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The vagus nerve plays an important role in maintaining physiological homeostasis, which
includes reflex pathways that regulate cardiac function. The link between vagus nerve activity
and the high-frequency component of heart rate variability (HRV) has been well established,
correlating with vagal tone. Recently, vagus nerve stimulation (VNS) has been investigated as
a therapeutic for a multitude of diseases, such as treatment-resistant epilepsy, rheumatoid
arthritis, Crohn’s disease, and asthma. Because of the vagus nerve’s innervation of the heart,
VNS has been identified as a potential therapy for cardiovascular disorders, such as cardiac
arrest, acutemyocardial infarction, and stroke. Here, we review the current state of preclinical
and clinical studies, as well as the potential application of VNS in relation to the cardiovas-
cular system.

The motor vagus nerve constitutes the main
peripheral neural structure of the parasym-

pathetic autonomic nervous system (ANS).
The vagus contains efferent (motor) fibers
that innervate smooth muscle cells of internal
organs and vessels and endocrine and exocrine
cells in the lung, the heart, the gastrointestinal
tract, the pancreas, the liver, among others
(Fig. 1). Among all those organs, the heart is
innervated by the vagus at both cardiac muscle
cells and at the conduction system. In partic-
ular, the atria, the sinoatrial node (SAN), the
atrioventricular node (AVN), the ventricular
myocardium, and the ventricular conduction
system are all innervated by postganglionic ef-
ferent vagal fibers (Fig. 2). The effects of vagus

nerve stimulation (VNS) can to some extent
predicted from this anatomical distribution
and they include: reduction in heart rate (neg-
ative chronotropic action on SAN), reduction
in atrioventricular conduction (negative dro-
motropic action on AVN), changes in thresh-
old for induction of atrial fibrillation (AF)
(action on atrial conduction system), reduction
in ventricular contractility (negative inotropic
action on the ventricular myocardium), reduc-
tion in threshold for induction of ventricular
arrhythmias (action on ventricular conduction
system), etc. This article will review the exper-
imental and clinical evidence for physiologic
effects of VNS on the heart and their clinical
significance.

Editors: Valentin A. Pavlov and Kevin J. Tracey
Additional Perspectives on Bioelectronic Medicine available at www.perspectivesinmedicine.org

Copyright © 2020 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a034173
Cite this article as Cold Spring Harb Perspect Med 2020;10:a034173

1

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

mailto:lance.becker@northwell.edu
mailto:lance.becker@northwell.edu
mailto:lance.becker@northwell.edu
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org/site/misc/terms.xhtml


VNS was first developed in the late 19th
century by American neurologist James Corn-
ing for the treatment of epilepsy (Yuan and Sil-
berstein 2016a). Corning believed that epilepsy
was a result of excessive cerebral blood flow, and
hypothesized that VNS would reduce the in-
creased blood flow (Yuan and Silberstein
2016a). While his initial attempt at using crude

