic Depletion 

A subset of animals underwent injections of an immunotoxin to deplete cortical 

acetylcholine prior to receiving VNS therapy. Cholinergic lesions were performed as previously 

described29. A subset of rats (NB-/VNS+, N=5) were anesthetized with ketamine hydrochloride 

(80 mg/kg, i.p.) and xylazine (10 mg/k, i.p.), and given supplemental doses as needed to maintain 

anesthesia levels. Rats were placed in a stereotaxic frame (David Kopf Instruments, Tujunga, 

CA) and burr holes were drilled over the nucleus basalis bilaterally. Rats received injections of 

either conjugated 192-IgG-Saporin (Advanced Targeting Systems, San Diego, CA) to selectively 

lesion cholinergic neurons in the basal forebrain41, or control injections of an untargeted antibody 
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and saporin, which does not enter cells and induce cell death. Toxin or control peptide (0.375 

mg/mL in saline) was injected through a syringe and 32 gauge needle (1.0μL Neuros Model 

7001, Hamilton). Injections were made at the following sites (site 1&2: 0.3 μL, AP: −1.4, ML: 

±2.5, DV: −8.0; sites 3&4: 0.2 μL, AP: −2.6, ML: ±4, DV: −7.0) at a rate of 0.025μL every 15 

seconds. The needle remained in place for 5 minutes following each injection to prevent 

backflow and allow diffusion of the toxin. Following injections, burr holes were filled with 

Kwik-cast Sealant (World Precision Instruments, Sarasota, FL) and then coated with a thin layer 

of acrylic. Animals were then immediately implanted with a vagus nerve stimulating cuff. 

Treatment Group Assignment and Exclusion Criteria 

Rats were dynamically allocated to balanced groups based on Week 6 maximal pull 

forces to receive either rehabilitative training without VNS (Rehab), VNS paired with 

rehabilitative training (Paired VNS), or VNS delivered at least 2 hours after the last rehabilitative 

training session each day (Delayed VNS). VNS was delivered only during Weeks 7-12 and the 5-

week VNS pairings are similar to previous studies33,36,37. Experimenters were blind to the 

treatment group during testing and all behavioral analysis was automated to eliminate bias42.  

Behavioral End Measures 

At the conclusion of behavioral testing, additional behavioral assessments of motor and 

sensory function were performed. All testing was performed within one week of the conclusion 

of behavioral testing (Fig. 5.1A). 

Forepaw Mechanical Sensory Testing 

Somatosensory detection thresholds were assessed in a subset of animals (Rehab, N=11; 

Paired VNS, N=10; Unpaired, N=7; NB-/VNS+, N=1). Testing was performed in an acrylic 
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chamber on a wire mesh floor. Animals were acclimated to the chamber the day before testing 

for 2 hours. On the day of testing, measurements were taken following a 30 minute acclimation 

period. Experimenters were blind to the experimental group of the animal. Forepaw mechanical 

sensitivity was tested on the right and left forepaws using an Electronic Von Frey device (Ugo 

Basile, Dynamic Plantar Aesthesiometer). The actuator filament (0.5mm diameter) was applied 

to the plantar surface of the forepaw, and a linearly increasing force was applied (20s ramp time, 

50g maximal force). The force at which the paw withdrawal occurred was recorded for analysis. 

The left and right paw were alternately tested and with a minimum of 1 minute interval between 

consecutive tests. Trials resulting in paw withdrawal due to spontaneous activity were excluded 

from analysis. 

Cylinder Forelimb Asymmetry Test 

Spontaneous use of the forelimbs during exploratory activity was measured in a subset of 

animals (Rehab, N=9; Paired VNS, N=8; Delayed, N=7) as previously described43,44. Animals 

were placed in a transparent cylinder and allowed to freely explore for three minutes. The 

cylindrical shape encouraged vertical rearing on to the wall of the cylinder. Video was 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 counted. The forepaw 

asymmetry index was then calculated [(contra / (contra + ipsi)) x 100] similar to previous 

studies45. 

Intracortical Microstimulation Procedure 

Intracortical microstimulation mapping was used to document motor cortex movement 

representations on Week 13 in a subset of rats (Rehab, N=11; Paired VNS, N=8; Delayed, N=7). 
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Rats were deeply anesthetized and a cisternal drain was performed to reduce ventricular pressure 

and cortical edema during mapping. A craniotomy was then performed to expose left motor 

cortex. Low impedance tungsten microelectrodes (100 kOhm – 1 MOhm electrode impedance; 

FHC Inc., Bowdin, MD) were inserted to a depth of 1.75 mm from the cortical surface and at an 

interpenetration resolution of 500 µm. Long-duration intracortical microstimulation pulses 

(ICMS) (biphasic ICMS at 333 Hz, 500ms duration, 200 µsec pulse duration, 0 – 200 µA 

current) were delivered in motor cortex as previously described46. Mapping experiments were 

performed with 2 experimenters both blinded to the treatment group of the animal. The first 

experimenter positioned the electrode for ICMS. The second experimenter, blind to the 

experimental group of the animal and electrode position, delivered ICMS and classified 

movements. Stimulating current to evoke a movement was first defined, then the ICMS current 

was increased by 50% to facilitate visual movement classification. Movements were classified 

into the following categories similar to previous studies: vibrissae, neck/jaw, digit flexion, digit 

extension, wrist extension, elbow flexion, shoulder, hindlimb, and trunk. The average cortical 

area (mm2) was calculated for each ICMS evoked movement for each group. Each electrode 

penetration site evoking a movement was counted as 0.25 mm2.  

Pseudorabies Virus Injections and Analysis 

Trans-synaptic tracer injections were performed during Week 13 in a subset of rats 

(Rehab, N=1; Paired VNS, N=1). PRV-152 was a generous gift from the lab of Dr. Lynn Enquist 

and colleagues at Princeton University. Animals were deeply anesthetized and an incision was 

made over the medial face of the radius and ulna of the trained limb to expose the flexor 

digitorum profundus (FDP) and palmaris longus (PL). The FDP and PL are two main extrinsic 
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forelimb grasping muscles, and both muscles receive joint innervation through the median and 

ulnar nerves47. 15 µL of PRV-152 was injected into the belly of each muscle in three separate 

injections of equal volume. The arm was then rotated and the extensor carpi radialis longus 

(ECRL) was identified and exposed. The ECRL receives innervation solely through the radial 

nerve of the forelimb47. 20 µL of PRV-614 was injected in to the belly of the ECRL in four equal 

volume injections. The skin was then sutured with non-absorbable suture, rinsed with saline, and 

treated with antibiotic ointment. PRV-152 used in this study was ~1.5 x 109 plaque-forming units 

(PFU), and the PRV-614 was 9.05 x 109 PFU. Rats were anesthetized with sodium pentobarbital 

(50 mg/kg, i.p.) and transcardially perfused with 4% paraformaldehyde in 0.1 M PBS (pH 7.5) at 

144 hours following injections. The brain, spinal cord, and right forelimb were then removed for 

histology. Tissue was post-fixed overnight and cryoprotected in 30% sucrose.  

The brain, brainstem, and spinal cord (C3 – T4) were individually blocked and frozen at -

80 C in Shandon M1 embedding matrix (Thermo Fisher Scientific; Waltham, MA). Forebrain 

and brainstem blocks were sectioned at 35 µm on a cryostat and immediately slide-mounted. 

Spinal cord blocks were sectioned and slide mounted at 50 µm (C3 - T4). Slides were cover 

slipped then scanned and digitized using the Virtual Slide Microscope VS120 (Olympus, 

manufacturer info). Both PRV-152 (enhanced green fluorescent protein (EGFP) positive) and 

PRV-614 (monomeric red fluorescent protein (mRFP) positive) neuron counts were made on 

every other forebrain and brainstem section (35 µm inter-slice interval), and every third spinal 

cord section (100µm inter-slice interval). Sensorimotor cortical counts were restricted to layer V. 

All experimenters handling and processing the tissue, and cell counting were blinded to the 

treatment group of the animal. Sensorimotor cortex (M1, M2, & S1FL) and red nucleus were 
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defined using standard anatomical references48. Putative spinal motor neurons were located in 

Rexed lamina IX and counted. All counts were normalized within rats to the number of labeled 

putative spinal motor neurons in the lower cervical and upper thoracic spinal cord to control for 

any differences in virus uptake. 

Electron Microscopy Evaluation of Nerve Morphology and Analysis 

In a subset of animals (Rehab N=3; VNS N=3; Delayed N=3) segments of the injured 

nerves proximal and distal to the injury site were removed for histopathological analysis. Under 

anesthesia, the proximal and distal segments of the median and ulnar nerves were identified. 

Animals were then perfused with 200mL PBS followed by 200mL 4% PFA. Segments (5-10mm) 

were then dissected from both proximal and distal segments of the median and ulnar nerves. The 

nerve segments were then fixed in 4% FA and 2.5% glutaraldehyde in 0.1 M Cacodylate buffer 

overnight, then transferred to 2.5% glutaraldehyde in 0.1 M cacodylate buffer. Tissue was cut 

into 1mm3 pieces and fixed with 2.5% (v/v) glutaraldehyde in 0.1M sodium cacodylate buffer. 

