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Abstract Pathological neural activity could be treated by
directing specific plasticity to renormalize circuits and restore
function. Rehabilitative therapies aim to promote adaptive cir-
cuit changes after neurological disease or injury, but insuffi-
cient or maladaptive plasticity often prevents a full recovery.
The development of adjunctive strategies that broadly support
plasticity to facilitate the benefits of rehabilitative interven-
tions has the potential to improve treatment of a wide range
of neurological disorders. Recently, stimulation of the vagus
nerve in conjunction with rehabilitation has emerged as one
such potential targeted plasticity therapy. Vagus nerve stimu-
lation (VNS) drives activation of neuromodulatory nuclei that
are associated with plasticity, including the cholinergic basal
forebrain and the noradrenergic locus coeruleus. Repeatedly
pairing brief bursts of VNS sensory or motor events drives
robust, event-specific plasticity in neural circuits. Animal
models of chronic tinnitus, ischemic stroke, intracerebral hem-
orrhage, traumatic brain injury, and post-traumatic stress dis-
order benefit from delivery of VNS paired with successful
trials during rehabilitative training. Moreover, mounting evi-
dence from pilot clinical trials provides an initial indication
that VNS-based targeted plasticity therapies may be effective
in patients with neurological diseases and injuries. Here, |
provide a discussion of the current uses and potential future
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applications of VNS-based targeted plasticity therapies in an-
imal models and patients, and outline challenges for clinical
implementation.
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Introduction

Pathological activity in neural circuits resulting from disease
or injury can impair normal function. In principle, the ability
to drive specific plasticity to reverse this pathological activity
could renormalize circuits and restore function [1]. Rehabili-
tative therapies aim, in part, to facilitate training-dependent
adaptive plasticity to support recovery of normal function.
However, traditional rehabilitation following serious neuro-
logical injury or disease often yields only modest improve-
ment and leaves many patients with chronic disability. The
development of adjunctive strategies that broadly support
plasticity to facilitate the benefits of rehabilitation has the po-
tential to improve outcomes for a wide range of neurological
disorders. Recently, a novel targeted plasticity therapy using
brief bursts of vagus nerve stimulation (VNS) paired with
rehabilitative training has emerged as a potential flexible
method to enhance the benefits of rehabilitative interventions
[2, 3].

Interest in the vagus nerve as a means to facilitate plasticity
stems from early studies that implicated the nerve in enhanced
consolidation of memory. In rodents, behavioral training im-
mediately followed by administration of a variety of peripher-
ally acting agents that do not readily cross the blood—brain
barrier, including cholecystokinin, bombesin, gastrin-
releasing peptide, 4-OH amphetamine, substance P, and L-
glucose, improved consolidation of memory [4-9]. Vagotomy
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blocked the memory enhancing effects of these chemical stim-
uli, suggesting that the ascending projections of the vagus may
act as a conduit to relay peripheral information to the central
nervous system (CNS) [4-9]. If chemical stimulation with
these agents activates fibers of the vagus nerve to enhance
memory, then electrical stimulation of the nerve would be
expected to have a similar effect. In a seminal experiment,
Clark et al. [10] demonstrated that electrical stimulation of
the vagus nerve immediately following training enhanced
memory, providing a direct link between activity in the vagus
nerve and modulation of CNS function [10].

The anatomical and functional connectivity of the vagus
nerve provides a clear basis for its effects on the CNS. While
most often recognized for its descending projections to vis-
cera, > 80 % of the vagus nerve consists of afferent connec-
tions that terminate in the nucleus tractus solitarius in the
brainstem [11-14]. Electrical stimulation of the vagus nerve
drives activity in the cholinergic basal forebrain and the nor-
adrenergic locus coeruleus, and results in subsequent release
of neuromodulators throughout the cortex [15-20]. A reduc-
tion in either noradrenergic or cholinergic transmission blocks
the effects of VNS in the CNS [21, 22]. Both of these
neuromodulatory systems are key substrates in the expression
of cortical plasticity [23-31], providing a rationale by which
VNS paired with rehabilitation could enhance recovery. The
succeeding sections detail studies that evaluate the ability of
targeted plasticity therapies using VNS paired with rehabilita-
tive training to drive diverse, long-lasting plasticity and im-
prove recovery in the context of neurological injury and
disease.

Enhancing Plasticity with VNS

VNS Paired with Tones Drives Reorganization
in the Auditory Cortex

In an early investigation of the ability of VNS to enhance
cortical plasticity, Engineer et al. [32] examined whether left
cervical VNS paired with the presentation of tones could drive
reorganization of the tonotopic map in primary auditory cortex
(Fig. 1A). Rats were repeatedly presented with a mid-
frequency pure tone over the course of 20 days either with
or without paired VNS, followed by auditory mapping to de-
rive the frequency map in primary auditory cortex. Consistent
with previous studies, repeated presentation of tones without
VNS did not induce map reorganization [33]. However, pre-
sentation of the same number of tones paired with VNS sig-
nificantly increased the proportion of neurons that responded
to frequencies near the paired tone. A second cohort of rats
was repeatedly presented with a high-frequency tone with or
without paired VNS. Similar map expansion was observed
corresponding to the paired high frequency tone with no

