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Abstract

Vagus nerve stimulation (VNS) has gained enormous traction as a promising bioelectronic
therapy. In particular, the delivery of VNS paired with training to promote neural changes has
demonstrated clinical success for stroke recovery and found far-reaching application in other
domains, from autism to psychiatric disorders to normal learning. The success of paired VNS

has been extensively documented. Here, we consider a more unusual question: why does VNS
have such broad utility, and perhaps more importantly, when does VNS not work? We present a
discussion of the concepts that underlie VNS therapy and an anthology of studies that describe
conditions in which these concepts are violated and VNS fails. We focus specifically on the
mechanisms engaged by implanted VNS, and how the parameters of stimulation, stimulation
method, pharmacological manipulations, accompanying comorbidities, and specifics of concurrent
training interact with these mechanisms to impact the efficacy of VNS therapy. As paired VNS
therapy is increasing translated to clinical implementation, a clear understanding of the conditions
in which it does, and critically, does not work is fundamental to the success of this approach.
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Main Text

Vagus nerve stimulation (VNS) therapy has emerged as a promising bioelectronic
intervention for a panoply of neurological disorders, from stroke to posttraumatic stress
disorder to autism [1-4]. Generally, this approach is based on delivering bursts of VNS
that coincide with various forms of training, ranging from upper limb rehabilitation to
sensory retraining to cognitive therapy. Some applications of VNS therapy have found
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clinical success, and many other implementations are in various stages of development and
translation. The broad applicability of VNS for such a wide spectrum of disorders raises an
important question: when does VNS not work?

Here, we provide a discussion of the concepts that underlie VNS therapy and an anthology
of studies that describe conditions in which these concepts are violated and VNS fails. Many
other forms of VNS have been developed that are premised on non-contingent stimulation,
such as for epilepsy, modulation of the immune system, and neuroprotection. We have
constrained the scope of this review to studies that explicitly utilize VNS delivered with

an implanted stimulator and paired with training to promote synaptic plasticity and target
treatment of neurological disorders.

Conceptual basis of VNS therapy

The application of paired VNS therapy is based on the principles of reinforcement,

a foundational concept in neuroscience [1,3]. Generally, reinforcement arises from
neuromodulatory feedback that shapes future responses based on antecedent neural activity.
Stimulation of the vagus nerve drives rapid, phasic activation of multiple neuromodulatory
networks, a key component in reinforcement. For example, VNS triggers action potentials

in the noradrenergic locus coeruleus (LC) within approximately 100 msec of the onset of
stimulation, and spiking continues for roughly the duration of stimulation [5]. Consequently,
VNS drives activation of noradrenergic fibers throughout the brain, resulting in a rapid,
widespread release of norepinephrine [6]. The cholinergic system exhibits similar rapid
activation by VNS [6-8]. This engagement of neuromodulatory networks is critical to VNS
actions on the central nervous system, as evidenced in studies that inhibit noradrenergic

and cholinergic transmission. Depletion of norepinephrine, as well as other neuromodulatory
networks including acetylcholine and serotonin, blocks the effects of VNS [9-11]. Taken
together, these findings implicate activation of neuromodulatory networks as one component
of VNS therapy.

Despite the global release of neuromodulators evoked by stimulation, the effects of

VNS are quite specific. For instance, preclinical studies show that VNS delivered during
performance of forelimb motor task reshapes the motor networks that control the forelimb
without changing the motor networks that control other movements not targeted by training
[9,12,13]. Similar robust plasticity is observed in specific networks in auditory cortex when
VNS is paired with various auditory stimuli [14,15].