Tissue samples were then rinsed in 0.1 M sodium cacodylate buffer and post-fixed in 1% 

osmium tetroxide and 0.8 % Potassium Ferricyanide in 0.1 M sodium cacodylate buffer for three 

hours at room temperature. After three rinses in water, the samples were then block stained with 

4% uranyl acetate in 50% ethanol for two hours. Samples were then dehydrated with increasing 

concentrations of ethanol, transitioned into resin with propylene oxide, infiltrated with Embed-

812 resin and polymerized in a 60°C oven overnight. Blocks were sectioned with a diamond 

knife (Diatome) on a Leica Ultracut 6 ultramicrotome (Leica Microsystems) and collected onto 

copper grids, post stained with 2% aqueous Uranyl acetate and lead citrate. All experimenters 

handling and processing the tissue were blinded to the group of the animal.  
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Images were acquired on a Tecnai G2 spirit transmission electron microscope (FEI) 

equipped with a LaB6 source using a voltage of 120 kV. Images were acquired at seven random 

non-overlapping locations throughout the nerve. All analysis was performed using ImageJ. 

Analysis of number of myelinated fibers, axon area, fiber area, and g-ratio (axon area/fiber area) 

was performed at 2550X magnification. The axon perimeter and myelin perimeter were traced 

and the areas were recorded. The number of axons completely enclosed within the image 

boundaries were then counted and recorded. Within one nerve segment, the average number of 

axons per unit area, average fiber diameter, and average g-ratio were calculated. All imaging and 

analysis was performed blinded to experimental group.  

Quantification of ACh Depletion 

Cholinergic depletion was quantified as previously described29. In the subset of animals 

(N=6) receiving 192-IgG-Saporin lesions, animals were transcardially perfused and forebrains 

harvested as described above. The full extent of motor cortex was sectioned at 40 µm thickness. 

Three sections from motor cortex were randomly selected and stained for acetylcholinesterase 

(AChE) activity using a standard protocol29. Free floating sections underwent multiple washes in 

a Tris-Maleate buffer solution containing 6mg/ml promethazine. Tissue was then incubated in a 

solution containing 10mM sodium citrate, 30mM cupric sulfate, 5.0 mM potassium ferricyanide, 

and 0.5 mg/ml acetylcholine iodide. Tissue was then washed in a Tris-HCl buffer and then 

processed for DAB to intensify labeling. Tissue was then slide mounted, dehydrated, and cover 

slipped.  

Stained tissue was imaged on Virtual Slide Microscope VS120 (Olympus). Analysis of 

cortical cholinergic innervation was performed by counting AChE positive fibers crossing of a 
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grid overlay, as previously described29. A blinded experimenter randomly selected a region of 

layer V of motor cortex from each section, and a 6 x 6 grid (250 µm x 250 µm) was 

superimposed on the area. Intersections between AChE stained fibers and the gridline were 

identified and counted by a blinded experimenter. 

Statistics 

All data are represented as mean ± SEM. All comparisons were planned in the 

experimental design a priori, and significant differences were determined using one-way 

ANOVAs, one-way repeated measures ANOVAs followed by paired t-tests, and two-way 

repeated measures ANOVAs followed by unpaired t-tests where appropriate. Alpha level was set 

to 0.05 for single comparisons. A Bonferroni-corrected alpha for multiple comparisons of 0.0167 

was used (Fig. 5.2A-C, Fig. 5.3A-B, Fig. 5.4C, Fig. 5.5A). Statistical tests for each comparison 

are noted in the text. Differences of p<0.0167 are indicated with an asterisk (*). Error bars 

indicate mean ± SEM in all figures. 

For ICMS experiments, movement area and thresholds were assessed using Two-Way 

ANOVAs. The two factors were group (Rehab, Paired VNS, Delayed VNS, and Sham) and 

movement type with 8 levels (vibrissae, neck/jaw, digit flexion, wrist & digit extension, elbow, 

shoulder, hindlimb, and trunk). Across group differences on movement types were assessed 

using Bonferroni-corrected unpaired t-tests. 

For the PRV tracing experiments, sensorimotor cortex, red nucleus, and spinal motor 

neuron counts were analyzed using unpaired t-tests for each left and right modules. Left 

sensorimotor cortex was divided into rostral forelimb area (RFA) and caudal forelimb area 

(CFA).   
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Results 

Acquisition of Isometric Pull Task 

Rats were trained on the isometric pull task as previously described38,39 (Fig. 5.1A,C). No 

significant differences between groups were observed for maximal pull force (Fig. 5.2A; PRE; 

Maximal Pull Force, Rehab: 161 ± 3 grams; Paired VNS: 154 ± 4 grams; Delayed VNS: 155 ± 3 

grams; One-way ANOVA, F[2,40 = 1.25, p=0.30) or success rate (Fig. 5.2B; PRE; Success Rate, 

Rehab: 89 ± 0.7%; Paired VNS: 86 ± 2.6%; Delayed VNS: 89 ± 1.1%; One-way ANOVA, F[2, 

40] = 1.25, p=0.30). Once proficient, all animals underwent 6 mm transection gap injuries to the 

right median and ulnar nerves proximal to the elbow joint affecting function of the trained 

forelimb.  

Peripheral Nerve Injuries Substantially Reduce Volitional Forelimb Strength 

Six weeks following PNI, rats were assessed for one week and dynamically allocated into 

balanced treatment groups to receive rehabilitative training without VNS (Rehab), rehabilitative 

training with VNS paired with successful trials (Paired VNS), or equivalent rehabilitative 

training with a matched amount of VNS delivered after daily rehabilitative training (Delayed 

VNS).  All groups displayed comparable reductions in volitional forelimb function following 

PNI. Maximal pull force was substantially reduced in all groups compared to pre-lesion 

performance (Fig. 5.2A; Week 6, Rehab: 26 ± 3.7 grams, paired t test vs. PRE, p=2.7 x 10-16; 

Post, Paired VNS: 29 ± 3.2 grams, paired t test vs. PRE, p=1.3 x 10-10; Post, Delayed VNS: 23 ± 

3.3 grams, paired t test vs. PRE, p=7.9 x 10-12). No difference in maximal pull force was 

observed between groups (Fig. 5.2A; Week 6, One-way ANOVA, F[2,40] = 0.58, p=0.56). 

Similarly, all groups exhibited substantial reductions in success rate following injury (Fig. 5.2B; 
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Week 6, Rehab: 0.3 ± 0.18%, paired t test vs. PRE, p=1.2 x 10-27; Paired VNS: 0.08 ± 0.06%, 

paired t test vs. PRE, p=3.7 x 10-13; Delayed VNS: 0.02 ± 0.01%, paired t test vs. PRE, p=1.3 x 

10-15). No difference in success rate between groups was observed (Fig. 5.2B; Week 6, One-way 

ANOVA, F[2,40] = 1.07, p=0.35).  

 
 

Figure 5.2. VNS paired with rehabilitative training improves forelimb function after PNI.  
 
(A) Paired VNS improves maximal pull force, (B) maximal pull speed, and (C) success rate 
compared to rehabilitative training alone or rehabilitative training with Delayed VNS. (D) The 
total number of pull attempts across groups were not different, indicating that the intensity of 
rehabilitation does not account for improved behavioral recovery. Significant differences were 
determined by Two-Way Repeated Measures ANOVA followed by Bonferroni corrected 
unpaired t-tests. Asterisks denote: *p<0.0167, **p<0.003, ***p<3.33x10-4 between the Paired 
VNS and Rehab groups. *p<0.0167, **p<0.003, ***p<3.33x10-4 between the Paired VNS and 
Delayed VNS groups. 

 

Physical rehabilitation is the most effective treatment for improving motor function 

following PNI9,19, therefore we evaluated the effects of seven weeks of training on recovery of 



 

117 

volitional forelimb strength. A repeated measures one-way ANOVA revealed a significant effect 

of time on maximal pull force (Fig. 5.2A; Rehab, One-way Repeated Measures ANOVA, F[6, 

108] = 54.64, p=1.67 x 10-30) and success rate (Fig. 5.2B; Rehab, One-way Repeated Measures 

ANOVA, F[6, 108] = 13.7, p=1.5 x 10-11). However, a substantial impairment persisted during 

all seven weeks compared to pre-lesion levels for both maximal pull force (Fig. 5.2A; Rehab, Pre 

vs. Weeks 6-12, paired t-test, all p<0.01) and success rate (Fig. 5.2A; Rehab, Pre vs. Weeks 6-

12, paired t-test, all p<0.01). These findings suggest that extensive rehabilitative training results 

in modest but incomplete improvements in forelimb function.  

VNS Improves the Beneficial Effects of Rehabilitative Training 

VNS paired with motor training enhances plasticity in relevant motor networks. 

Therefore, we sought to examine whether enhancing plasticity following PNI improves recovery. 

Similar to previous studies31,36,37, brief 500ms trains of VNS were delivered upon successful pull 

attempts during rehabilitative training (Fig. 5.1B). VNS therapy began on Week 7 and concluded 

at the end of Week 11 (Fig. 5.1A), totaling five complete weeks of stimulation.  

Pairing VNS with rehabilitative training substantially enhanced recovery of forelimb function. 

The Paired VNS group exhibited increased maximal pull forces (Fig. 5.2A; Two-way repeated 

measures ANOVA, F[7, 210] = 6.49, p=6.24 x 10-7) compared to rehabilitative training alone. 

Post-hoc comparisons revealed that the Paired VNS group had significantly improved pull forces 

during Weeks 8, & 10-12 (Paired VNS vs. Rehab, Bonferroni corrected unpaired t-test, 

p<0.017). Similarly, VNS therapy improved success rate compared to rehabilitative training 

alone (Fig. 5.2B; Two-way repeated measures ANOVA, F[7, 210] = 9.60, p=2.42 x 10-10), and 

post-hoc tests revealed significant increases during Weeks 10-12 (Paired VNS vs. Rehab, 
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Bonferroni corrected unpaired t-test, p<0.017). VNS also significantly increased force generation 

speed, an independent, unrewarded metric of forelimb strength, during Weeks 9-12 compared to 

rehabilitative training alone (Fig. 5.2C; Two-way repeated measures ANOVA, F[7, 210] = 9.24, 

p=5.94 x 10-10; Bonferroni corrected unpaired t-test, p<0.017 during Weeks 8-12). Taken 

together, these results indicate that VNS paired with rehabilitative training can augment recovery 

after PNI.  