change in mid-frequency area in rats that received VNS, sug-
gesting that the observed reorganization is due to the specific
event paired with VNS rather than a generalized increase in
excitability in auditory cortex. Interleaved low-frequency
tones that were not paired with VNS did not exhibit an in-
creased response, suggesting VNS can label temporally spe-
cific stimuli. In addition to the changes in spectral response
properties, VNS can also enhance temporal response charac-
teristics of neurons in the primary auditory cortex [34]. Pre-
sentation of rapid trains of tones paired with VNS increased
the maximal following rate of neurons within primary audito-
ry cortex compared with naive controls, while presentation of
slow trains of tones paired with VNS decreased maximal fol-
lowing rate. Additionally, VNS drives plasticity specific in
auditory cortex to complex stimuli. VNS repeatedly paired
with speech sounds increases neural response strength to the
paired speech sounds but not to novel, unpaired speech sounds
[35]. Together, these findings indicate that VNS repeatedly
paired with various auditory training regimens can drive spe-
cific changes in multiple characteristics of neuronal responses
in the auditory cortex. The potential mechanisms that support
VNS-dependent plasticity are discussed in detail below.

VNS Paired with Forelimb Training Enhances
Reorganization of Movement Representations
in the Motor Cortex

Based on the robust enhancement of auditory cortex plasticity,
Porter et al. [36] evaluated whether VNS could enhance event-
specific plasticity within the motor system (Fig. 1B). To do so,
rats were trained to perform 1 of 2 skilled motor tasks. The
first task was designed to engage primarily the upper forelimb
and required the rat to press rapidly a lever located outside the
cage. The second task was designed to engage mainly the paw
and required the rat to reach through a narrow slot in the floor
of the cage and spin a small wheel with the digits and wrist.
Once proficient on one of the tasks, rats underwent 5 days of
training with or without left cervical VNS delivered on suc-
cessful trials. On the day following the last training session,
intracortical microstimulation mapping was used to document
movement representations in motor cortex. Rats that received
repeated VNS paired with training on the lever-press task
demonstrated a considerable increase in size of the upper fore-
limb representation but no change in paw representation com-
pared with rats that did not receive VNS. Similarly, rats that
received VNS paired with training on the wheel-spin task
exhibited a significant increase in the area of motor cortex
representing the paw with no expansion of upper forelimb
representation. These findings demonstrate that VNS facilitat-
ed robust expansion of the motor cortex representation of the
specific movement that was paired with stimulation. This par-
allels the results observed in the auditory cortex and indicates
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Fig. 1 Vagus nerve stimulation (VNS)-dependent enhancement of
plasticity in cortical circuits. (A) (i) Presentation of a tone drives activity
in the auditory cortex (green). (ii) Temporally precise release of
neuromodulators (blue), such as that induced by VNS, paired with this
activity drives plasticity. (iii) After repeated tone presentation paired with
VNS, map reorganization results in an increased representation of the
paired tone [32]. Previously subthreshold inputs (light green) drive activ-
ity after pairing with VNS. (B) (i) Activity within neurons of the motor
cortex results in movement of the shoulder. (ii) Release of

that VNS paired with events can induce robust plasticity spe-
cific to the paired event.

The neural mechanisms that underlie VNS-dependent en-
hancement of plasticity are unknown. VNS drives activity in
the cholinergic basal forebrain, providing a potential pathway
to enhance plasticity [15, 33]. Our recent study directly tested
whether the nucleus basalis (NB), a primary component of the
cholinergic basal forebrain, is required for VNS-dependent
enhancement of map plasticity in motor cortex. Rats were
trained to perform the lever-pressing task emphasizing upper
forelimb described above [36, 37]. Once proficient, rats re-
ceived an immunotoxin lesion that specifically depletes corti-
cal cholinergic innervation from the NB or a sham lesion,
followed by 5 days of training with VNS paired with success-
ful trials. In rats with an intact NB, VNS paired with motor
training significantly increased the representation of the upper
forelimb in motor cortex. NB lesions prevented the VNS-
dependent increase in upper forelimb representation, indicat-
ing that the cortical cholinergic projections from the NB are
required for VNS-dependent plasticity. While this study is
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neuromodulators paired with movement drives plasticity in the motor
cortex. (iii) Following repetitive shoulder movement paired with VNS,
the number of circuits representing shoulder movement in the motor
cortex is increased [36]. The large rectangles represent topographical
organization of the auditory and motor cortices, and the activity of
neurons is represented within each individual box. Dark green denotes
suprathreshold action potential firing, light green denotes subthreshold
depolarization, and gray denotes no response. Figure adapted from [3]

restricted to motor cortex, engagement of cholinergic circuitry
may represent a convergent mechanism that underlies the
plasticity-enhancing effects of VNS.