This specificity reveals the other necessary component of VNS therapy: the concurrent
training. Training, whether it consists of presentation of sensory stimuli or performance of a
motor task or cognitive exercises, is subserved by training-specific activity in glutamatergic
networks. In the case of motor training, movement of the forelimb is driven in part by
spiking in corticospinal networks that send movement commands to muscles in the forelimb.
Delivery of VNS concurrent with forelimb movement thus drives neuromodulator release

to facilitate plasticity in the active corticospinal networks that produce the movement.
Conversely, corticospinal neurons that are not activated by training, such as those that
control the lower limb, are exposed to norepinephrine released in response to VNS but fail
to be potentiated [9,12,13]. Thus, the neural activity that comprises the concurrent training
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gives rise to the specificity of plasticity and defines the second component of VNS therapy
(Fig. 1).

Applying VNS therapy to treat disease

This combination of VNS and training to promote synaptic plasticity has been successfully
employed in a number of contexts. A number of animal studies show that pairing VNS

with rehabilitative training of the forelimb enhances recovery of motor function compared to
equivalent training without VNS in models of stroke [16—-20]. Consistent with the presumed
action on synaptic plasticity, VNS-dependent recovery drives synaptic reorganization in
corticospinal networks that control the forelimb [20]. Related preclinical studies show that
pairing VNS with rehabilitative training similarly enhances plasticity and promotes recovery
in models of spinal cord injury, traumatic brain injury, and peripheral nerve damage [21-
25]. The common theme in these applications is the paired delivery of VNS with targeted
rehabilitative training.

Beyond preclinical models, this approach has found clinical success. A recent large

pivotal study employing a similar approach demonstrates that VNS paired with upper

limb rehabilitation significantly enhances recovery of arm and hand function compared

to equivalent training without stimulation in individuals with chronic stroke [26]. This led

to FDA approval of VNS therapy as the first neuromodulation therapy for chronic stroke.
Congruent approaches using paired VNS are now being developed for a range of other
neurological disorders. For example, VNS has been paired with rehabilitation for spinal cord
injury, auditory stimuli for treatment of tinnitus, and cognitive behavioral therapy for PTSD
[2,3,27-30].

The etiology and the accompanying therapy for each condition is distinct, but the use of
VNS is common. How can electrical stimulation via an implanted device on the cervical
trunk of the vagus nerve, which has relatively limited first order connectivity to targets in the
central nervous system, exert an effect on motor control of the hand, processing of sound,
and fear response? Or reaching even further, if VNS can effect these disparate systems,
what does VNS not treat? Below, we explore the overlapping answer to these questions and
discuss how an understanding of the conditions in which a therapy is not effective are as or
more informative as conditions in which it is.

Deliver VNS at the wrong level

Since VNS is based on the timed release of neuromodulators during training, manipulations
that influence the activation of neuromodulatory networks could be reasonably expected to
impact the effects of VNS. The main determinants of neuromodulator network activation in
response to VNS are the parameters of stimulation. Generally, an individual train of VNS

is comprised of biphasic electrical pulses of a particular intensity and width delivered at a
particular rate for a particular duration. Changing any of these stimulation parameters has

a conveniently straightforward effect on the activation of neuromodulatory networks: higher
stimulation intensities drive greater spiking activity in the noradrenergic LC, indicative of
greater neuromodulatory engagement [5]. Similarly, faster frequencies evoke a greater rate
of neural activity in the LC, and longer trains engender a greater duration of spiking [5].
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This reliance on stimulation parameters presents a simple opportunity: if paired VNS is
based on the activation of neuromodulatory networks, perhaps more activation would result
in greater VNS-dependent effects. This concept has been extensively explored in animal
models of VNS-directed plasticity. The most well-characterized parameter is stimulation
intensity [13,31,32]. As expected, low intensity VNS generates insufficient activation and
fails to promote plasticity. Moderate intensity VNS results in sufficient activation and
enhances plasticity relevant to the paired training. Paradoxically, high intensity stimulation
also fails to promote plasticity, resulting in an inverted-U relationship between stimulation
intensity and VNS-dependent plasticity (Fig. 2). Other parameters follow a similar pattern,
though the amount of experimental evidence is more limited. Moderate stimulation
frequencies enhance VNS-dependent plasticity, whereas lower and higher frequencies fail
to do so [33]. Train duration and number of pulses per stimulation train also exhibit an
inverted-U relationship with plasticity [34]. Similar principles hold for the effect of VNS
connectivity, BOLD, and pupil response in individuals with epilepsy [35-37]. These findings
are apparent across a range of different training paradigms, indicating that they represent a
core feature of VNS itself.