VNS Delivered Unpaired with Rehabilitative Training is Insufficient for Enhanced Recovery 

Enhanced recovery when VNS is paired with rehabilitative training is consistent with the 

hypothesis that VNS supports plasticity to promote recovery after PNI. However, VNS exerts 

influence over a broad range of central and peripheral functions, including autonomic activity49, 

neuroprotection50,51, and reduced inflammation49,52,53. VNS-dependent activation of these 

functions is not dependent upon temporal association of VNS and rehabilitative training, whereas 

enhanced plasticity requires coincident pairing of VNS and training34. Therefore, to determine 

whether VNS improved recovery via a non-specific mechanism, a third group of animals 

(Delayed VNS) underwent equivalent rehabilitative training and received a matched amount of 

VNS delayed 2 hours after daily rehabilitative training sessions (Fig. 5.1B).   

Delayed VNS failed to enhance recovery. A two-way repeated measures ANOVA 

revealed significant reductions compared to the Paired VNS group for maximal pull force (Fig. 

5.2A; Delayed VNS vs. Paired VNS; Two-way repeated measures ANOVA, F[7, 154] = 7.23, 

p=1.74 x 10-7), success rate (Fig. 5.2B; Delayed VNS vs. Paired VNS; Two-way repeated 

measures ANOVA, F[7,154] = 6.97, p=3.27 x 10-7), and pull speed (Fig. 5.2C; Delayed VNS vs. 

Paired VNS; Two-way repeated measures ANOVA, F[7,154] = 12.4, p=1.40 x 10-12). Moreover, 
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no significant differences were detected between the Rehab and Delayed VNS groups for either 

maximal pull force (Fig. 5.2A; Rehab vs. Delayed VNS; Two-way repeated measures ANOVA, 

F[7, 196] = 0.49, p=0.84), success rate (Fig. 5.2B; Rehab vs. Delayed VNS; Two-way repeated 

measures ANOVA, F[7, 196] = 0.36, p=0.92), or pull speed (Fig. 5.2C; Rehab vs. Delayed VNS; 

Two-way repeated measures ANOVA, F[7, 196] = 0.83, p=0.56), suggesting that Delayed VNS 

fails to improve recovery beyond the benefits of rehabilitative training. These results 

demonstrate that VNS must be paired with rehabilitative training to yield improved recovery and 

are consistent with the notion that VNS enhances plasticity to support recovery. 

VNS Improves Sensorimotor Function 

The median and ulnar nerves relay motor and sensory information between the periphery 

and the CNS. As such, one of the most disabling aspects of nerve injuries affecting the hand is 

long-term loss of sensory function8,9,54. We sought to determine if VNS therapy improved 

sensory function in combination with the motor recovery observed above. During Week 13 post-

injury and following the conclusion of therapy, mechanical sensation and spontaneous activity of 

the forelimb during exploration were assessed.  

Sensory thresholds to mechanical stimuli in the injured paw are increased following nerve 

transection and rehabilitative training (Fig. 5.3A; Rehab: Left paw vs. Right Paw threshold, 

unpaired t-test, p=0.001). VNS therapy significantly improved sensory detection in the injured 

paw (Fig. 5.3A; One-way ANOVA, F[2, 24] = 6.74, p=0.005). Post-hoc tests reveal significant 

reductions in the Paired VNS group compared to both the Rehab (Fig. 5.3A; Bonferroni 

corrected unpaired t-test, p=0.009) and the Delayed VNS groups (Fig. 5.3A; Bonferroni 

corrected unpaired t-test, p=0.003). No differences were observed between Rehab and Delayed 
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VNS subjects, suggesting that Delayed VNS did not improve forepaw sensory function (Fig. 

5.3A; Bonferroni corrected unpaired t-test, p=0.33). As expected, sensory thresholds in the 

uninjured paw were not affected (Fig. 5.3A; One-way ANOVA, F[2, 24] = 0.96, p=0.40). These 

results suggest that VNS paired with rehabilitation can improve mechanical sensation in the 

forelimb following PNI.  

 

 
Figure 5.3. VNS paired with rehabilitative training improves mechanical sensation and gross 

sensorimotor function.  
 

(A) Paired VNS improves forepaw mechanical sensation compared to rehabilitative training 
without VNS (Rehab) or rehabilitative training with Delayed VNS. (B) Paired VNS improves 
gross sensorimotor function compared to Rehab and Delayed VNS. Significant differences were 
determined by One-Way ANOVAs followed by Bonferroni corrected unpaired t-tests. Asterisks 
denote: *p<0.0167, **p<0.003, ***p<3.33x10-4. 



 

121 

 Spontaneous forelimb use during exploration was assessed on the cylinder test. As 

expected, PNI resulted in increased forelimb asymmetry, consistent with an increased preference 

of the unimpaired forelimb (Fig. 5.3B; Rehab vs. Sham; unpaired t-test, p=0.001). A one-way 

ANOVA indicated a significant effect of group on forelimb asymmetry index (Fig. 5.3B; One-

way ANOVA, p=0.016). Post-hoc tests revealed a restoration of symmetrical forelimb use in the 

VNS group compared to both Rehab (Fig. 5.3B; Bonferroni corrected unpaired t-test, p=0.0135) 

and the Delayed VNS (Fig. 5.3B; Bonferroni corrected unpaired t-test, p=0.0158) groups, 

suggesting that VNS therapy improves general sensorimotor function. These results indicate that 

the functional improvements of VNS therapy generalize to an untrained sensorimotor task.   

VNS Facilitates Plasticity in Motor Networks 

Enhanced behavioral recovery is consistent with our hypothesis that VNS paired with 

rehabilitation facilitates beneficial plasticity in paired and active neural networks. To directly 

investigate the role of plasticity in recovery, we performed additional assessments of functional 

and anatomical connectivity in motor networks.  

Intracortical microstimulation of motor cortex was performed to assess functional 

connectivity of cortical motor networks to the affected forelimb musculature. The median and 

ulnar nerve innervate digit musculature that are critical for grasping47,55 (Fig. 5.4B). As expected, 

PNI reduced the representation of grasping in motor cortex (Fig. 5.4A & 5.4C; Sham vs Rehab, 

unpaired t-test, p=0.0016). Adding VNS paired with rehabilitation doubled the representation of 

grasping movements in motor cortex (Fig. 5.4A & 5.4C; Rehab vs. Paired VNS, unpaired t-test, 

p=0.032). Delayed VNS failed to increase grasp representations in cortex (Fig. 5.4A & 5.4C; 

Delayed VNS vs. Paired VNS, unpaired t-test, p=0.015), demonstrating that temporal pairing of 
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VNS with rehabilitative training is required for the plasticity enhancing effects of VNS. The 

uninjured radial nerve innervates forelimb musculature controlling wrist and digit extension47 

(Fig. 5.4B). As previously described, denervation of the median and ulnar nerves resulted in an 

expansion of radial nerve controlled movement representations in the cortex (Fig. 5.4A & 5.4C; 

Sham vs. Rehab, unpaired t-test, p=0.001). VNS paired with rehabilitative training normalized 

this aberrant expansion (Fig. 5.4A & 5.4C; Rehab vs. Paired VNS, unpaired t-test, p=0.006). 

Delayed VNS failed to reduce abnormal expansion of the radial nerve representation (Fig. 5.4A 

& 5.4C; Delayed VNS vs. Paired VNS, unpaired t-test, p=0.014). This result suggests that VNS 

has potential to alter cortical motor maps, and these changes are associated with enhanced 

recovery. 

To confirm VNS-dependent enhancement of plasticity in motor cortex, we assessed 

anatomical connectivity to musculature controlled by lesioned and intact nerves. Additionally, 

we evaluated VNS-dependent plasticity in motor networks in red nucleus and spinal cord. PRV-

152 was injected in to the extrinsic grasp musculature innervated by the median and ulnar nerves, 

and PRV-614 was injected in to the wrist extensor of the affected limb, innervated by the radial 

nerve (Fig. 5.5A). Combining VNS with rehabilitative training doubled the number of GFP-

positive cells in both left and right sensorimotor cortex (Fig. 5.5B-C). Furthermore, Paired VNS 

subjects also demonstrated increased RFP-positive cell counts in both left and right sensorimotor 

cortex (Fig. 5.5D-E). These preliminary results demonstrate that VNS paired with rehabilitative 

training enhances synaptic connectivity of descending motor networks. 
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Figure 5.4. VNS paired with rehabilitative training alters cortical motor maps.  
 

(A) Representative motor maps obtained from each experimental group. (B) Illustration of the 
innervation patterns of the musculature involved with the complex movements evoked through 
cortical ICMS mapping. (C) Paired VNS doubles the percentage of ICMS sites in motor cortex 
evoking grasp movements and substantially reduces the percentage of ICMS sites evoking wrist 
and digit extension. Significant differences were determined by One-Way ANOVAs followed by 
Bonferroni corrected unpaired t-tests. Asterisks denote: *p<0.0167, **p<0.003, ***p<3.33x10-4. 
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Figure 5.5. VNS paired with rehabilitative training enhances anatomical connectivity of motor 
networks.  

 
(A) Illustration depicting the PRV injection scheme. (B) Cell counts of GFP-positive pyramidal 
neurons in left sensorimotor cortex, and (C) right sensorimotor cortex. (D) RFP-positive 
pyramidal cell counts in left sensorimotor cortex and (E) right sensorimotor cortex. 
 