Stimulation of the Vagus Nerve During a Cognitive Task
Enhances Memory

In addition to the topographical manifestations of cortical
plasticity, delivery of VNS after behavioral experience can
enhance memory retention. In a pioneering study, Clark
et al. [10] investigated whether stimulation of the vagus nerve
after inhibitory avoidance training could improve consolida-
tion of avoidance memories. Rats were trained on a single trial
inhibitory avoidance task, followed immediately by a 30-s
train of VNS or no stimulation. Upon retest 24 h later, rats
that received VNS demonstrated a remarkable increase in re-
tention compared with rats that did not receive stimulation.
Inactivation of vagal fibers below the point of stimulation
did not prevent increased retention, suggesting that VNS en-
hances memory retention through direct ascending inputs into
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the CNS [38]. To extend these findings, the authors conducted
a follow-up study to evaluate the ability of VNS to enhance
memory in humans [39]. Subjects read paragraphs with a sub-
set of highlighted words and were given VNS or sham stim-
ulation immediately after reading. In a recognition memory
test, VNS significantly improved the subjects’ ability to rec-
ognize previously highlighted words in a list of distracters.
These findings provide support for the ability of VNS paired
with experience to enhance memory retention.

Using VNS to Enhance Rehabilitative Therapy

As VNS has the ability to enhance specifically plasticity when
delivered during different modalities of training, it has gar-
nered interest as a potential targeted plasticity therapy to boost
the benefits of a variety of distinct rehabilitative training reg-
imens. In the sections below, we outline the preclinical and
clinical studies that use VNS to enhance the benefits of reha-
bilitation and promote recovery in a variety of sensory, motor,
and cognitive disorders.

Targeted Plasticity Therapy to Treat Sensory Disorders
Preclinical and Clinical Studies for Tinnitus

Tinnitus, or the perception of sound when no sound is present,
is a common disorder that can cause minor irritation to dev-
astating reduction in quality of life [40, 41]. Current treat-
ments are largely ineffective, with great variability in patient
response and risk for significant adverse effects [41, 42].
While the pathophysiology is still unclear, it is generally ac-
cepted that maladaptive plasticity within auditory circuitry of
the CNS is at least, in part, responsible for chronic tinnitus
[43]. In response to noise-induced hearing loss, the CNS fails
to receive input from a region of the damaged cochlea. This
loss of input causes destabilization of the normal excitatory
and inhibitory balance within central auditory circuits, which
can lead to map distortion, increased receptive field size, and
increased synchronous activity in quiet, all of which appear to
contribute to the tinnitus percept [32].

As detailed above, VNS paired with tones can drive spe-
cific plasticity to alter spectral and temporal response charac-
teristics of central auditory neurons [32, 34]. If map distortion
and alterations in receptive field size contribute to tinnitus, in
principle, VNS paired with the appropriate presentation of
tones could drive plasticity to restore the normal characteris-
tics of the circuitry and alleviate the percept of tinnitus
(Fig. 2A). Engineer et al. [32] sought to evaluate the ability
of VNS-based targeted plasticity therapy to eliminate the be-
havioral correlate of chronic tinnitus in rats. The rationale for
the therapy was based on increasing the number of cortical
neurons tuned to frequencies other than the tinnitus frequency

to reduce the overrepresented tinnitus frequency. Noise trau-
ma was induced to damage the cochlea, causing a substantial
increase in the proportion of neurons tuned to middle frequen-
cy tones, a reduction in the proportion of neurons responding
to high frequency tones, and an increase in overall synchrony,
all reflective of changes proposed to be responsible for tinni-
tus. Rats displaying a tinnitus percept centered on middle fre-
quency tones were assigned to receive either VNS tone ther-
apy or sham therapy over the course of 4 weeks. The VNS-
tone therapy consisted of left cervical VNS paired with ran-
domly interleaved tones that spanned the rat hearing range but
excluded the tinnitus frequencies. VNS tone therapy fully
ameliorated the tinnitus percept within 2 weeks of the initia-
tion of therapy. Reflective of a reversal of tinnitus with VNS,
rats that received VNS paired with tone therapy were able to
detect a gap in a tone centered on the tinnitus frequency sig-
nificantly better than rats that received sham therapy. These
behavioral improvements were observed for up to 3 months
after the end of VNS tone therapy, suggesting that the effects
of the therapy were persistent. Sham therapy failed to improve
the tinnitus percept at any of time during therapy. Correlating
with the behavioral improvements, VNS tone therapy re-
versed many electrophysiological correlates of tinnitus in au-
ditory circuitry, including map distortion and elevated syn-
chrony. This study provides evidence that VNS paired with
tones can reverse pathological plasticity and ameliorate chron-
ic tinnitus.