Nonetheless, these studies focus on VNS-dependent actions on neural plasticity, which
could be only superficially relevant to the use of VNS as a therapy. The true test is

whether VNS therapy exhibits a similar reliance on parameters in the context of recovery.
Indeed, a number of studies reinforce this concept. In a preclinical model of ischemic
stroke, moderate intensity VNS paired with rehabilitative training enhances recovery of
forelimb function, while low and high intensity VNS both fail to provide any additional
benefits over rehabilitative training without stimulation [38]. Highlighting the commonality
of this effect across disparate applications and training regimens, moderate intensity VNS is
more effective than low and high intensity VNS when paired with fear extinction training
and tactile rehabilitation [39]. Landmark early studies observed similar effects on VNS-
dependent enhancement of memory, both in rats and humans [40,41]. Thus, given that

the inverted-U appears to extend beyond neurophysiology and indeed directly impact the
intended therapeutic effects, a clearer understanding of this phenomenon is desired.

What is responsible for the inverted-U? A number of potential explanations could account
for this relationship. The fact that greater intensity, frequency, and duration all drive

greater activity in neuromodulatory networks and all exhibit a similar inverted-U response
indicates that the amount of neuromodulatory activation, and consequently the amount

of neuromodulator release, is the primary driving factor. The few studies that have

evaluated the effect of VNS parameters directly on neuromodulatory release or indirectly

on neuromodulator fiber activation report that higher intensities result in greater levels of
activation [8,42]. This places the level of neuromodulator release evoked by VNS squarely at
the center of candidates to mediate the inverted-U.

A simple model that could give rise to the inverted-U is single desensitizing system

(Fig. 3A). In this scenario, receptors sensitive to neuromodulators released by VNS,

such as norepinephrine-sensing G-protein-coupled adrenergic receptors, would fail to be
activated at low stimulation levels that produce minimal neuromodulator release. Moderate
stimulation levels would provide sufficient neuromodulator release to activate receptors
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and generate a response. High levels of stimulation would engender oversaturating levels

of neuromodulator concentration, resulting in receptor desensitization and subsequent
abrogation of a response to later stimulations. This desensitization phenomenon (or really,
set of related phenomena) is common amongst the G-protein-coupled receptors that bind
neuromodulators released in response to VNS [43]. Although difficult to directly probe

in vivo, some experimental evidence supports this model. Interleaving high intensity
stimulation (which would desensitize receptors) with moderate intensity stimulation prevents
the VNS-dependent enhancement of plasticity that would normally be induced by moderate
intensity stimulation [44]. This active inhibition of plasticity by high intensity stimulation is
consistent with notion that receptor desensitization could undergird the inverted-U.

A second model comprised of a low-threshold pro-plasticity system and an overriding
high-threshold pro-stability system could also account for the inverted-U phenomenon (Fig.
3B). In this case, moderate stimulation levels would provide sufficient activation of the
low-threshold system to promote plasticity. At higher stimulation levels, activation of the
higher-threshold overriding system would promote stability and thus prevent plasticity.
Although this explanation is less parsimonious than a single system, the noradrenergic
system recognized to be central to the effects of VNS has several features that could give
rise to this configuration. First, different classes of adrenergic receptors are activated at
different norepinephrine levels [45,46]. Cortical a2-adrenergic receptors, which have a high
affinity for norepinephrine and thus would be activated at moderate levels of stimulation,
are necessary for VNS-dependent plasticity [47]. Alternatively, B-adrenergic receptors have
a lower affinity for norepinephrine and thus would solely be activated at higher levels

of stimulation. Second, a.- and B-adrenergic receptors can cause functionally opposing
effects on synaptic plasticity, where the concentration of norepinephrine dictates the synaptic
potentiation or depression [48].