transcutaneous electrodes was unsuccessful,
James Corning brought the concept of VNS
into modern medicine (Yuan and Silberstein
2016a). In 1934, Soma Weiss discovered that
compression of the carotid sinus produced syn-
cope in humans, which differed from the same
stimulation’s effects on heart rate or blood pres-
sure (Ferris et al. 1935). Weiss believed this
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Figure 1. Schematic representation of the efferent (motor) projections of the parasympathetic autonomic nervous
system (ANS). Cranial nerves III, VII, and IX innervate the pupils, producing pupillary constriction, and the
salivary glands, resulting in increase in the flow of saliva. The pelvic splachnic nerves innervate the bladder, with
their activation resulting in bladder constriction and facilitation of urination, the lower intestine, facilitating
defecation; they also innervate the male and female sexual organs. The main efferent conduit of the parasym-
pathetic ANS, the motor vagus, starts in cells in two nuclei in the brainstem, the dorsal motor nucleus of the
vagus, and the nucleus ambiguus. The axons of those cells project to a variety of organs, forming synapses with
ganglionic cells in parasympathetic ganglia found at or very close to those organs. Postganglionic axons from
ganglionic cells innervate the lungs (promoting bronchoconstriction), the heart (slowing of heart rate, reduction
in cardiac contractility), the pulmonary and systemic vessels (vasodilation and reduction in blood pressure),
stomach (promoting peristalsis and gastric secretion), liver and pancreas (complex metabolic actions), spleen
(preganglionic axons interacting with the splenic nerve, promoting anti-inflammatory effects), and kidneys
(affecting vascular tone and filtration rate).
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compression caused a direct cerebral response,
as anatomically the carotid artery runs along the
cervical vagus nerve, leading directly into the
carotid sinus. Several years later, a study by Bai-
ley and Bremer found that electroencephalo-
gram changes occurred after the application of
VNS (Bailey and Bremer 1938). In 1951, Dell
and Olson found that stimulation of the cut va-
gus nerve caused responses in the thalamus
(Dell and Olson 1951). The first successful ex-
perimental use of VNS in an animal model oc-
curred in 1952 when it was shown to have an
antiepileptic effect (Yuan and Silberstein 2016a)
in cats with strychnine-induced seizures (Yuan
and Silberstein 2016a). In 1985, researchers
found that stimulation of the vagus nerve led
to an alteration in electrical activity in the brain,
which could terminate seizures in a caninemod-
el (Zabara 1985). The parameters for VNS can

be tailored for optimum efficacy for the partic-
ular disease, application method, and individual
patient.

While there was a heavy focus on the neu-
rological effects of VNS, researchers at the time
were also beginning to study the effect of VNS
on cardiac function. In 1960, Sarnoff et al. found
that VNS led to bradycardia and decreased con-
tractility of the atria in canines. This decrease in
atrial contractility led to less ventricular filling
and stoke volume in their subjects meaning that
the heart was less effective as a pump (Sarnoff
et al. 1960). In addition to studying the effect of
VNS on hemodynamics, scientists also exam-
ined the effect of VNS on heart rhythm. In
1975, Kolman et al. found that VNS had a pro-
tective effect against ventricular fibrillation (VF)
in anesthetized canines (Kolman et al. 1975).
Similar effects were found in a contemporane-
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Figure 2.Vagus nerve innervations in the heart. Shown in blue are the two cardiac vagal preganglionic nerves (left
and right). They synapse on a number of parasympathetic ganglia, shown in red, located in the epicardium and in
the atrial and ventricular septum. The parasympathetic ganglionic neurons project postganglionic axons, shown
in green, to different parts of the heart; the anatomical distribution of those axons can help explain the phys-
iological actions of the vagus in the heart. In more detail: sinoatrial node (SAN): vagus nerve activation resulting
in lowering of heart rate (negative chronotropic action); atrioventricular node (AVN): slowing of A-V conduction
(negative dromotropic action); walls of the right and left ventricles (RVs, LVs) and conduction system: reduction
in ventricular contractility (negative inotropic action); increase in threshold for induction of ventricular fibril-
lation (VF). SVC, Superior vena cava; IVC, inferior vena cava; RA/LA, right and left atrium; PV, pulmonary vein.
(Image modified from Coote 2013, with permission, from The Physiological Society © 2013.)
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ous study that showed that VNS attenuates the
positive ionotropic response seen during the ad-
ministration of norepinephrine, from which it
was concluded that there must be muscarinic
acetylcholine receptors within the walls of the
ventricles (Levy and Blattberg 1976).

Given the promising data from animal mod-
els, researchers began to assess the feasibility of
using VNS in human subjects with neurological
conditions. While the first vagus nerve stimula-
tor in humans was implanted by Penry et al. in
1988, it was not until 1994 that VNS was shown
to have antiepileptic properties in a human
clinical trial (Penry and Dean 1990; Yuan and
Silberstein 2016a). VNS treatment was shown to
reduce seizure frequency after 14 weeks in pa-
tients suffering from chronic partial seizures
(Yuan and Silberstein 2016a). Shortly thereafter,
a VNS consortium carried out two pilot studies
with programmable implantable devices, and
found a 47% reduction in seizure frequency at
35-month follow-up (Ben-Menachem et al.
1994). Based on this work, the Food and Drug
Administration (FDA) approved VNS as a treat-
ment for refractory epilepsy in 1997 and depres-
sion in 2005 (Schacter and Schmidt 2000; Bonaz
et al. 2016b).