Based on these preclinical findings, VNS paired with
tones was investigated in an open-label trial in patients
with severe chronic tinnitus [44—46]. Patients received left
cervical VNS paired with a range of tones, excluding the
tinnitus frequency, for 2.5 h each day for 20 days. At the
conclusion of therapy, 4/10 patients demonstrated clinical-
ly significant improvements in qualitative inventories of
handicap and quantitative measures of minimum masking
level. These benefits persisted 2 months after the conclu-
sion of therapy, suggesting that the therapy may promote
lasting reduction of symptoms. The persistence of thera-
peutic benefits is consistent with a VNS-dependent rever-
sal of maladaptive plasticity in auditory circuitry rather
than a nonspecific effect of stimulation. Of the 6 patients
that did not respond to the therapy, 5 were on medications
that interfered with neuromodulatory transmission. The
absence of benefits in these patients aligns with the hy-
pothesized role of the cholinergic and noradrenergic sys-
tems as key substrates in VNS-based targeted plasticity
therapies. In practical terms, these findings draw attention
to the need to delineate clearly the neuromodulatory
mechanisms that are engaged by VNS in order to identify
pharmacological and comorbid conditions that may oc-
clude the benefits of the therapy. A recent placebo-
controlled case study provides further support for the ef-
ficacy of VNS therapy to treat chronic tinnitus [47].
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Fig.2 Model of vagus nerve stimulation (VNS)-based targeted plasticity
therapies. (A) (i) In tinnitus, auditory neurons are hyperactive and the
tonotopic map is distorted. (ii) Presentation of tones excluding the
tinnitus frequency paired with VNS drives adaptive plasticity within the
auditory system. (iii) Activity within the auditory system is renormalized
after targeted plasticity therapy, demonstrating that VNS paired with
sensory rehabilitation can reverse maladaptive plasticity [32]. (B) (1)

Together, these results indicate VNS-based targeted plas-
ticity therapies hold promise to treat tinnitus. However, a
larger, placebo-controlled, double-blind study is needed to
provide a thorough investigation of the efficacy of VNS
therapy in the broader clinical population of patients with
tinnitus.

Potential Applications for Other Sensory Disorders

Targeted plasticity therapies utilizing VNS have the potential
to treat a wide variety of sensory disorders, depending on the
rehabilitative regimen paired with stimulation. Maladaptive
plasticity in the CNS is believed to contribute to the percept
phantom limb pain and some forms of chronic pain. In ampu-
tees, cortical reorganization can be accompanied by phantom
limb pain, which is correlated with the degree of overrepre-
sentation [48]. Some forms of chronic pain unrelated to limb
loss display a similar manifestation of aberrant cortical plas-
ticity [49, 50]. Similar to the implementation of targeted plas-
ticity therapy for tinnitus, pairing VNS with various modali-
ties of cutaneous somatosensory stimulation excluding the
overrepresented painful area may potentially reverse associat-
ed maladaptive plasticity and reduce the percept of pain.
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Following a stroke, circuits controlling movement are damaged
resulting in impaired function. (ii) Motor rehabilitation paired with
VNS drives robust neural plasticity in motor cortex. (iii) After targeted
plasticity therapy, the number of circuits controlling the previously
impaired movement are increased, leading to enhanced recovery of
motor function [59-61, 66]. Figure adapted from [3]

Targeted Plasticity Therapy to Treat Motor Disorders
Preclinical and Clinical Studies for Ischemic Stroke

Ischemic stroke is a leading cause of disability, affecting 795,
000 people in the USA each year [51]. As many as 75 % of
cases lead to lasting impairments in upper limb function [52].
Physical rehabilitation is the most common post-troke inter-
vention. Rehabilitation can yield some functional gains, but
recovery is often incomplete and the majority of patients are
left with chronic disability [52—54]. Motor networks in sur-
viving peri-infarct regions, as well as the undamaged contra-
lateral homotopic cortex and subcortical structures, demon-
strate significant reorganization after stroke [55—57]. Plasticity
in these areas is believed to support functional recovery [58].
As detailed above, a study from Porter et al. [36] demonstrated
that VNS paired with forelimb training drives robust, specific
plasticity within motor cortex. Based on this enhancement of
plasticity, VNS paired with rehabilitative training represents a
potential method to enhance reorganization within spared cir-
cuitry after stroke and improve recovery of motor function
(Fig. 2B).

Khodaparast et al. [59] tested this hypothesis using a rat
model of ischemic stroke. In an initial study, rats were trained
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on the bradykinesia assessment task, a quantitative measure
forelimb movement speed [37]. Once proficient, rats received
a cortical ischemic lesion that impaired function of the trained
limb. Rats were then assigned to receive rehabilitative training
with or without the delivery of VNS on successful trials. VNS
was delivered during rehabilitative sessions over the course of
5 weeks. VNS paired with rehabilitative training fully restored
forelimb performance by the second week of treatment and
significantly improved recovery compared to rehabilitative
training without VNS. A second study by the same group
extended these findings to recovery of forelimb strength after
stroke [60]. VNS paired with rehabilitative training resulted in
significantly greater recovery of volitional forelimb strength
over the course of therapy compared with rehabilitative train-
ing without VNS. These benefits persisted after the cessation
of VNS, suggesting a long-term improvement. Moreover,
100 % of subjects that received VNS paired with rehabilitative
training demonstrated a full recovery of forelimb strength,
while only 22 % of subjects that received rehabilitative train-
ing without VNS demonstrated a full recovery. In both studies,
no difference in lesion size was observed, suggesting that
VNS is not conferring a neuroprotective effect but rather im-
proving recovery by enhancing plasticity. A follow-up study
provided additional evidence that neuroplasticity underlies the
benefits of VNS therapy for stroke [61]. A matched amount of
VNS that is not paired with rehabilitative training is less ef-
fective in restoring function than VNS that is paired with
rehabilitative training, suggesting that nonspecific effects of
stimulation are unlikely to underlie VNS-dependent enhance-
ment recovery.