Irrespective of the underlying mechanism, the inverted-U relationship poses real challenges
for the application of VNS therapy. The effective stimulation parameters are defined by a
relatively narrow range, and at present, there are no simple, universally-accepted biomarkers
that report the necessary level of nerve activation for paired VNS. The conventional
approach for selecting parameters for a bioelectronic intervention, such as VNS for epilepsy
or spinal cord stimulation for chronic pain, is to start at a relatively low level and ramp
stimulation until efficacy is achieved and side effects are minimized. Unfortunately, this
approach is not feasible for paired VNS, as continued escalation risks exceeding the peak

of the inverted-U and blocking the effects of stimulation. The current clinical application of
paired VNS for stroke uses the parameters that have been demonstrated most effective across
a range of studies [26,38]. Validation of a simple, accessible, rapid biomarker of the desired
effect target of VNS, for instance activation of the LC, has the potential for significant
importance. The ability to individualize dosing and selected stimulation at the peak of the
inverted-U may be a strategy to increase the number of responders to VNS therapy and
maximize the magnitude of benefits.
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Deliver VNS at the wrong time

The efficacy of VNS is predicated not simply on stimulation, but rather on stimulation
concurrent with training. As a result, manipulations that interfere with the temporal
association between these elements would be expected to reduce the effect of VNS therapy.
Indeed, this has been observed across a wide range of time scales. In a number of preclinical
studies, a matched amount of VNS delivered hours after training sessions fails to enhance
plasticity or promote recovery [19,24,49,50]. Variance on the order of seconds may even
abrogate the effects of paired VNS [11,21,49,51].

The need for close temporal association between stimulation and training is described

by the synaptic eligibility trace, a prevailing concept in the action of neuromodulators

on synaptic plasticity [52-54]. In this model, glutamatergic plasticity following Hebbian
learning rules over the millisecond timescale is instantiated by the arrival of neuromodulator
reinforcement within seconds [54]. In the simplest sense, this is a synaptic expression

of classical conditioning, in which the conditioned stimulus is reinforced by the timely
arrival of an unconditioned stimulus. In the context of VNS therapy, training provides the
glutamatergic activation, such as motor command activity in corticospinal networks, and
VNS provides the neuromodulatory reinforcement. As in classical conditioning, failure to
provide a consistent reinforcing unconditioned stimulus after the conditioned stimulus does
not engender learning. Similarly, failing to deliver VNS following the activation of the target
circuits by training does not enhance plasticity and consequently fails to improve recovery.

The notion that the timing of stimulation with training is central to VNS efficacy has clear
clinical implications. In the context of stroke therapy, the conventional implementation of
VNS is comprised of a therapist pressing a button to trigger stimulation coincident with

an individual’s arm movement during rehabilitative exercises [1,26]. This approach is in
line with the importance of temporal pairing and has been demonstrably successful in
enhancing recovery of upper limb function in individuals with stroke. Interestingly, these
studies also led to a natural experiment that may provide some insight into the impact of
timing. A subset of individuals that underwent VNS therapy received an additional year-long
course of VNS at home [55]. Unlike the in-office VNS therapy which relied on a therapist
to trigger stimulation during movement, this at-home study did not explicitly deliver
stimulation coincident with movement. Over the course of years of therapy, VNS generally
maintained prior gains over the very long term and produced continuing improvements,
both critical elements for stroke patients, but the rate of these gains was lower than that
driven by therapist-triggered VNS [55,56]. We note that many elements differed between
the in-office and at-home phases of the study which could explain differences in rate of
recovery, including an effect of the order of treatment, elapsing time since stroke, and the
absence of a therapist guiding exercises. Despite these caveats, these findings provide a
basis for continued evaluation and optimization of VNS timing to enhance recovery. Even
with the appropriate stimulation parameters and an effective training regimen, a mis-timed
combination of these components may reduce efficacy.
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Deliver VNS with the wrong concurrent training