While treatment with VNS has been at-
tempted as early as the late 19th century, the
mechanism behind its effects was poorly under-
stood. Major growth in the field began in the
early 2000s, with the indication that VNS could
attenuate the inflammatory response induced by
endotoxin and the identification of the inflam-
matory reflex (Borovikova et al. 2000; Tracey
2002). Stimulation of the vagus nerve was found
to modulate the inflammatory reflex, and later
studies identified the α7 nicotinic acetylcholine
receptor (α7nAchR) as a critical target for the
attenuation of proinflammatory cytokine re-
lease (Parrish et al. 2008; Olofsson et al. 2012;
Pavlov et al. 2018). The anti–tumor necrosis fac-
tor α (TNF-α) property of the cholinergic anti-
inflammatory pathway also indicates VNS as a
treatment in therapeutic targets, such as inflam-
matory bowel disease (IBD) and rheumatoid
arthritis (RA), which are driven by TNF-α (Me-
regnani et al. 2011; Bonaz and Bernstein 2013;
Bonaz et al. 2016a,b; Koopman et al. 2016).

Given its proven impact on the inflammato-
ry response in animal models, VNS is currently
undergoing multiple trials to determine its effi-
cacy in various diseases, such as treatment-re-
sistant epilepsy, autoimmune disorders, heart
failure, and asthma (Yuan and Silberstein
2016b). Other diseases, such as cardiovascular
disease (CVD), are presenting promising pre-
clinical data, and may be candidates for future
clinical trials in humans. Recently, the field of
research has expanded to examine the use of
VNS as a treatment modality in several CVDs,
such as cardiac arrest and stroke. Our aim is to
review the current state of research into the use
of VNS, as well as its applications related to the
cardiovascular system

CARDIAC ARREST

Cardiac arrest is the complete cessation of blood
flow from the heart. Typically, this occurs rap-
idly as a result of amalignant cardiac arrhythmia
such as VF. If untreated, it uniformly results in
the complete loss of heartbeat and rapidly results
in death. However, it can be treated effectively
with rapid initiation of high-quality cardiopul-
monary resuscitation (CPR) with chest com-
pressions, defibrillation, ventilation, drugs, and
other advanced resuscitation techniques; how-
ever, all of these interventions are highly time-
sensitive. The chances of death significantly
increase within the first few minutes without
treatment. The current paradigm for the treat-
ment of cardiac arrest is described by the “three-
phase model,” where the first 5 min are denoted
as the electrical phase wherein defibrillation is
highly effective (Weisfeldt and Becker 2002). A
second phase, the circulatory phase, begins after
∼5 min and last until 10 min, and can be effec-
tively treated by high-quality CPR followed by
defibrillation. The third, or metabolic phase, oc-
curs after a mere 10 min and is highly lethal;
current advanced cardiac life support (ACLS)
is not very effective in this phase and the vast
majority of victims of cardiac arrest die within
this phase. The three-phasemodel highlights the
fact that the treatment of cardiac arrest is very
time-sensitive and that different therapies are
considered at different timepoints after initia-
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tion of cardiac arrest. In this model, the treat-
ment of cardiac arrest is not a “one-size-fits-all”
disease, and the future treatments of cardiac ar-
restmust begin to take this into account. Cardiac
arrest is a leading cause of death in the United
States, with an out-of-hospital cardiac arrest
(OCHA) incidence of ∼356,461, an in-hospital
cardiac arrest (IHCA) incidence of ∼209,000,
and a nearly 82% fatality rate (Benjamin et al.
2018). Given the high mortality rate, and the
long-term morbidity for survivors, research fo-
cusing on developing alternative treatment for
cardiac arrest in animal models has become a
priority.