Rehabilitative strategies have the highest potential to im-
prove functional recovery after stroke when delivered early,
and efficacy diminishes substantially with increasing time after
stroke [62—65]. A study conducted by Khodaparast et al. [66]
sought to evaluate whether VNS paired with rehabilitative
training would be effective after a long delay between ische-
mic lesion and therapy initiation. To this end, rats were trained
to proficiency on the isometric force task and received an
ischemic lesion of the motor cortex and dorsolateral striatum
to impair use of the trained forelimb. Beginning 7 weeks after
lesion, rats received either VNS paired with rehabilitative
training, equivalent rehabilitative training with a matched
amount of VNS delivered 2 h after daily training sessions, or
rehabilitative training without VNS. Even when initiated many
weeks after stroke in rats with stable, chronic deficits, VNS
paired with rehabilitative training significantly enhanced re-
covery of forelimb function compared with rehabilitative train-
ing without VNS. Consistent with previous studies, a matched
amount of VNS that was not paired with rehabilitative training
failed to improve recovery [61]. In summary, a number of
preclinical studies provide proof-of-concept demonstration of
efficacy for VNS paired with rehabilitative training to improve
recovery of motor function after ischemic stroke.

Based on these studies, Dawson et al. [67, 68] evaluated
VNS paired with physical rehabilitation in a pilot study in
stroke patients. Although designed as a safety study, VNS
was paired with several typical rehabilitative tasks over the
course of 6 weeks of physical rehabilitation. At the conclusion
of therapy, patients who received VNS paired with rehabilita-
tion demonstrated a significant 3-fold increase in change of
Upper Extremity Fugl-Meyer score compared with patients
who received the same rehabilitation without VNS. The im-
proved forelimb function persisted when evaluated 30 days
after the conclusion of therapy, potentially suggesting a long-
lasting recovery of function. While these findings are promis-
ing, an ongoing well-controlled clinical trial will provide an
additional evaluation of clinical efficacy in stroke patients [69].

Preclinical Studies for Intracerebral Hemorrhage

Intracerebral hemorrhage (ICH) is a devastating subtype of
stroke, affecting as many as 52,000 people each year in the
USA [70]. ICH has a mechanistically distinct pathophysiolo-
gy from ischemic stroke, characterized by bleeding in the
brain parenchyma, which often damages cortical and subcor-
tical structures [70]. A recent global epidemiological study
indicates that the disability adjusted life years lost to ICH is
nearly double that lost to ischemic stroke, highlighting the
significant burden of this disease [71]. Like ischemic stroke,
plasticity within spared circuitry is believed to support recov-
ery after ICH [72—74]. Therefore, VNS paired with rehabili-
tative training may enhance reorganization within these motor
circuits and support recovery. Alternatively, the extensive
damage to subcortical structures and white matter may prevent
the beneficial effects of VNS therapy.

Our group evaluated whether VNS paired with rehabilita-
tive training could improve recovery of forelimb function in a
rat model of ICH [75]. Rats were trained to proficiency on a
skilled forelimb task and then received a severe hemorrhagic
lesion in the midbrain to impair use of the trained forelimb.
Following lesion, rats underwent 6 weeks of rehabilitative
training either with or without VNS. VNS paired with reha-
bilitative training resulted in significantly improved forelimb
function compared to rehabilitative training without VNS.
However, VNS therapy failed to restore fully forelimb func-
tion to prelesion levels, unlike the complete recovery observed
in models of ischemic stroke [59-61]. To determine whether
recovery was limited by an insufficient amount of VNS, a
cohort of rats received VNS delivered on every attempted trial
rather than only successful trials, resulting in ~40 % more
paired stimulations during therapy. VNS paired with every
trial on the rehabilitative task improved recovery compared
with rehabilitative training alone, but did not result in a greater
recovery compared with VNS paired with only successful
trials. It is not clear whether the severity of the ICH lesion
prevents full recovery, or whether further optimization of
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stimulation parameters or rehabilitative regimen may promote
greater recovery. Regardless, these findings demonstrate that
VNS paired with rehabilitative training improves recovery of
forelimb function after severe striatal ICH.

Preclinical Studies for Traumatic Brain Injury

Traumatic brain injury (TBI) is a very common form of
neurotrauma, with approximately 1.7 million annual cases in
the USA [76]. The effects of TBI are by nature heterogeneous,
but moderate-to-severe TBIs can result in chronic deficits in
motor function [77, 78]. Recovery of motor function is asso-
ciated with plasticity in spared motor circuits [79-81], and
VNS paired with rehabilitation may enhance this plasticity
to support recovery. Pruitt et al. [82] evaluated whether VNS
therapy could improve recovery of motor function in a con-
trolled cortical impact model of severe TBI. Rats were trained
to proficiency on a skilled forelimb task and then received a
controlled cortical impact centered on the motor cortex. VNS
paired with rehabilitative training significantly improved re-
covery of volitional forelimb strength compared with rehabil-
itative training without VNS after TBI. Consistent with previ-
ous studies, VNS did not reduce lesion size, suggesting that
VNS does not improve motor recovery through gross neuro-
protection [59, 60, 75]. These findings extend the efficacy of
VNS paired with rehabilitative training to a model of TBL