Since the concurrent training is a critical element of VNS therapy;, it stands to reason that
selection of the wrong or a suboptimal therapy would produce limited effects. From an
experimental standpoint, it is generally sensible to select the best training for pairing with
VNS; thus, few studies directly examine the impact of variably effective training regimens.
However, a few studies illuminate the importance of this consideration. In a preclinical
model of chronic sensory loss, pairing VNS with a simplified tactile training regimen
produced partial somatosensory recovery, whereas pairing with a rich, complex sensory
retraining regimen generated full restoration of somatosensory function [57]. Moreover,

it is important that the concurrent training be directed at the functions that are the

intended target of the intervention. Pairing VNS with motor rehabilitation produces a nearly
complete restoration of motor function and a partial restoration of somatosensation [24].
Correspondingly, pairing VNS with somatosensory retraining fully restores somatosensory
function and partly restores motor function [25].

These findings illustrate two fundamental points, one scientific and one practical: The notion
that VNS effect is largely restricted to the function targeted by rehabilitation is in alignment
with the neural mechanisms engaged by VNS. Reinforcement learning progressively
reshapes behavior toward the trained paradigm without substantively impacting behaviors
that are irrelevant to the training. Consequently, VNS enhances this training-specific effect
and does not influence other behaviors. Practically speaking, this informs the types of
rehabilitation that should be paired with VNS to maximize efficacy. In the context of
stroke, the most effective rehabilitative paradigm would presumably incorporate a rich set
of exercises in the domains that represent the rehabilitative goals of the individual. In other
words, it may be most useful to pair VNS with motor exercises, tactile retraining exercises,
and even gait or speech therapy [58]. On the other hand, suboptimal training regimens that
do not address the underlying impairment would fail to be efficacious. Consequently, clever
construction and individualized selection of the concurrent training represents a means to
optimize VNS therapy.

Deliver VNS therapy in the wrong context

Because VNS therapy requires engagement of neuromodulator systems, pharmacological
perturbation of these systems can block the effects of VNS. A number of preclinical

studies demonstrate the necessity of intact neuromodulatory signaling, encompassing
norepinephrine, acetylcholine, and serotonin, in the brain for the effects of VNS on plasticity
and recovery [9-11,24,47]. A clinical study provides some preliminary corroborating
evidence. In a pilot study exploring the use of VNS paired with tones for the treatment of
tinnitus, individuals taking flupentixol/melitracen, a combination drug that exerts an impact
on both cholinergic and noradrenergic transmission (as well as many other systems), failed
to demonstrate VNS-dependent improvements in measures of tinnitus severity [27].

Other conditions for which paired VNS therapy is being developed are associated with
comorbidities that are managed by drugs that influence neuromodulatory transmission.
For example, VNS therapy is in clinical evaluation to improve upper limb recovery

in individuals with incomplete cervical spinal cord injury (SCI), a condition which is

Brain Stimul. Author manuscript; available in PMC 2024 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hays et al.

Page 8

commonly associated with urinary retention. To treat this symptom, individuals with SCI

are often prescribed oxybutynin, a cholinergic antagonist [59]. As acetylcholine signaling

in the central nervous system is required for the effects of VNS on plasticity and

recovery, treatment with oxybutynin could potentially block the actions of VNS paired

with rehabilitation to target improvements in arm and hand function. Similarly, prazosin, an
adrenergic antagonist, is commonly used for reducing nightmares related to PTSD and could
limit VNS-dependent enhancement of fear extinction. Fortunately, not all pharmacological
approaches that influence neuromodulators are doomed to prevent the actions of VNS.
Preclinical studies provide evidence that clinically-relevant levels of oxybutynin and
prazosin, typically orders of magnitude less than those utilized in preclinical studies to
entirely block transmission, do not inhibit VNS-dependent plasticity [60]. Together, these
findings highlight the need to consider the class and dose of drugs in the translation of paired
VNS therapies.