VNS Therapy Does Not Alter Morphology of Regenerated Axons 

 The above evidence supports the hypothesis that VNS therapy enhances plasticity in 

motor networks that is associated with improved recovery following PNI. However, the 

behavioral improvements observed and the alterations in motor map changes could be attributed 

to improvements in peripheral nerve regeneration and connectivity due to VNS. Therefore we 

sought to determine if VNS therapy improved nerve regeneration by examining morphological 

structure of the injured nerves. Preliminary results indicate no change in axon area (Fig. 5.6A), 

fiber area (Fig. 5.6B), number of myelinated axons (Fig. 5.6C), or g-ratio (Fig. 5.6D) across 
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groups in the regenerated median nerve distal to the nerve injury site. These results demonstrate 

that VNS is not exerting a significant measurable effect on nerve regeneration.  

 
 
 

Figure 5.6. VNS did not alter nerve morphology in regenerated nerves.  
 
(A) No change was detected in the distal segment of the regenerated median nerve in axon area, 
(B) fiber area, (C) myelinated axon density, or (D) g-ratio. (E) Representative images used for 
analysis from proximal and distal segments relative to the nerve injury for each experimental 
group.   
 
Lesions of Cortical Cholinergic Projections Suppress VNS-mediated Plasticity and Recovery 

VNS increases plasticity in motor networks in the absence of changes in peripheral nerve 

morphology. However, it was unclear whether enhanced plasticity directly supported recovery. 

Injection of the immunotoxin 192-IgG-Saproin in to the Nucleus Basalis (NB) lesions cortically 

projecting cholinergic neurons and blocks training-dependent motor cortex plasticity56–58. 

Furthermore, a previous study demonstrates that 192-IgG-Saproin lesions occlude the plasticity-

enhancing effects of VNS29. Therefore, to assess a causal link between VNS-dependent 

enhancement of plasticity and recovery after PNI, we evaluated whether lesions of the NB and 



 

126 

subsequent blocking of cortical plasticity would occlude the benefits of VNS therapy. Nucleus 

Basalis (NB) lesions prevented the improved behavioral recovery observed in the VNS therapy 

treated subjects (Fig. 5.7A). NB- Paired VNS animals received a comparable number of VNS 

stimulations (Fig. 5.1D) and performed a similar number of trials during rehabilitative training, 

indicating that stimulation or trial counts do not account for the reduction in recovery. NB- 

Paired VNS subjects did not display improved recovery of forepaw sensory function (Fig. 5.7B). 

Furthermore, NB- Paired VNS subjects did not display increased cortical representations of 

grasp or decreased representations of wrist and digit extension, suggesting that the enhancing 

effects of VNS were blocked by NB lesions (Fig. 5.7C & 5.7D). These results suggest that 

cortical plasticity is necessary for the VNS-dependent enhancement of recovery following PNI.  

 
 

Figure 5.7. Immunolesions of the nucleus basalis (NB) occlude VNS-enhanced plasticity and 
recovery.  

 
(A) Subjects in the NB- Paired VNS group did not display improved recovery on the isometric 
pull task or (B) improved sensory thresholds. (C) NB lesions blocked the motor map plasticity 
enhancing effects observed in Paired VNS subjects, (D) with substantial reductions in grasp 
representations, and increases in wrist/digit extension and elbow flexion. 
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Discussion 

The results from this study demonstrate that central plasticity directly supports recovery 

following PNI. Here we utilized VNS paired with rehabilitative training to drive targeted 

neuroplasticity. Subjects receiving VNS therapy displayed significantly improved forelimb 

strength, forepaw mechanosensation, and gross sensorimotor function compared to subjects 

receiving a matched amount of rehabilitative training without VNS. Furthermore, delivering 

VNS unpaired with training blocked the enhanced plasticity and recovery observed with VNS 

pairing. Physiological and anatomical investigations reveal increased functional synaptic 

connectivity in descending motor networks. Enhanced plasticity and recovery were observed one 

week following the cessation of VNS, demonstrating that the plasticity-enhancing effects were 

long-lasting. Additionally, no VNS-dependent anatomical changes were observed in the injured 

peripheral nerves indicating that this VNS delivery paradigm did not exert a considerable benefit 

on nerve health. Disruption of cortical cholinergic signaling reduced cortical plasticity and 

blocked the enhanced recovery observed in VNS therapy treated subjects. These results 

demonstrate that techniques to direct neuroplasticity hold promise for improving recovery 

following PNI. 

Following transection injuries, microsurgical repair is the critical first step in providing 

an environment to maximize reinnervation and restore function. However, it is believed that 

refinement of surgical repair techniques have hit a plateau10. Despite the quality, surgical repair 

is often unable to overcome the aberrant axon regeneration that occurs following repair. 

Endoneurial tubes that act as guidance structures for regenerating axons to target end-organs are 

disrupted during nerve transection, and regenerating axon sprouts often enter wrong or multiple 
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tubes. Motor and sensory axons aberrantly reinnervate targets that do not match their original 

function or location40,59. The resulting disorganized innervation patterns of the affected limb 

leads to uncoordinated and clumsy function, and thus injuries affecting the hand can be 

devastating10. Recently, many promising strategies to improve neuronal survival60,61, 

regeneration speed62,63, and innervation accuracy64,6565 have been demonstrated in experimental 

models. Despite these advancements, the complexity of coordinating skilled hand use present a 

formidable challenge for CNS circuitry to reorganize and restore useful function25. 

Recent evidence has implicated the role of CNS plasticity in functional recovery 

following PNI9,10. Children, in contrast to adults, usually present excellent functional recovery 

despite a similar degree of misdirection22. Furthermore, somatosensory cortical maps of the hand 

renormalize to a pre-injury state in younger individuals, an effect not observed in adults1,22. 

These studies propose that heightened plasticity in children allows for greater reorganization and 

thus greater recovery, and the adult brain lacks sufficient plasticity for substantial recovery9,21,66. 

Moreover, cognitive capacity predicts recovery of hand function67,68, further indicating 

involvement of central processes in recovery. Physical rehabilitation facilitates plasticity of 

trained networks, and rehabilitative training-directed plasticity is believed to be a substrate 

underlying the benefits of rehabilitation1. These lines of evidence have sparked an emerging 

emphasis on the development of neuroplasticity-enhancing techniques. A few recent studies have 

demonstrated the power of plasticity-enhancing techniques in recovery in rodent models of 

PNI40. A multimodal approach involving integration of innervation-enhancing and plasticity-

enhancing techniques provide a unique and promising approach to improving dysfunction 

following PNI. 
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Vagus nerve stimulation (VNS) has recently emerged as an effective method of driving 

specific neuroplasticity. VNS engages plasticity-enhancing neuromodulatory networks26,27 that 

are believed to underlie the activity-dependent plasticity enhancing effects. Temporally pairing 

VNS with behavioral experience results in robust and long-lasting plasticity of paired 

networks28,69. Stimulation of the left cervical vagus nerve drives activity in the locus coeruleus 

(LC)70, resulting in increased cortical levels of the plasticity regulating neuromodulator 

norepinephrine71. Lesions of the locus coeruleus block the seizure attenuating effects of VNS, 

demonstrating that proper noradrenergic signaling is essential for the benefits of VNS72. 

Moreover, the presence of an intact cholinergic system is required for the plasticity enhancing 

effects of VNS29, suggesting involvement of acetylcholine. VNS also increases levels of brain 

derived neurotrophic factor (BDNF)50, which in conjunction with norepinephrine and 

acetylcholine provide a clear rationale for the plasticity enhancing effects of VNS. Repeatedly 

pairing VNS with specific auditory experience changes response properties of auditory cortical 

networks69,73. In the motor system, delivering VNS in conjunction with forelimb training results 

in increased motor map representation of the paired movement28,29. These findings demonstrate 

that VNS can induce robust experience-dependent plasticity in motor and sensory systems. 

While the precise mechanisms underlying VNS-dependent enhanced plasticity are currently 

unclear, these lines of evidence support VNS as an effective method for enhancing plasticity in 

motor and sensory networks.  

Aberrant axonal reinnervation patterns following nerve transection result in highly 

disorganized cortical maps14,16,74. In motor cortex, movement representations mediated by 

musculature affected by nerve injury are reduced, and the spared movement representations are 
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expanded75–79. Here we extend these findings by demonstrating that following median and ulnar 

nerve injuries and rehabilitative training, the cortical motor map exhibits reductions in grasping 

representations (median and ulnar nerves) and expansions in digit and wrist extension (radial 

nerve). Previous studies have shown in healthy animals that VNS paired with motor training 

drives robust cortical expansions in the VNS-paired movement representations. Consistent with 

those findings, subjects receiving VNS paired with rehabilitative training exhibited increased 

cortical representations of grasping. This demonstrates that VNS facilitates plasticity in motor 

networks of the rehabilitated movement and suggests that plasticity in the expanded motor 

networks underlies recovery. Training-dependent expansion of movement representations in the 

motor map have been shown to consequently reduce the area of untrained representations80,81. In 

the auditory system, pairing VNS with high frequency tones expands the area of primary 

auditory cortex responding to high frequency tones while reducing the area responding to low 

frequency tones69. Similarly in the motor system, pairing VNS with training of proximal 

musculature expands proximal representations while reducing distal representations28. Subjects 

receiving VNS paired with rehabilitative training exhibited reductions of digit and wrist 

extension. Compared to rehabilitative training without VNS, motor maps from Paired VNS 

subjects were more similar to sham subjects, suggesting that VNS facilitates renormalization of 

motor networks. Furthermore, the motor map alterations observed in Paired VNS subjects was 

not observed in the Delayed VNS group. This provides the first direct evidence that the 

plasticity-enhancing effects of VNS are dependent on the temporal delivery of VNS during 

rehabilitative training. In summary, these results demonstrate that VNS paired with rehabilitative 
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training directs cortical plasticity of descending motor networks that likely underlies enhanced 

recovery.  