Potential Applications for Other Motor Disorders

The proof-of-concept demonstration of efficacy in distinct
models of ischemic stroke, ICH, and TBI exemplifies the flex-
ibility of VNS-based targeted plasticity therapy and indicates
that the benefits are not limited to a single mechanism of
neurotrauma. Injuries to the spinal cord and peripheral nerves
cause significant motor dysfunction and recovery is limited, in
part, by insufficient and maladaptive plasticity in motor cir-
cuits [83—85]. Thus, a similar implementation of VNS paired
with rehabilitative training may be effective for these injuries.
Alternatively, the extensive white matter damage associated
with the injuries may prevent the benefits of VNS therapy.
Parkinson disease (PD) is another neuromotor disease associ-
ated with maladaptive plasticity in motor networks that could
potentially be improved by VNS therapy [86—89]. However,
alterations in neuromodulatory function associated with PD,
particularly those resulting from neuronal death in the locus
coeruleus, may occlude benefits of the therapy [90, 91]. More-
over, without abatement of progressive neuronal death,
targeted plasticity therapy may offer little benefit for PD. Ad-
ditional preclinical studies are needed to evaluate VNS
therapy in the context of these injuries and diseases, as
well as models that incorporate other clinically relevant
complicating factors such as aging that may interfere with
the benefits of the therapy.
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Targeted Plasticity Therapy to Treat Cognitive
and Psychiatric Disorders

Preclinical Studies for Post-traumatic Stress Disorder

Post-traumatic stress disorder (PTSD) is a prevalent, debilitat-
ing, treatment-resistant psychiatric disorder [92]. Aberrant
plasticity is believed to underlie the hypersensitivity and ab-
normal memory retention that accompanies PTSD [93, 94],
and reversal of this maladaptive plasticity may reduce the
exaggerated fear response [95]. Prolonged exposure therapy,
which involves repeated recall of an anxiety-inducing situa-
tion in a safe environment, provides a degree of desensitiza-
tion that reduces the fearful response [96, 97]. VNS may rep-
resent an adjunctive strategy to potentiate the effects of expo-
sure therapy to normalize the hypersensitive responses and
improve the symptoms of PTSD [98].

A proof-of-principle study conducted by Pefia et al. [94] in
a rat model of PTSD lends credence to this hypothesis. Rats
were trained on an auditory fear conditioning task followed by
1 session of extinction training with or without VNS. Condi-
tioned fear retention was assessed 1 day later. VNS paired
with extinction training resulted in a significant reduction of
conditioned fear compared with extinction training without
VNS. Conditioned fear remained reduced 2 weeks after the
cessation of stimulation, suggesting that the beneficial effects
of VNS may be long-lasting. Additionally, VNS paired with
extinction training was similarly effective at reducing a remote
fear memory compared to extinction training without VNS.
Unpaired VNS delivered shortly after training failed to reduce
conditioned fear retention, suggesting that VNS must be tem-
porally paired with exposure to enhance fear reduction. Al-
though chronic VNS is known to confer anxiolytic effects [99,
100], this effect is not dependent on pairing with an extinction
training regimen. Therefore, the absence of benefits of un-
paired VNS is consistent with VNS therapies for sensory
and motor dysfunction described above [32, 59, 61], and fur-
ther supports enhancement of plasticity as a convergent mech-
anism that underlies the benefits of VNS therapy.

A follow-up study provides direct evidence of VNS-
dependent alterations in synaptic plasticity that accompany
extinction training [101]. The infralimbic medial prefrontal
cortex (IL) and basolateral amygdala (BLA) are implicated
in acquisition of conditioned fear responses [102]. Moreover,
plasticity in these regions is believed to mediate reversal of
conditioned fear responses with extinction [103, 104]. Pefia
et al. [101] hypothesized that VNS may alter the strength of
connections between these areas to enhance the extinction of
fear. Rats were trained on an auditory avoidance task followed
by 1 day of extinction training with or without paired VNS.
Replicating the findings of the previous study, extinction train-
ing paired with VNS results in enhanced extinction of fear
behavior compared with extinction training alone [94]. At
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the completion of behavioral testing, strength of the connec-
tion from the IL to the BLA was measured before and after a
short train of burst stimulation in the IL. VNS and extinction
training had complex, interacting effects on the plasticity of
IL-BLA connections. Burst stimulation of the IL evoked long-
term potentiation in the IL-BLA projections in rats that re-
ceived VNS paired with extinction training. In contrast, burst
stimulation evoked long-term depression in rats that received
extinction training without VNS. Naive rats and rats that re-
ceived VNS without extinction training failed to show plas-
ticity in IL-BLA connection strength after burst stimulation.
These findings suggest that VNS paired with extinction train-
ing may promote plasticity in the IL-BLA pathway to support
reduction of conditioned fear.