Beyond pharmacology, other clinical conditions that themselves diminish neuromodulatory
transmission may limit VNS effects. VNS combined with behavioral interventions has been
proposed for the treatment of neurodevelopmental disorders [4]. Initial evidence from a
transgenic rat model of Rett syndrome demonstrates the potential for directing synaptic
plasticity with VNS [61]. However, Rett syndrome is associated with pathophysiological
changes in LC neuron activity, which may restrict VNS effectiveness [62,63]. Similarly,

the core pathologies of Alzheimer’s disease and Parkinson’s disease relate to loss of
cholinergic and noradrenergic neurons, which may limit utility of VNS in these conditions
[64,65]. Indirect action on neuromodulatory transmission may also exert an impact. Indeed,
a recent study shows that chronic pain, which is associated with alterations in noradrenergic
signaling and LC activity, blocks VNS-dependent recovery of motor and sensory function
[66].

The clinical impact of these studies is clear: consider whether co-occurring conditions or
accompanying pharmacological treatments may block neuromodulatory networks engaged
by VNS. However, beyond simply identifying particular characteristics that may limit
VNS efficacy, it may be possible to build on this understanding and rationally alter VNS
delivery to facilitate recovery. One yet untested but straightforward approach is to select
stimulation parameters to offset baseline changes in neuromodulatory transmission. For
example, conditions that cause some loss of neurons in the LC or that partially block
adrenergic receptors may necessitate greater stimulation intensities to induce sufficient
adrenergic transmission.

How to make the most of VNS therapy

Rather than looking grim, cataloging the many instances in which paired VNS fails to work
provides insight into why it does work and may help guide development directed toward
maximizing effectiveness. Enhancing efficacy is both timely and clinically important. The
recent FDA approval of VNS therapy for chronic stroke portends an expansion in the clinical
use of this intervention in the near term. While the therapy demonstrably provides benefits in
a large share of individuals, it leaves ample room for improvement [67,68].
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The two components that comprise VNS therapy - stimulation and concurrent training -
both represent opportunities for optimization. The current clinical applications of paired
VNS largely employ 0.5 second trains of 0.8 mA pulses delivered at 30 Hz, in line with
much preclinical data described above. While this approach has been effective on balance,
it is conceivable that individuals may benefit from personalized stimulation parameters.
Given the inverted-U relationship, scaling stimulation intensity up or down to match the
optimal level of activation has the potential to increase effectiveness within individuals and
to convert to responders individuals that may otherwise not have benefitted at conventional
stimulation parameters. While conceptually simple, this idea is limited by the absence of a
simple, clear biomarker of VNS efficacy. A number of measures have been examined, but
to date, none alone or in combination provide an unambiguous report of the inverted-U.
Continued effort towards this goal has potential to substantively impact the utility of VNS
therapy.

Concurrent training, the second ingredient of VNS therapy, is also ripe for optimization.
Although the nature of the training varies widely depending on the intended target of

VNS therapy, we will predominantly focus our discussion on the implementation of VNS
paired with upper limb rehabilitation. The nature of the activity that is paired with VNS
strongly influences the magnitude of recovery [57]. Consequently, selection of the types

of exercises performed during rehabilitation is likely a key consideration. Historically, the
rehabilitative exercises delivered with VNS for stroke were largely standardized across
individuals, a necessary approach to ensure practical conduct of the clinical trials. However,
a more individualized approach that is focused on the specific deficits of each patient is
common practice for post-stroke rehabilitation and may result in larger improvements. Other
strategies that allow more intensive or longer courses of training, such as VNS during
telerehabilitation or self-directed game-based rehabilitative exercises, also hold promise to
yield greater recovery [69].