The loss of precision grip is one of the most disabling symptoms of PNI82. The 

development of therapeutic interventions to improve recovery of arm and hand strength can 

reduce post-injury disability and substantially improve quality of life. VNS paired with 

rehabilitation is an emerging neurotherapeutic for treating motor dysfunction following 

neurological injury30. VNS is FDA-approved and currently used in 75,000 patients for the 

treatment of refractory epilepsy and depression83,84. The amount of VNS delivered in this 

stimulating paradigm is less than 1% of that currently FDA, and an initial clinical trial in stroke 

patients indicates minimal stimulation side effects85,86. VNS is effective in treating motor 

dysfunction in animal models of stroke31,35, traumatic brain injury37, and spinal cord injury. A 

recent pilot clinical study in chronic stroke patients demonstrates that VNS paired with 

rehabilitation is safe, tolerable, and effective in improving upper-limb function, providing 

preliminary evidence of the translational efficacy of VNS86. Physical rehabilitation is the gold-

standard treatment for motor dysfunction following PNI19, and VNS can potentially be utilized in 

conjunction with pre-existing rehabilitative paradigms. Here we demonstrate that task-oriented 

rehabilitation resulted in minor recovery of forelimb strength, consistent with chronic motor 

dysfunction observed in patients. Pairing VNS with an equivalent amount of rehabilitative 

training more than doubled recovery of forelimb strength, success rate, and speed of force 

generation. This study extends the viability of VNS to treat motor dysfunction to injuries outside 

of the central nervous system.  
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VNS exerts a broad range of effects throughout the body49, including neuroprotection87, 

neurogenesis88, and activation of the cholinergic anti-inflammatory pathway89,90. Unlike VNS-

dependent enhanced plasticity, these non-plasticity related functions do not require coincident 

activation of VNS with rehabilitative training. Inflammatory processes are deeply involved in 

peripheral nerve regeneration and subsequent recovery91. Therefore, we sought to determine if 

VNS was exerting any non-plasticity effects that could explain the enhanced recovery in Paired 

VNS subjects. Delivering VNS 2 hours following the conclusion of rehabilitative training did not 

result in enhanced recovery. Furthermore, anatomical investigation of the injured nerves did not 

reveal an effect of VNS on nerve morphology. Although no functional assessment across the 

nerve site was performed, it is unlikely that functional changes occurred without any detectable 

anatomical change. These results corroborate previous studies indicating that VNS requires 

precise temporal pairing for improved recovery31,34, and suggest that VNS does not exert 

considerable secondary effects on nerve regeneration. Taken together, the improved recovery 

observed in the paired VNS subjects is likely due to neuroplasticity in central motor networks.  

In addition to motor dysfunction, impairment in sensation arises from damage to mixed 

nerves. Perceived sensation involves complex processing systems in the CNS to interpret sensory 

inflow92. The glabrous surface of the hand contains particularly dense innervation of sensory 

receptors, and nerve injuries affecting the hand can be devastating93. Loss of tactile sensation 

significantly contributes to post-injury disability after PNI9,10. Plasticity in somatosensory cortex 

has been linked to recovery of sensory function10,22. The plasticity-enhancing effects of VNS 

have been extensively demonstrated in the auditory cortex69,73, indicating that VNS-dependent 

modulation of cortical networks is not restricted to motor networks. Although not directly 
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rehabilitated, the sensory systems are engaged during rehabilitative training and therefore may 

demonstrate plasticity. Indeed, VNS paired with rehabilitation improved sensory detection 

thresholds in a chronic stroke patient. These evidence support the notion that VNS is likely 

exerting plasticity-enhancing effects on sensory circuitry. Therefore, we performed sensory 

testing of mechanical force applied to the paw following the conclusion of rehabilitative training. 

VNS paired with rehabilitation improved sensory thresholds to mechanical stimuli. Furthermore, 

VNS paired with rehabilitative training improved sensory function compared to Delayed VNS, 

providing a compelling link to plasticity-enhancing mechanisms. These preliminary results 

indicate that VNS enhances mechanical sensation of the rehabilitated limb, and neuroplasticity of 

somatosensory receptive fields is a plausible explanation. Further studies are needed to explore 

the role of plasticity in somatosensory cortex following VNS therapy and investigate if VNS 

delivered during sensory retraining can directly target sensory networks and facilitate recovery. 

The recent case study detailing sensory improvements in a chronic stroke patient demonstrates 

that VNS paired with sensory retraining can further facilitate improvements in sensory function 

compared to VNS paired with physical therapy.  

Here we assess the role of central plasticity in recovery by enhancing or suppressing 

plasticity. We demonstrate that enhancement of plasticity using VNS paired with rehabilitative 

training improved recovery. Furthermore, suppression of cortical plasticity by disrupting 

cholinergic transmission blocked VNS-enhanced recovery. These results implicate the role of 

cortical plasticity in recovery following PNI. In summary, plasticity based therapies for PNI hold 

potential for treating a broad range of post-injury dysfunction, which may yield improved 

outcomes in patients.  
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CHAPTER 6 

CONCLUSIONS 

Several million people each year are affected by stroke or peripheral nerve injuries1–5. 

There is a substantial unmet clinical need for therapies to improve quality of life in these 

patients. In this dissertation I have demonstrated that vagus nerve stimulation (VNS) paired with 

rehabilitation enhances beneficial plasticity and improves recovery following stroke and 

peripheral nerve injury. VNS paired with rehabilitation, or targeted plasticity therapy, has 

emerged as a promising therapeutic intervention for the treatment of motor and sensory 

dysfunction following various forms of neurological injury6–9. A recent pilot clinical trial 

demonstrates that VNS therapy is safe, feasible, and effective for treating motor dysfunction 

following stroke10. Chapter 4 details the considerable translational potential of VNS to treat 

stroke dysfunction by demonstrating that the motor benefits generalize to untrained tasks, that 

VNS improves clinically difficult to rehabilitate movements, and that VNS benefits are long-

lasting. Furthermore, this was the first direct demonstration that VNS enhances plasticity in 

descending motor networks that likely supports functional recovery following stroke. In Chapter 

6 of this dissertation we demonstrate that the concept of enhancing plasticity to treat injuries in 

the central nervous system (CNS) can be applied to injuries in the periphery. We demonstrate 

that VNS enhances neuroplasticity in trained motor networks and improves both motor and 

sensory recovery after peripheral nerve injury (PNI). Moreover, this study reveals the role of 

central plasticity in recovery following PNI, and indicates that techniques targeting cortical 

plasticity hold promise for treating dysfunction. 
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Preclinical models are essential first steps in understanding the pathophysiology of 

neurological injury and disease, and critical in the development of therapeutic interventions to 

treat dysfunction11. In Chapter 2 of this dissertation I describe the development of a novel, 

automated method of quantitatively measuring forelimb supination function in the rat. We 

demonstrate that the supination task is an effective method of measuring chronic reductions in 

forelimb supination for up to 6 weeks following stroke. These impairments are maintained 

despite intensive daily rehabilitative training12,13. The developed system provides researchers 

with automated assessments of volitional forelimb supination, potentially reducing experimenter 

bias and accelerating preclinical studies. In addition to the work presented in this dissertation, 

this task was designed in collaboration with Dr. Jason Carmel’s lab and specifically Dr. Anil 

Sindhurakar at the Burke Rehabilitation Institute in White Plains, New York. They recently 

published a study utilizing the supination task and demonstrate that injuries to the corticospinal 

tract (CST) results in specific loss of forelimb supination function13, a common consequence of 

CST injury that is also observed in humans14–18. Furthermore, they performed a within-subject 

comparison with the single pellet retrieval task (SPRT), the current “gold-standard” assessment 

of rat forelimb motor function. They demonstrate that the supination task provides a more 

sensitive measure of supination impairment compared to SPRT. In addition to our Burke 

collaborators, multiple other labs throughout the United States are currently using the task both 

in rat and mouse models. In summary, the supination task provides researchers with a novel, 

efficient tool of modeling complex forelimb function in the rodent, potentially reducing the time 

and cost of running experiments. 
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Chapter 3: Enhancing Plasticity and Generalization Following Stroke 

Chapter 3 of this dissertation discusses the translational potential of VNS for improving 

motor dysfunction following stroke. Previous studies from our lab have demonstrated that VNS 

paired with rehabilitation enhances functional recovery in animal models of ischemic stroke7,19–

22. These previous studies have demonstrated functional improvements tested on the VNS-paired 

rehabilitated task and have not investigated how the benefits transfer to alternate behavioral 

assessments. Furthermore, the previous work has not tested the longevity of functional 

improvements beyond one week following the cessation of VNS. The mechanisms underlying 

VNS-enhanced recovery were believed to be dependent on enhanced plasticity in motor 

networks. However, no evidence of enhanced plasticity in VNS-treated subjects following stroke 

have been identified19. Chapter 3 from this dissertation extends the previous stroke work by 

providing four novel findings discussed in the following sections.  