Potential Applications for Other Cognitive and Psychiatric
Disorders

Maladaptive plasticity is associated with a variety of cognitive
and psychiatric disorders, including anxiety, bipolar disorder,
schizophrenia, depression, drug addiction, and attention-
deficit hyperactivity disorder [2, 105]. The complexity of
these disorders have left them significantly undermanaged or
palliated with pharmaceuticals that carry a high risk of depen-
dence and overdose, emphasizing the need for effective, flex-
ible treatments that can address the underlying pathophysiol-
ogy. VNS, if paired with the appropriate regimen of behavior-
al exposure or cognitive training, may represent a potential
intervention to improve these disorders. Plasticity is a core
deficit in many postnatal developmental disorders, including
autism and forms of mental retardation [106—109]. Rehabili-
tative therapies do provide benefits in patients with postnatal
developmental disorders. VNS delivered during these thera-
pies may potentiate the benefits of rehabilitation and provide
greater functional improvements [110-112]. However, if plas-
ticity is altered, it is possible that targeted plasticity therapy
may fail to benefit these patients. Cognitive disorders pose
significant rehabilitative challenges owing both the complex-
ity and heterogeneity, but the flexibility to pair VNS with
virtually any rehabilitative regimen holds potential to treat at
least some aspects of these disorders.

Challenges for Translating VNS Therapies
into Clinical Practice

Defining Factors that Limit Effectiveness of VNS

Despite the promising preclinical and clinical evidence of
VNS in a variety of neurological diseases and injury, signifi-
cant challenges remain as targeted plasticity therapies using
VNS are translated into clinical use. Common clinical factors
that interfere with plasticity may occlude the effects of VNS.

For instance, advanced age is linked with reduced capacity for
plasticity and is very common in the population of ischemic
stroke patients [51, 113—117]. Therefore, it will be necessary
to define whether advanced age affects the efficacy of VNS in
the context of stroke, in order to determine the patient popu-
lation most likely to respond to the therapy. Many common
pharmaceuticals target the cholinergic and noradrenergic sys-
tems engaged by VNS. Indeed, drugs that affect these
neuromodulators substantially reduce the benefits of VNS
therapy in tinnitus patients [45], indicating that these
neuromodulatory pathways are necessary for the effects of
VNS. Several diseases affect cell number and function in these
neuromodulatory systems, including Alzheimer disease, PD,
chronic alcoholism, Down syndrome, TBI, and PTSD
[118-126]. Comorbidity with these and other diseases that
impair neuromodulatory function may limit the effects of
VNS. However, as plasticity is reduced but not fully abrogated
in these conditions, different stimulation paradigms may be
particularly effective in patients with these complicating fac-
tors. The diversity of the clinical population and likelihood of
comorbid conditions highlights the importance of delineating
the neuromodulatory pathways and mechanisms that underlie
VNS-dependent recovery.

Optimizing VNS Parameters

Determining the optimal stimulation parameters of VNS is
needed to improve the benefits of targeted plasticity therapy
for clinical implementation. The cervical level of the vagus
nerve is comprised of myelinated A and B fibers, as well as
unmyelinated C fibers [127, 128]. There is considerabe diver-
sity in morphological and functional parameters of the nerve
from individual to individual, suggesting that optimal stimu-
lation parameters may also vary [129, 130]. Moreover, higher
VNS intensities recruit more vagal fibers and trigger greater
release of neuromodulators, which may improve efficacy [19,
131, 132]. However, VNS-dependent enhancement of mem-
ory retention is very sensitive to the intensity of stimulation. In
animal models and humans, moderate intensity stimulation
yields significantly greater memory retention compared with
lower and higher intensity stimulation [10, 38, 39]. A recent
report demonstrates a similar inverted-U relationship of VNS
on map reorganization in auditory cortex [133]. In this study,
rats received repeated presentations of a mid-frequency tone
paired with different stimulation intensities of VNS over the
course of 20 days. Moderate-intensity (0.4 and 0.8 mA) stim-
ulation resulted in significantly greater map plasticity than
higher-intensity (1.2 and 1.6 mA) stimulation. Taken together,
these studies suggest that, independent of the experience
paired with VNS, stimulation intensity has an inverted-U re-
lationship with VNS-dependent plasticity.

The inverted-U relationship mirrors the Yerkes—Dodson
law, relating arousal and performance [134]. Other
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peripherally acting agents that conduct ascending information
through the vagus nerve demonstrate a similar inverted-U re-
sponse [4, 5, 135—-138]. The precise mechanisms that underlie
this response profile are not understood, but several explana-
tions could account for the inverted-U response. First, a low-
threshold positive process and an opposing high-threshold
negative process with sigmoidal responses could yield the
inverted-U shape. In such a system, moderate levels of inten-
sity would drive the optimal response by maximizing positive
activation and minimizing negative activation. In the context
of VNS, moderate levels of stimulation may optimally engage
excitatory circuitry to support plasticity, while inhibition dom-
inates at higher stimulation intensities and occludes plasticity.
Alternatively, a single desensitizing system could explain the
inverted-U response. Moderate intensity stimulation would
provide sufficient activation with minimal desensitization,
while high levels of stimulation would result in overactivation
and reduction of the response. G protein-coupled receptors,
such as those which likely mediate the response to VNS-
dependent engagement of the cholinergic and noradrenergic
systems, exhibit notable desensitization and may explain the
inverted-U response to VNS [139, 140]. While these models
can account for the inverted-U, they are not mutually exclu-
sive and various other systems likely contribute. This
inverted-U shaped relationship poses challenges for clinical
implementation of VNS therapies, as more stimulation does
not necessarily translate to more efficacy. Additionally, differ-
ent diseases may perturb the systems engaged by VNS, thus
shifting the set of optimal parameters. The fact that VNS is
largely effective across of a 2-fold range of intensities suggests
that a potentially wide therapeutic range exists. However, it
would be valuable to identify a biomarker that reports VNS-
dependent activation that would allow individual tailoring of
stimulation levels for each patient as targeted plasticity thera-
pies using VNS are translated into clinical practice.