Preclinical studies have been undertaken to
assess whether VNS could be used to facilitate
resuscitation attempts in rats with induced car-
diac arrest (Sun et al. 2018). It was found that
when VNSwas used in conjunction with CPR in
rodents, success rates for return of spontaneous
circulation (ROSC) were 90.91% when com-
pared to CPR alone at 83.33% (Sun et al.
2018). Results also indicated that VNS reduced
the duration of CPR by preventing arrhythmias
independent of the heart slowing mechanism
expected in VNS (Sun et al. 2018). In addition
to its effect on CPR, VNS also reduced the num-
ber of electrical shocks required to achieve
ROSC (Sun et al. 2018). This may be related to
the fact that increased sympathetic activity could
be responsible for failed defibrillation. Apply-
ing VNS during resuscitation attempts would
dampen the effects of the sympathetic ANS on
the heart thus improving the efficacy of defib-
rillation. Experimental animals that received
VNS also showed lower rates of myocardial is-
chemia after CPR than those that did not, which
was attributed to the decreased use of oxygen in
the heart because of a lower heart rate. Finally,
the mice that received VNS treatment had an
increased 72-h survival rate than those that did
not receive VNS (Sun et al. 2018). Researchers
postulated that the protective effects of VNS
may be related to α7nAChR, and the anti-in-
flammatory effects of VNS. These effects have
been shown in several studies that elucidated the
effects of the inflammatory reflex.

In addition to its ability to aid in recovery
from cardiac arrest, VNS has also been shown to

directly affect ventricular function; this is par-
ticularly important in light of the fact that ven-
tricular arrhythmias, such as VF, are responsible
for a large portion of sudden cardiac deaths (Al-
Khatib and Stevenson 2018; Camm et al. 2018).
In 2014, researchers found that VNS directly
modulated left ventricular function in pigs and
sheep (Naggar et al. 2014). This was believed to
be the result of VNS affecting the spread of the
dominant frequency during VF. The dominant
frequency is the waveform that is largest in am-
plitude and most directly related to the rate of
contraction of the ventricles. VNS was also
shown to increase both action potential duration
(APD) and the effective refractory period (ERP),
which decreases intracellular calcium. In turn,
this decreases contractility therefore decreasing
left ventricular wall motion (Naggar et al. 2014).
Additionally, when VNS was applied, there was
increased electrical heterogeneity in ventricular
myocytes. While VNS has a demonstrable pos-
itive impact on the heart following cardiac ar-
rest, the authors found that VNS can also lead to
a significant decrease in blood pressure, which
can potentially induce ischemia in organs (Nag-
gar et al. 2014).

Ventricular arrhythmia has also been found
to be related to a reduction in vagal tone (Ng
2014; Lee et al. 2018a; Winter et al. 2018). This
effect has been studied on isolated innervated
rabbit hearts while increasing sympathetic and
parasympathetic tone (Winter et al. 2018). They
found that increased sympathetic tone was
proarrhythmic in long QT-associated arrhyth-
mias, with VNS attenuating these effects (Win-
ter et al. 2018). When isolated, nondenervated
hearts were studied, rich vagal nerve innervation
to the ventricles was found, which could be ex-
ploited to help protect against VF (Ng 2014).
This protection could be a result of the fact
that VNS releases nitrous oxide (N2O) via an
independent nitrergic neural network, which
regulates cardiac physiology (Ng 2014). To ex-
plore this possibility, the efficacy of VNS was
tested in the presence of a muscarinic block,
and itwas found thatVNSwas still able to reduce
the incidence of VF (Ng 2014). Similar effects
were found in rabbit hearts treated with a nitric
oxide (NO) synthase inhibitor before VNS. In
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the presence of the inhibitor, the VF threshold
and ERP were not affected; the antifibrillatory
effects of VNS were restored with the removal of
the inhibitory blockade (Brack et al. 2007). Oth-
ers have also found that reduced vagal tone is a
contributor in the development of VF, and that
VNS acts on heart rate and heart rhythm via G
protein–gated inwardly rectifying K+ (GIRK)
channels (Lee et al. 2018a). When applying
VNS to a transgenic GIRK channel knockout
(KO) mouse model, no significant response
was observed, indicating that GIRK is necessary
for the effects of VNS (Lee et al. 2018a). These
findings were recently corroborated in a study
that indicates that activation of GIRK is primar-
ily responsible for the changes in heart rate dy-
namics (i.e., heart rate variability [HRV]) seen in
VNS (Lee et al. 2018b). These results are prom-
ising, and the connection between NO, GIRK,
and VF should be investigated further in both
preclinical models and clinical trials.