VNS therapy represents a means to direct synaptic plasticity and thereby potentially treat

a wide range of neurological conditions. The recent success of VNS therapy for stroke
highlights the clinical utility of this approach and paves the way for future applications.
However, effectiveness relies on a number of factors that demand attention. The stimulation,
the accompanying training, and the temporal combination of these elements merit careful
consideration in the course of conceptualizing, developing, and translating novel VNS
therapies. The future prospects of VNS therapy are contingent upon good design choices
during development that maximize effectiveness, and we should learn as much as possible
from all the conditions in which it fails.
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Figure 1. Components of Paired VNS,
Paired VNS is based on the combination of two components: VNS and training. VNS

drives rapid, phasic activation of neuromodulatory networks. Coupling this neuromodulator
release with training, which engenders neural activity in relevant circuits, enhances synaptic
plasticity specific to the paired training.

Brain Stimul. Author manuscript; available in PMC 2024 December 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hays et al.

Stimulation Intensity

A Cortical Area (mm) A Cortical Area (mm) A Cortical Area (mm)
. L

Increase 8-16 kHz (%)

5

100%-)

Cortical Plasticity

0.4 0.8 12 6
Stimulation Intensity (mA)

0.8 12
Stimulation Intensity (mA)

o

0.4 0. 1.2 16
Stimulation Intensity (mA)

04 08 12 16
Stimulation Intensity (mA)

% Improvement % Recovery

Fold recovery over sham

Recovery

100

04 08 12 16
Stimulation Intensity (mA)

100

0 04 0.8 1.2 16
Stimulation Intensity (mA)

——
0.4 0.8 12 16

Stimulation Intensity (mA)

Step-though latency (s) Step-though latency (s)

% Increase in LTP

Memory change over sham (%)

Memory Enhancement

750

0

7507

0

100 4

0

——
0.4 0.8 12 16

Stimulation Intensity (mA)

e
0.4 0.8 1.2 1.6

Stimulation Intensity (mA)

/N

— e
0.4 0.8 1.2 16

Stimulation Intensity (mA)

Stimulation Intensity (mA)

Page 15

Stimulation Rate

Response at 8-16 kHz (%)

Response at 8-16 kHz (%)

Response at 8-16 kHz (%)

Cortical Plasticity

60

20

0,6 30 120

A
Frequency (Hz)

N Duration (s)

60

20
04 16

Pulses per train

Figure 2. Inverted-U relationship between VNS actions and stimulation parameters.
Across a wide range of models, applications, and measures, VNS effects exhibit an inverted-

U relationship with the parameters of stimulation. Moderate stimulation intensity, frequency,
and duration reliably produce the largest effects, whereas both lower and higher parameters
are less effective. Data from, beginning in the top left and reading across, Morrison et

al., Brain Stimulation, 2019; Pruitt et al., 7ranslational Stroke Research, 2021; Clark et

al., Neurobiology of Learning and Memory, 1995; Buell et al., Brain Stimulation, 2018;
Morrison et al, Behavioural Brain Research, 2020; Souza, Experimental Neurology, 2021;
Clark et al., Neurobiology of Learning and Memory, 1998; Buell et al., Meuroscience, 2019;
Morrison et al., Brain Research, 2021; Unpublished; Zuo et al., Physiology & Behavior,
2007; Buell et al., Meuroscience, 2019; Borland et al., Brain Stimulation, 2016; Clark et al.,
Nature Neuroscience, 1999.

Brain Stimul. Author manuscript; available in PMC 2024 December 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hays et al. Page 16

A  One System Model B Two System Model
Optimal
activation Pro-plasticity

system

Pro-stability
Effective system

Range

Effective
Range

Receptor
Activation
Receptor
Activation

Desensitizing
overactivation

Insufficient
activation

Stimulation Intensity Stimulation Intensity

Figure 3. Potential models underlying the inverted-U effect of VNS.
(A) In the one system model, low intensities fail to sufficiently activate the system,

moderate intensities produce optimal activation and consequent efficacy, and high intensities
overactive and desensitize the system, thus limiting effects. (B) In the two system

model, moderate intensities engage the low-threshold system and generate efficacy. Higher
intensities activate the overriding high-threshold system and limit efficacy. Together, these
systems produce an inverted-U response. As shown in this example, a combination of a- and
[B-adrenergic receptors could exhibit this behavior.
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