VNS Enhances Recovery of Forelimb Rotary Function 

First, we demonstrate that VNS is capable of enhancing recovery on the supination task 

that was developed in Chapter 2. The previous preclinical studies demonstrating VNS-enhanced 

recovery following ischemic stroke have demonstrated improvements in forelimb strength and 

speed20,21. Supination is a movement that demonstrates minimal recovery in both humans15,18,23 

and rodents24–26. Animals receiving rehabilitative training exhibited slight recovery of function, 

as demonstrated again in Chapter 4. Combining VNS with rehabilitative training more than 

doubled recovery. These results indicate that VNS enhances movements that are difficult to 

rehabilitate, and suggests that pairing VNS with a range of exercises incorporating complex 

rotational movements may prove beneficial. 
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The Benefits of VNS Generalize to Untrained Tasks 

Next, we demonstrate that the benefits of VNS generalize from the supination task to an 

untrained task emphasizing volitional forelimb strength. Generalization across tasks is poorly 

characterized, and studies demonstrate generalization to untrained tasks with mixed results27–33. 

The findings that VNS-benefits generalize presented in this dissertation are important for the 

translation of VNS to the clinic. Generalization of recovery suggests that (1) VNS-enhanced 

recovery is not restricted to the paired movement and does not interfere with the ability to 

perform untrained tasks; (2) the functional benefits of VNS transfer to untrained tasks and do not 

require continued stimulation; (3) the recovery exhibited by VNS animals is likely true recovery 

and not the development of compensatory strategies. Based on the previous mapping studies 

from our lab indicating that VNS promotes movement specific cortical expansion34,35, we were 

unsure how the VNS-mediated benefits would transfer to an untrained task involving distinctly 

different muscle synergies. It is plausible that the cortical expansion of VNS-paired movements 

might come at the expense of the performance of the untrained movement that is reduced in 

cortical area. However, VNS did not impair performance on the pull task, suggesting that this 

does not occur at least for the two tasks involving the distal forelimb tested here. The degree of 

generalization is unclear and we do not expect that VNS-mediated recovery would transfer to 

particularly dissimilar task, such as the ability to skillfully run across a horizontal ladder or 

locomotion. VNS subjects performed substantially better on the pull task despite not receiving 

any VNS during pull training. This indicates robust changes in motor networks contributing to 

general improvement in fine motor control. The development of compensatory strategies versus 

true recovery of function is difficult to assess in pre-clinical models11,36. However, the transfer of 
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benefit to an untrained task that utilizes different forelimb strategies would be unlikely to benefit 

from compensatory strategies developed on the supination task. While we did not directly 

distinguish true recovery versus compensation, which requires costly and time-consuming 

kinematic analyses11,37–39, the generalized recovery of forelimb function indicates true recovery. 

Lastly, it remains unclear whether the benefits of VNS would have transferred from pull training 

to supination training. Future studies are needed to investigate the extent and degree of 

generalization across various types and difficulties of motor assessments.  

The Benefits of VNS are Long-lasting 

Third, we demonstrate that the benefits of VNS are long-lasting and maintained despite 

extensive training on a separate forelimb task. Previous studies demonstrating the effectiveness 

of VNS to enhance motor function have only tested the time-course of VNS benefits for one 

week following the cessation of stimulation. Here we show that the benefits of VNS last for up to 

seven weeks. These results have important implications for the clinic as they indicate that 

recovery is maintained if some degree of motor function of the hand is maintained. It is unclear if 

the continued training was responsible for the maintained benefit or if it would have be sustained 

without any training during the seven weeks. A similar study being performed now has shown 

that the VNS-mediated improvements in function following spinal cord injury are lost after 4 

weeks of no training. The two injury models mechanistically different, but this suggests that 

continued training on the pull task described in this dissertation might have played a role in the 

maintained recovery. A follow-up study could be performed to investigate the amount and 

difficulty of rehabilitative training required for maintained recovery. 
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Plasticity in Paired Pathways Contributes to Recovery Following Stroke 

Finally, we demonstrate that VNS promotes increased plasticity in motor networks 

specific to the rehabilitated movement. While previous studies have hypothesized that VNS-

mediated plasticity is a plausible explanation for increased performance following stroke, no 

studies have confirmed this hypothesis. A previous study in our lab failed to detect large-scale 

changes in expression of MAP-219, a structural protein associated with plasticity. This protein is 

upregulated following stroke in intact tissue40, suggesting involvement in regulating plasticity 

and subsequent recovery following stroke. However, previous studies have shown that robust 

changes in motor networks occur in a subset of neurons specific to the trained movement41–44. In 

these studies, structural and physiological changes following training on a pellet reaching task 

were restricted to C8 projecting CST neurons controlling the distal musculature, and not 

observed in C4 projecting CST neurons controlling proximal musculature. Furthermore, the 

separate networks involved in forelimb control are interleaved throughout the motor cortex44. 

This suggests that the lack of MAP-2 changes with VNS may have been washed out by large-

scale non-specific sampling.  

Here we demonstrate that using a retrograde transneuronal tracer injected into the digit 

flexors of the trained forelimb resulted in enhanced cortical labeling in subjects receiving VNS 

therapy (Fig. 6.1). The exact anatomical location of plasticity is unclear due to the polysynaptic 

feature of the tracer. However, cortical labeling was restricted to layer 5 pyramidal cells, 

therefore we expect that this labeling is largely mediated through the corticospinal tract (CST). 

The CST pathway involves the fewest synaptic connections to alpha motoneurons45. The labeling 

in the cortex likely represents the first “wave” of viral transmission in to the cortex. PRV takes 
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about 10 hours to replicate in the cell and package for transport. The transport time in hours of 

PRV can be estimated by the following formula: T = (10)(#S) + (Tr)/3600, where T=transport 

time in hours, #S=estimated number of synapses to be crossed, and Tr=transport distance over 

dendrites and axons in microns46. Therefore, based on the viral transport dynamics within 

neurons and the restricted trans-synaptic transmission, it is likely that the fewest synaptic 

pathways largely contribute to the cortical labeling observed. If the virus was to continue to the 

second-order cortical synaptic connections, then labeling would likely be observed in Layer 2/3 

as these form dense synaptic connections with layer 5 pyramidal cells47. Corticofugal motor 

pathways other than the CST involve extra synaptic connections from cortex to alpha 

motoneurons. PRV is transferred across synapses irrespective of neurotransmitter phenotype or 

synapse strength46. The increased labeling observed in the VNS therapy treated animals likely 

represents the formation of new synapses of CST projections in the spinal cord. 

Although the cortical labeling likely results from modifications of CST pathways, other 

pathways are likely involved. Recent unpublished work from our lab in multiple models of spinal 

cord injury demonstrates that VNS promotes plasticity in the pathways that are spared by the 

injury. In the stroke model presented above, the subcortical pathways are largely intact, including 

the rubrospinal and reticulospinal, two additional motor pathways45. Although the PRV data 

from the nuclei of these pathways are not presented in this dissertation, we are in the process of 

analyzing those nuclei to examine alterations with VNS. We expect to see alterations in these 

pathways due to the plasticity-enhancing properties of VNS. Additionally, plasticity in the spinal 

cord may be involved in recovery. The locus coeruleus is involved with the effects of VNS and 

supplies noradrenergic innervation to the spinal cord48. As described in the introduction of this 
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dissertation, norepinephrine plays a crucial role in the expression of plasticity and is a likely 

molecular candidate for the plasticity enhancing effects of VNS. Therefore, it is possible that 

VNS is facilitating noradrenergic release in the spinal cord and enhancing plasticity in spinal 

circuits. The PRV labeled spinal cords are currently being analyzed and not included in this 

dissertation. Future studies to fully dissect the location of anatomical plasticity can utilize PRV 

in conjunction with dye tracers such as biotinylated dextra amine (BDA). This dye has been used 

extensively to study corticospinal projecting neurons to motor centers of the spinal cord to 

observe CST sprouting49. Anterograde BDA tracing could be paired with retrograde PRV tracing 

to further examine corticospinal plasticity following VNS therapy.  

In addition to examining alterations in forelimb circuitry of the rehabilitated limb, PRV-

614 was injected into the digit flexors of the left (untrained) forelimb. Dual viral transneuronal 

labeling with these two viruses has been demonstrated to be effective in labeling of distinct 

neural circuitry46,50. PRV-614 was developed for dual tracing experiments combined with PRV-

152. PRV-614 is isogenic to PRV-152 except for the reporter protein (monomeric red fluorescent 

protein mRFP). The novel mRFP has minimal emission when excited at wavelengths optimal for 

EGFP and does not generate a green intermediate50. In this dissertation, subjects receiving VNS 

therapy exhibited increased cortical layer 5 labeling of RFP labeled cells. This result indicates 

reorganization of motor circuits controlling the left (untrained) forelimb. This was slightly 

surprising as previous ICMS studies indicate that in healthy animals, VNS pairing specifically 

increased the cortical representation of the paired movement34. The mapping studies were limited 

to the left motor cortex and only right forelimb movements were recorded. Expansion of the left 

(untrained) forelimb may have been observed if left limb movements were measured and 
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recorded or if the right cortex was mapped. Second, ICMS motor mapping and PRV tracing are 

mechanistically different techniques. PRV is not transferred across synapses based on synaptic 

efficacy, allowing labeling of physiologically weak synapses as discussed above. Therefore, 

unlike motor mapping PRV tracing results are not an indication of functional connectivity, but 

instead a measure of anatomical connectivity. One plausible explanation for increased plasticity 

in left forelimb networks is involvement of postural support during task performance. Thousands 

of VNS pairings coincident with network activity of the left forelimb could potentiate plasticity 

in those networks. However, if motor mapping were performed in these subjects, it is possible 

the new synapses are relatively weak and no alterations in the motor map would be observed. 