While VNS has been shown to aid in recov-
ery from cardiac arrest, there is no doubt that it
must be used carefully, as it has also been shown
to be effective in inducing asystole for use in
novel surgical techniques (Ronson et al. 2003).
Research has shown that pharmacologically po-
tentiated VNS can be used to induce controlled
intermittent asystole in a canine model, creating
an “on–off” switch that can be used to perform
minimally invasive heart surgery in the future.
By stimulating the vagus nerve for a cycle of 12
sec “on” and 15 sec “off,” 15 times in each dog,
researchers were able to effectively create an
“on–off” switch, which also had a low incidence
of escape beats. Furthermore, they showed that
repetitive periods of transient asystole showed
no evidence of myocardial or neurological inju-
ry (Ronson et al. 2003). Despite the decrease in
coronary perfusion during these periods, they
postulated that a reduction in neutrophil accu-
mulation may have been the mechanism that
allowed them to avoid injuring themyocardium.

Overall, the results from these studies show
that VNS has a future role in the treatment of
cardiac arrest, as well as for use in novel surgical
techniques. The precise mechanism by which
VNS serves as a cardioprotective strategy re-
mains an important area of research. While

these have only been tested in animal models,
the fact that VNS has been shown to have similar
effects across several species implies that similar
results may be possible in humans.

HEART FAILURE

Heart failure is a condition in which the heart
muscle is unable to maintain sufficient levels of
blood flow to meet the body’s needs. The causes
of heart failure include a weaker-than-normal
heart muscle, abnormalities of the heart valves,
infection, coronary artery disease, and many
other possible etiologies. The decreased ability
to pump blood results in decrease blood flow to
the kidneys, which can result in water retention;
this is termed congestive heart failure (CHF).
CHF is considered to be a progressive disease
although with treatment patients may live for
an extended period of time. The heart will typ-
ically attempt to adapt to CHF by increasing in
mass, and by beating faster, but these adaptive
mechanisms will eventually fail to keep up with
the demand for blood flow. Patients become
progressively more symptomatic, and many
people die from CFH despite treatment (Sava-
rese and Lund 2017). There are currently nearly
5.7 million Americans with CHF, and >900,000
new diagnosis of CFH occur each year. The
worldwide healthcare costs of CHF are roughly
10% of all cardiovascular costs, which amounts
to $31 billion dollars (in 2012) and is rising
rapidly with the aging of the population.

VNS is an interesting new modality to con-
sider in relation to heart failure. Relevant toVNS
modulation of the parasympathetic nervous sys-
tem, researchers postulated that an abnormal
imbalance between the sympathetic and para-
sympathetic nervous systems exists during heart
failure, in which the sympathetic nervous system
becomes overactive and worsens heart failure
(Kishi 2012). The hyperactivity of the sympa-
thetic nervous system causes afferent sympa-
thetic signaling, which leads to tonic and reflex
inhibition of cardiac vagal efferent activity; sym-
pathetic nervous system hyperactivity can also
contribute to left ventricular diastolic dysfunc-
tion and to an increased cardiovascular risk.
VNS by itself, as well as alongside β-blockers,
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has been shown to produce significant improve-
ment in left ventricular hemodynamics in ani-
mals with heart failure and to decreasemortality
from 50% to 14% (Kishi 2012).