Identifying Mechanisms that Underlie Recovery

The mechanisms that underlie the benefits of VNS therapy are
unclear, but VNS engages a variety of molecular and neuronal
mechanisms that may support plasticity. VNS increases levels
of brain-derived neurotrophic factor (BDNF), a key regulator
of plasticity [17]. BDNF activates multiple downstream effec-
tor elements associated with synaptic plasticity, including cy-
clic adenosine monophosphate response element binding pro-
tein, activity-regulated cytoskeletal protein (Arc), and CaMKII
[141-144]. VNS increases phosphorylation at multiple resi-
dues in the BDNF receptor, TrkB, at sites known to be linked
to activation of phospholipase C-y, phosphatidylinositol-3 ki-
nase, and mitogen-activated protein kinase, all of which can
modulate plasticity [145—147]. Inhibition of Trk autophos-
phorylation prevents VNS-dependent phosphorylation, indi-
cating that VNS activates Trk through canonical mechanisms
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[147]. In addition to changes in molecular signaling pathways,
VNS induces changes in synaptic and intrinsic neuronal prop-
erties that may support recovery. VNS-dependent release of
acetylcholine and norepinephrine may act together to alter
spike-timing dependent plasticity properties to facilitate plas-
ticity in active networks [148, 149]. Moreover, VNS may di-
rectly alter synaptic properties by regulating expression of N-
methyl-D-aspartate receptor and 'y-aminobutyric acid receptor
A [150]. Low-intensity VNS results in activation of a slow
hyperpolarizing current in cortical neurons, suggesting that
VNS also influences intrinsic neuronal properties [151].
Changes in neuronal activity manifest as changes in network
properties, as VNS induces desynchronization of cortical net-
works and increases power in low-frequency EEG bands [22,
152]. The engagement of these diverse neuronal pathways by
VNS provides a framework by which VNS modulates cellular
signaling to drive plasticity. A clear delineation of the molec-
ular mechanisms that underlie VNS-dependent enhancement
of plasticity may facilitate rational development of targeted
plasticity therapies.

Concluding Remarks

While the preceding discussion focuses largely on VNS, it is
critical to recognize that the core component of targeted plas-
ticity therapy is the paired rehabilitative intervention. Rehabil-
itation uses repeated practice or experience and patient en-
gagement to drive adaptive plasticity in neural circuits to sup-
port recovery of normal function (Fig. 3A). Practice results in
neural activity while motivation yields neuromodulatory re-
lease, and these components act synergistically to drive neural
plasticity in active circuits (Fig. 3B). In many cases, rehabili-
tation engages these components and is sufficient to improve
recovery. However, in the context of severe neurological inju-
ries or diseases, rehabilitation alone may be insufficient to

A B

Practice Neural Activity
Efcagement Neuromodulator
9ag Release
Improvement Neural Plasticity

Fig. 3 Model of rehabilitation and neural plasticity. (A) During
rehabilitation, repeated practice in conjunction with engagement (i.e.,
motivation and attention) yields improvements in function. (B) Neural
activity coincident with neuromodulator release synergistically combine
to drive neural plasticity. Targeted plasticity therapies provide precisely
timed, nonadapting neuromodulator release paired with neural activity
resulting from rehabilitation to facilitate plasticity and enhance recovery
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reverse pathological neural activity. In this context, targeted
plasticity therapies act to provide repeated, nonadapting en-
gagement of neuromodulatory systems to enhance
rehabilitation-dependent plasticity. Thus, VNS acts to increase
the gain, while rehabilitative training confers the specific neu-
ral changes that support recovery. Targeted plasticity therapies
are not limited to the use of VNS to control neuromodulatory
gain. In principle, other manipulations that can engage
proplasticity pathways without directly interfering with ongo-
ing activity in the rehabilitated circuits may act as an adjunc-
tive strategy to boost the benefits of rehabilitation.

Targeted plasticity therapies have the potential to enhance a
variety of rehabilitative training regimens and treat a range of
neurological disorders and injuries. Preclinical studies and
emerging evidence from pilot clinical trials demonstrate the
potential efficacy and flexibility of using VNS therapy to im-
prove recovery in sensory, motor, and cognitive neuropathol-
ogies. Future studies should focus on expanding the clinical
indications for which VNS-based targeted plasticity therapies
may offer benefits. Additionally, identifying clinically rele-
vant factors that may occlude the benefits of VNS and opti-
mizing delivery of the therapy are needed to facilitate clinical
translation.
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