This is one limitation of the PRV tracing technique and makes comparisons with functional map 

changes difficult. However, unlike motor mapping, PRV provides anatomical locations and 

pathways involved in reorganization. In summary, subjects receiving VNS therapy exhibit 

plasticity in motor networks controlling the left (untrained) forelimb. Further studies are 

currently underway performing ICMS mapping studies to investigate VNS-enhanced plasticity in 

both hemispheres and forelimbs. 

VNS increased PRV-152 and PRV-614 cell counts in both hemispheres (Fig. 6.1). 

Previous studies have indicated that in severe strokes, an initial shift to the undamaged 

contralesional hemisphere occurs51. Often overtime, the perilesional tissue regains function and 

activity shifts back to the injured hemisphere52. This phenomenon is largely based on the concept 

of interhemispheric inhibition, and a large body of research has focused on techniques to 

encourage the recruitment of perilesional networks52. 
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Figure 6.1. VNS-enhanced reorganization of descending motor networks after stroke. 
 

PRV-152 (green) was injected in to the right (trained) forelimb, and PRV-614 (red) was injected 
in to the left (untrained) forelimb. In uninjured subjects (Left), descending synaptic connectivity 
to the trained right forelimb exhibit a moderate number of labeled cells in the left hemisphere, 
and sparse labeling in the right hemisphere. Injection of connectivity to the untrained forelimb is 
reduced compared to the trained forelimb. Following stroke and rehabilitation (Middle) results 
in minor reorganization of descending motor networks. Adding VNS to rehabilitation (Right) 
results in increased synaptic connectivity to both hemispheres, and this effect is observed to both 
the trained and untrained forelimbs. Enhanced reorganization of descending motor connectivity 
observed in VNS therapy treated subjects is associated with improved recovery, indicating 
reorganization of these pathways as a likely substrate underlying recovery. 
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However, in experimental techniques promoting axonal sprouting following stroke, the 

contralesional hemisphere maintains a large degree of ipsilateral control over the affected limb33. 

Our results indicate that rehabilitative training results in more synaptic connections to the intact 

(ipsilateral) hemisphere, and fewer connections to the damaged (contralateral) hemisphere. VNS 

therapy increases synaptic connectivity in both hemispheres, with no measureable increase 

amongst hemispheres. As discussed earlier, these results are consistent with the notion that VNS 

increases plasticity in spared motor networks following injury. 

Lastly, the PRV results in this study were observed 8 weeks following the conclusion of 

VNS therapy. The two month time delay following the end of VNS and the results from the PRV 

tracing experiments together suggest that VNS results in long-lasting structural changes in 

forelimb motor networks. This result, combined with the maintained behavioral benefit of VNS, 

indicates that VNS therapy enhances neuroplasticity that likely subserves recovery following 

stroke.  

In summary, Chapter 3 of this dissertation reveals many important aspects of VNS 

therapy for the treatment of motor dysfunction following stroke. While this work answers many 

questions, it also brings up multiple important translational and basic science questions related to 

VNS that future studies can address. Further studies may investigate the dose, timing, and 

stimulation parameters of VNS for optimization of plasticity and behavioral recovery.  

Chapter 4: Modeling Motor Dysfunction Resulting from Peripheral Nerve Injuries  

 In Chapter 4 of this dissertation I discuss the development of a peripheral nerve injury rat 

model. Our goal was to create a lesion model in which subjects exhibit substantial and long-

lasting impairment in forelimb function despite multiple weeks of intensive rehabilitation. We 
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utilized the isometric pull task as it requires animals to reach and forcefully grasp a handle to 

generate force. Moreover, impairment of volitional forelimb grip strength is a major contributor 

to dysfunction following PNI and reported as one of the most disabling aspects of the injuries53. 

We demonstrate that transection injuries with end-to-end repair in areas of the forelimb both 

proximal and distal to the elbow result in transient deficits, with proximal injuries resulting in 

more severe impairments. This result corroborates previous studies demonstrating that proximal 

lesions have worse outcomes than distal lesions54. However, both of these models did not 

produce long-lasting dysfunction on the isometric pull task when subjects underwent intensive 

rehabilitative training. Therefore, we decided to model gap repair involving a 7mm length 

polyurethane tube filled with saline. This injury model resulted in substantial long-term 

impairment of forelimb strength, speed, and success rate. Furthermore, most of the PNI models 

in rats and mice are performed in the hindlimb despite the preponderance of nerve injuries in 

humans occurring in the upper limbs55–58. We demonstrate that the isometric pull task represents 

a novel, efficient method to assay forelimb function following PNI that provides quantitative 

measurements of volitional forelimb strength. 

Chapter 5: The Role of Cortical Plasticity on Recovery Following Peripheral Nerve Injury 

 In Chapter 5 of this dissertation I discuss a project that investigates the role of plasticity 

in recovery after PNI. This project resulted in many different findings including (1) VNS 

enhances motor and sensory recovery; (2) VNS enhances plasticity in motor pathways that likely 

underlies improved recovery; (3) the temporal delivery of VNS is essential for both enhanced 

plasticity and improved motor and sensory recovery; (4) VNS does not alter the morphology of 

reinnervated peripheral nerves; and (5) interrupting cortical plasticity reduces recovery. These 
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findings implicate the role of plasticity in recovery following PNI and each are discussed in 

further detail in the following sections.  

Pairing VNS Enhances Motor and Sensory Recovery Following PNI 

 When the functional integration of the central nervous system to the periphery is 

disrupted, profound changes occur throughout the CNS due to the altered connectivity. 

Following nerve transection, if an axon reinnervates to an appropriate end-organ (i.e. 

motoneurons that reinnervate neuromuscular junctions, and sensory neurons that innervate 

sensory receptors) it receive appropriate neurotrophic support and maintains its connection59. On 

the contrary, axons that reinnervate unmatched end-organs do not receive appropriate 

neurotrophic support and degenerate. Other than broad sensory-motor specificity of regeneration, 

no other forms of regeneration specificity have been extensively proven, and regeneration 

specificity has been a matter of debate for many years.  

In the motor system, non-specific reinnervation results in muscles often not receiving 

input from motoneurons previously innervated prior to injury. The median and ulnar nerves 

innervate approximately five muscles each in the rat60, and since reinnervation is largely random 

we would expect around 10-25% of axons not connecting to pre-injury innervated musculature. 

An extra layer of complexity is added when the type of motoneuron is considered (alpha, beta, 

and gamma). Alpha motoneurons innervate extrafusal muscle fibers and are directly involved 

with muscle contraction. Gamma motoneurons make up 30% of all motoneurons and innervate 

intrafusal muscle fibers attached to muscle spindles61. These neurons control the length of 

muscle spindles during muscle contraction in order to keep the spindle taut. Beta motoneurons 

innervate both extrafusal and intrafusal fibers. Furthermore, multiple types of muscle fibers exist 
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including slow twitch fibers, fast oxidative fibers, and fast glycolytic fibers62. Following 

misdirected reinnervation after PNI, motoneurons often reinnervate to motor targets not 

previously innervated. This scrambling of both muscle innervation and muscle fiber type 

contribute to severe reductions in fine motor control of the affected limb.  

The primary purpose of this study was to assess whether VNS could enhance motor 

recovery following damage outside of the central nervous system. The misdirected reinnervation 

patterns following nerve injury are a formidable obstacle for the central nervous system to 

overcome. However, reorganization of motor circuitry through rehabilitative training allows for a 

modest amount of recovery. We hypothesized that enhancing central plasticity would improve 

recovery by driving activity-dependent reorganization in motor networks to adapt to the altered 

output connectivity. We found that subjects receiving VNS therapy recovered substantially 

greater forelimb strength, speed, and success rates compared to subjects receiving just 

rehabilitative training. A performance metric that exhibited almost complete restitution in the 

VNS therapy group was speed of force generation. This is particularly interesting since animals 

were not trained, rewarded, or stimulated for increased pull speed. This suggests that subjects 

receiving VNS recover improved muscle recruitment synergies, as a forceful pull requires 

synchronous muscle activity across multiple distal and proximal forelimb muscles. Further 

studies could investigate how the activity in forelimb muscles is altered with VNS using 

implantable EMG electrodes spread across the forelimb, as previously demonstrated63. This 

could potentially uncover how VNS alters muscle recruitment synergies across the forelimb.  

At the conclusion of rehabilitative training, mechanical sensation in the forepaw was 

assessed. Similar to the motor system, sensory receptors are consequently mixed following nerve 
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reinnervation. Sensory receptors span multiple sensory modalities including, mechanical 

sensation, pain, and temperature. Mechanoreceptors, which were assessed in this study, involve 

four different categories: Merkel’s disks that are slowly adapting and mediate the slow pressure 

response, Meissner corpuscles that respond to light touch and are fast adapting to changes in 

textures, Ruffini endings that detect deep tissue tension, and Pacinian corpuscles that detect fast 

vibrations. The subsequent scrambling of sensory receptors leads to chronic and severe 

reductions in sensory function64. We hypothesized that similar principles of activity-dependent 

neuroplasticity in sensory networks could improve sensory dysfunction. We found that subjects 

receiving VNS therapy recovered substantially improved sensory function of the forepaw 

compared to rehabilitative training alone. These initial proof-of-concept results indicate that 

VNS may prove effective in treating sensory dysfunction. VNS therapy could be incorporated in 

to pre-existing “sensory relearning” paradigms65 to further facilitate recovery. Future studies are 

needed to investigate how the somatosensory cortex responds to VNS therapy after nerve injury. 