Similar cardioprotective results with VNS
have been found in canine models of intracoro-
nary microembolization-induced heart failure
(Hamann et al. 2013). It has been theorized
that low-level VNS (LL-VNS) has a positive im-
pact on sympathetic drive, the reduction of
proinflammatory cytokines, NO elaboration,
and the myocardial expression of gap junction
proteins to which improvement in heart failure
could be attributed (Hamann et al. 2013). It was
also found that in various animal models, VNS
suppressed ventricular arrhythmias, ventricular
remodeling, and sudden cardiac death, in addi-
tion to the improvement in left ventricular func-
tion found by Kishi (Sabbah et al. 2011). A re-
duction in heart rate, attenuation of sympathetic
overdrive, and down-regulation of the renin-
angiotensin-aldosterone system likely play a key
role in this reduction in dysfunctional cardiac
activity (Sabbah et al. 2011). Several studies
have previously shown that heart failure patients
have significantly elevated levels of inflam-
matory markers such as TNF-α and interleukin
(IL)-6, which can predict a greater severity of
coronary symptoms and a reduced response to
treatments, such as cardiac resynchronization
therapy (CRT) (Levine et al. 1990; Nozaki et al.
1997; Koller-Strametz et al. 1998; Tsutsumi et al.
2008; Hartupee and Mann 2013; Rordorf et al.
2014;Mann 2015). VNSwas been shown to nor-
malize expression of proinflammatory cyto-
kines, such as TNF-α and IL-6, making it a
promising therapy (Sabbah et al. 2011).

Researchers have also studied the effect of
VNSon cardiac remodeling inheart failure (Sab-
bah et al. 2011; Hamann et al. 2013). One study
found that VNS therapy improves left ventricu-
lar systolic function, prevents progressive left
ventricular enlargement, and improves heart
failure biomarkers when compared to controls.
However, it was found that VNSmust be applied
chronically to be effective, in their study, for 6
months. When VNS treatment was terminated
after 3 months, heart failure severity returned to
baseline (Hamann et al. 2013). VNS has also

been shown to have an impact on signaling path-
ways, including the baroreceptor reflex, suppres-
sion of proinflammatory cytokines, normaliza-
tion of the NO pathway, and suppression of gap
junction remodeling (Sabbah et al. 2011). VNS
therapy was shown to improve left ventricular
ejection fraction and decreased end-systolic and
end-diastolic volumes. Additionally, VNS re-
duced preload improved left ventricular function
without increasing oxygen consumption. Related
toremodelingof theventricles,VNSwasshownto
decrease the volume fraction of replacement fi-
brosis volume fraction of reactive interstitial fi-
brosis, myocyte cross-sectional area, and oxygen
diffusion distance while also significantly in-
creasing capillary density (Sabbah et al. 2011).

Recently, clinical trials have been performed
examining the efficacy of VNS in human heart
failure patients. The ANTHEM-HF trial used
VNS in 59 heart failure patients, and found
that VNS caused subtle changes in heart rate
when applied on both the right and left side of
the body. They concluded that the use of VNS in
human subjects is a viable option for the mod-
ulation of the effects of the ANS on the heart
(Nearing et al. 2016). Another large-scale trial is
the INOVATE-HF trial, in which 707 patients
were followed over several months. Those who
received VNS treatment received an implantable
BioControl CardioFit device. VNS was not
found to improve the rate of death from any
cause or heart failure events or reverse cardiac
remodeling. VNS did, however, show significant
improvements in 6-min hall walk duration,
NewYorkHeart Association (NYHA) function-
al class, and KCCQ quality of life (QoL) scores
(Gold et al. 2016). Similar results were found in
the NECTAR-HF trial of 96 heart failure pa-
tients given 6 months of chronic VNS therapy,
which found no significant improvements in
ventricular remodeling, function, or circulating
cytokines; however, improvement was shown in
NYHA functional class and other HF-related
QoL scores (Zannad et al. 2015).