VNS Enhances Descending Motor Connectivity Following PNI 

At the conclusion of the study, ICMS motor mapping experiments were performed to 

assess changes in functional connectivity to the rehabilitated forelimb. Motor maps from subjects 

receiving VNS therapy were more similar to sham subjects, suggesting that VNS facilitates 

renormalization of the cortical movement representations. VNS treated subjects displayed an 

expanded cortical representation of the paired movement (grasp), and a reduced representation of 

the unpaired movements (wrist/digit extension). This is the first study to detail the alteration of 

the forelimb motor map representations following forelimb nerve injuries. Although we did not 

test directly, we can predict based on previous studies that following nerve injury, the cortical 
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zones linked to the movements facilitated through the damaged nerve(s) are reduced (grasp), 

while the adjacent unaffected movements expand (wrist and digit extension).  

PRV tracing was performed to examine the anatomical reorganization of synaptic 

connectivity to the trained forelimb. PRV-152 was injected in to the digit flexors of the trained 

forelimb, and PRV-614 was injected in to the main wrist extensor. The digit flexors of the 

forelimb receive joint innervation from the injured median and ulnar nerves. The main wrist 

extensor receives innervation from the intact radial nerve. Initial cell counts in sensorimotor 

cortex indicate an increase in both GFP and RFP positive cells. This preliminary result indicates 

that VNS is enhancing synaptic connectivity in motor networks of the trained forelimb. Taken 

together, these ICMS and transneuronal tracing results are consistent with the hypothesis that 

enhancing neuroplasticity improves functional recovery following PNI. Subjects receiving VNS 

therapy exhibited increased cortical plasticity in motor networks and recover significantly greater 

function than subjects that receive rehabilitative training only. 

VNS Must Be Delivered During Rehabilitative Training to Enhance Plasticity and Recovery 

 A previous study from our lab demonstrates that VNS must be delivered within the 

rehabilitative session to enhance recovery following stroke19,22. Precise temporal release of 

neuromodulators with local network activity was hypothesized to be required for VNS-enhanced 

recovery as discussed in Chapter 1. This dissertation provides the first direct evidence that VNS 

pairing is required for neuroplasticity. Subjects received a matched amount of rehabilitative 

training and a matched amount of stimulation but delivered daily for two hours following 

rehabilitative training in an empty cage. VNS was delivered every 16 seconds, resulting in a total 

of 225 stimulations per day. Subjects receiving this stimulation type, termed Delayed VNS, did 
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not display enhanced forelimb strength or sensory recovery compared to rehabilitative training 

alone. Furthermore, no changes in motor map representations were observed, suggesting that this 

VNS paradigm did not promote neuroplasticity. These results are consistent with the hypothesis 

that the pairing of VNS with rehabilitative training is required for enhanced plasticity and 

recovery. 

VNS Does Not Alter the Morphology of Peripheral Nerves 

 VNS has been demonstrated to activate the cholinergic anti-inflammatory pathway thus 

acting as a mechanism for neural modulation of inflammation66. Pro-inflammatory processes are 

involved with nerve regeneration, largely mediated through resident macrophages within the 

peripheral nerve. Disruption of these processes has been shown to impede nerve 

regeneration67,68. The anti-inflammatory cholinergic pathway acts directly on macrophages and 

suppresses the release of pro-inflammatory cytokines that could affect nerve regeneration66. 

Furthermore, VNS has been demonstrated to provide a neuroprotective benefit69,70. These lines 

of evidence indicate that VNS might affect nerve reinnervation following PNI. Therefore, we 

examined morphology of the regenerated median and ulnar nerve in a subset of Paired VNS, 

Delayed VNS, and Rehab subjects. No changes across groups has been identified in the 

regenerated segment of the median nerve for axon area, fiber area, myelinated axons per 100um2, 

or g-ratio. These preliminary results suggest that VNS is not exerting any measureable effect on 

regenerated nerves. Although functional assessments across the nerve site were not performed, it 

is unlikely that functional changes occurred without any measureable anatomical alteration. 

These results further suggest the role of CNS plasticity in VNS-enhanced recovery following 

PNI. 
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Disruption of Cortical Plasticity Diminishes Recovery Following PNI 

 A large body of evidence presented in the preceding sections of this dissertation provide a 

clear link between enhanced plasticity in the central nervous system to enhanced recovery 

following peripheral nerve injury. However, no previous study has suppressed cortical plasticity 

to assess the role of plasticity in recovery. A study by Galtrey and colleagues details the recovery 

of forelimb motor and sensory function by promoting plasticity in the spinal cord71. Direct 

chondroitinase ABC (ChABC) administration digests plasticity-inhibiting perineuronal nets 

(PNNs), thus creating an environment conducive to robust reorganization. By applying ChABC 

in to the cervical spinal cord, the local spinal circuitry controlling the distal forelimb muscles 

undergoes enhanced activity-dependent plasticity observed by increased sprouting. Animals 

treated with spinal injections of ChABC recover significantly greater forelimb function than non-

treated animals. This study indicates that techniques to enhance CNS plasticity, and specifically 

spinal cord plasticity, may improve PNI recovery (Fig. 6.2). 

Here we demonstrate that reducing cortical plasticity reduces recovery. Proper 

cholinergic signaling for the induction of plasticity has been previously demonstrated35,72,73. 192-

IgG-Saporin lesions of the nucleus basalis inhibit motor learning7273, recovery following injury73, 

and map plasticity. NB lesions selectively block behavioral-dependent plasticity while leaving 

behaviorally independent plasticity intact (e.g., plasticity resulting from facial nerve 

transection)73,74. Furthermore, NB lesions block rehabilitation dependent structural plasticity in 

behaviorally relevant neurons42. In the context of VNS, the plasticity enhancing effects of VNS 

on motor map plasticity require proper cholinergic innervation in healthy animals35. These lines 
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of evidence indicate that the cholinergic system is essential for both training- and VNS-

dependent cortical plasticity.  

 

 

 
 

 
Figure 6.2. VNS paired with rehabilitation enhances plasticity and recovery following peripheral 

nerve injury. 
 

In healthy trained subjects (left), a large percentage of the cortical motor map evokes grasping 
movements, and a small area evoke wrist and digit extension. Following peripheral nerve injuries 
of the median and ulnar nerves, the grasp musculature is denervated resulting in a complete 
absence of motor map sites evoking grasp. This massive denervation reduces inhibitory cortical 
network activity and consequently results in expansion of wrist/digit extension movements 
innervated through the spared radial nerve. NB lesions reduce the plasticity-enhancing effects of 
VNS and reduce behavioral recovery. Rehabilitative training or Delayed VNS results in minor 
reorganization of the cortical motor map and minor anatomical reorganization of descending 
motor networks. Combining VNS with rehabilitative training enhances cortical map 
reorganization, increases connectivity of descending motor networks, and nearly triples 
behavioral recovery compared to rehabilitative training without paired VNS. Furthermore, motor 
map representations in the Paired VNS group are similar to Sham subjects, suggesting 
renormalization of motor networks. 
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 Subjects receiving VNS paired with rehabilitative training but with lesions to the nucleus 

basalis display substantially reduced recovery. Although this data is preliminary, this is the first 

demonstration that the recovery-enhancing effects of VNS require cortical cholinergic 

innervation. Furthermore, subjects in the VNS+/NB- group demonstrate reductions in the cortical 

area evoking grasp (the trained movement enhanced by VNS), consistent with the notion that 

acetylcholine is required for plasticity. These results do not indicate that the cholinergic system 

is directly involved with VNS, but suggest that acetylcholine is required for the plasticity-

enhancing effects of VNS. Although only one NB lesion VNS animal has currently undergone 

sensory testing, that animal did not exhibit improved sensory function. These results suggest the 

role of cortical plasticity in the observed sensory recovery. As discussed above, plasticity in 

sensory cortical networks is likely involved with the improved sensory function observed in the 

Paired VNS animals.  

Final Conclusions 

 The studies described in this dissertation support the hypothesis that VNS paired with 

rehabilitative training can enhance recovery following injury to the nervous system. Previous 

work in our lab demonstrated that VNS enhances recovery of stroke, the leading cause of 

physical disability in the United States. We extended these findings by first developing an 

automated, quantitative assessment of forelimb supination and then demonstrating that VNS 

enhances recovery of supination function. VNS-dependent recovery generalizes to a separate 

untrained task in which VNS was never delivered, and the VNS-mediated recovery lasts for up to 

two months. These results hold important implications for shaping the design of future clinical 

trials using VNS to enhance stroke recovery. Finally, using a transneuronal viral tracing 
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technique we demonstrate that VNS promotes plasticity in motor networks of the rehabilitated 

and VNS-enhanced movements. This is the first direct evidence of increased plasticity in VNS-

treated stroke subjects. This experiment advances translational understanding of VNS therapy for 

future clinical work, and simultaneously advances the basic science understanding of 

neuroplasticity in the context of VNS and stroke recovery. 

 In the final set of experiments presented, we focus on injuries affecting the peripheral 

nervous system. We developed a rat model of peripheral nerve injury and demonstrate chronic 

impairments on the isometric pull task. Next, we demonstrate that VNS paired with rehabilitation 

enhances recovery of forelimb motor and sensory function following PNI likely through 

enhancing plasticity in paired pathways. We demonstrate the role of cortical plasticity in 

recovery following PNI by reducing cortical plasticity with NB lesions which subsequently 

reduce recovery. Taken together, these results provide compelling evidence for the involvement 

of cortical plasticity in recovery following PNI. This study highlights the therapeutic potential of 

interventions targeting plasticity for the treatment of PNI.  

 In summary, this dissertation adds significant value to the field of stroke, peripheral nerve 

injury, and plasticity research. This work answers many questions regarding these topics, and 

simultaneously raises new and exciting questions. Potential future experiments may investigate 

the extent of generalization of recovery, maintenance of VNS-dependent benefit, sensory 

systems plasticity and recovery, or the parametric, dosage, and delivery optimization of VNS 

therapy.   
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