ACUTE MYOCARDIAL INFARCTION

Myocardial infarction (MI), commonly referred
to as a “heart attack,” occurs when the heart
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becomes damaged because of a lack of perfusion,
resulting from the occlusion of one or more cor-
onary arteries. MI is the acute result of coronary
artery disease or coronary heart disease. The
prevalence of coronary heart and coronary ar-
tery disease in the United States is over 15 mil-
lion people (Sanchis-Gomar et al. 2016). Nearly
120,000 American will die each year from MI,
especially if the MI causes a sudden cardiac ar-
rest (Benjamin et al. 2017). Not all patients with
coronary artery disease will suffer anMI, but the
presence of coronary artery disease is strongly
associated with the development of MI. VNS is
being investigated as the setting ofMIwith some
studies evaluating the impact of VNS on blood
flow (a principal driver of MI), some examining
the impact of VNS on arrhythmias, inflamma-
tory changes, progression of heart disease, car-
diac remodeling, and coronary heart disease
progression.

VNS is an interesting modality for possible
use in MI given its ability to modulate parasym-
pathetic tone. The vagus nerve signals to the
heart via the intracardiac ganglia, with the atria
extensively innervated by parasympathetic vagal
nerves (Sanchis-Gomar et al. 2016). It has been
hypothesized that VNS might modulate atrial
electrophysiological properties because of this
innervation (Chen and Tan 2007). It has been
shown in ambulatory canines that there is ana-
tomical remodeling of stellate ganglia and that
there is an increase in sympathetic activity rela-
tive to parasympathetic activity post-MI (Han
et al. 2012). As discussed earlier, autonomic
mismatch has been shown to increase the like-
lihood of arrhythmia, which was also found in
this study (Han et al. 2012). The cardioprotec-
tive effects of VNS have also been shown in
swine models, in which it was found that VNS
provided protection as a result of increasing
phosphorylation of connexin 43, which leads
to a reduction in the time from T-wave peak to
end (Shinlapawittayatorn et al. 2014). This im-
plies that VNS mainly improves ventricular re-
polarization, but not depolarization. Finally, the
effect of VNS on post-MI remodeling of myo-
cytes and the intrinsic cardiac neuronal system
was studied in a guinea pig model (Beaumont
et al. 2015). At 90-day post-MI, experimental

animals were found to have an increased left
ventricular end systolic volume and reduced
ejection fraction compared to baseline; these ef-
fects were mitigated by VNS. It was also found
that VNS induced enhanced glycogenolysis,
which blunted the proapoptotic Bcl-2-associ-
ated X protein typically seen in MI (Beaumont
et al. 2015).

LL-VNS has also been explored as a poten-
tial treatment option for MI as a combination
therapy with other treatment options in swine,
rat, and canine models. When applied during
injury reperfusion, LL-VNS was shown to im-
prove ventricular function and caused a dra-
matic reduction in ventricular tachycardia/VF
episodes (Laurita and Hirose 2013). These pro-
tective properties could be attributed to the an-
tagonization of sympathetic outflow to the
heart, inhibition of β-adrenergic signaling, and
the L-type calcium channel. In addition to this,
LL-VNSmay reduce reactive oxygen species and
preserve myocardial connexin 43. In addition to
improving heart function, LL-VNS was also
shown to decrease infarct size (Laurita and Hi-
rose 2013). This was theorized to be a result of
attenuation of reactive oxygen species and swell-
ing and could be related to the nicotinic pathway
within the inflammatory reflex.

Adding to this, transcutaneous LL-VNS was
found to be efficacious in ameliorating post-MI
remodeling in the myocardium (Wang et al.
2015). LL-VNS and its effect on calcium han-
dling in rats post-MI has also been examined;
LL-VNS improved left ventricular ejection frac-
tion and attenuatedmyocardial interstitial fibro-
sis post-MI (Zhang et al. 2016). Plasma levels of
norepinephrine and dopamine, but not epi-
nephrine, were also reduced by LL-VNS. These
effects were correlated with the restoration of
myocardial SERCA2a, NCX1, and PLB during
VNS. Subcellular levels of these calcium-han-
dling proteins were decreased post-MI, and
were shown to be restored when LL-VNS was
applied (Zhang et al. 2016). This has implica-
tions for restoring heart function back to base-
line after MI.

Studies have also shown the electrophysio-
logical effect of VNS in relation to the electrical
activity of the heart, in which intrinsic cardiac
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neurons showed depolarization of resting mem-
brane potentials and increased input resistance,
which were reduced in the VNS group (Beau-
mont et al. 2015). Neuronal excitability and sen-
sitivity to norepinephrine remained increased in
both VNS and non-VNS groups post-MI (Beau-
mont et al. 2015). It has also been found that MI
decreases APD at both 50% and 80% repolari-
zation, and increases APD heterogeneity (Xie
et al. 2014). Returning APD to its baseline values
subsequently reduced the risk for arrhythmia
after MI (Xie et al. 2014). Similar results were
found in swine hearts, where MI increased sym-
pathetic output to parasympathetic convergent
neurons (Vaseghi et al. 2017). Application of
VNS significantly reduced ventricular arrhyth-
mia inducibility by decreasing ventricular excit-
ability and heterogeneity of repolarization (Va-
seghi et al. 2017).

VNS has also been shown to demonstrate
antiapoptotic and anti-inflammatory effects on
the myocardium (Han et al. 2012; Shinlapawit-
tayatorn et al. 2014). This is due to a decrease in
cytochrome c release and an increase in IL-4
release. As a result, VNS was able to reduce the
infarct size by 59% (Shinlapawittayatorn et al.
2014). It was found that timing of VNS was cru-
cial and that VNS must be applied during ische-
mia and before the onset of reperfusion (Shinla-
pawittayatorn et al. 2014). Another study found
that rats treated with VNS post-MI showed a
significant reduction in TNF-α expression
(Kong et al. 2012). Additionally, they found
that MI decreased the baroreceptor reflex re-
sponse and that VNS restored this to baseline.
Finally, MI was shown to decrease the α7nAchR
levels and rats that received VNS had receptor
levels that approximated baseline (Kong et al.
2012). These receptors have been previously im-
plicated in the anti-inflammatory properties
seen in VNS.

ATRIAL FIBRILLATION

AF is a relatively common cardiac arrhythmia
characterized by rapid and irregular beating of
the atria, which has been well established as a
leading risk factor for stroke (Wolf et al. 1991;
Gage et al. 2001; Heeringa et al. 2006; Schmitt

et al. 2009). AF is associated with advancing age,
as well as many other heart disease risk factors
such as elevated blood pressure, diabetes, obesi-
ty, alcohol use, and many other factors (Staerk
et al. 2017). Somewhere between 3 and 6million
Americans have AF (Mozaffarian et al. 2015),
and it is responsible for more than 750 hospital
admissions each year. The treatment of AF fo-
cuses on the control of heart rate and on anti-
coagulation for stroke prevention. In some pa-
tients, it is possible to restore a normal sinus
rhythm (i.e., to stop the AF and restore a normal
heartbeat). However, in most patients, this goal
cannot be achieved, and many patients who
have an AF episode go on to develop chronic AF.

While the precise cause of AF is not well
understood, the cardiac factors related to sym-
pathetic and parasympathetic tone are often be-
lieved to influence AF, thus the use of VNS inAF
is undergoing ongoing research. It has been
shown that the ANS plays an important role in
the initiation and maintenance of AF; overacti-
vation of the sympathetic ANS has been attrib-
uted to an increased risk of AF (Mozaffarian
et al. 2015). Given its role in modulating the
autonomic nervous response, LL-VNS has
been shown to reduce the risk of AF in preclin-
ical models (Sheng et al. 2011; Yu et al. 2012;
Carpenter et al. 2015; Chen et al. 2015; Li et al.
2015; Mozaffarian et al. 2015).

Extensivework has been performed to assess
the effects of LL-VNS onmodels assessing atrial
remodeling and AF inducibility. Yu et al. exam-
ined the use of LL-VNS in the treatment of AF
(Carpenter et al. 2015) in which they induced
AF using rapid atrial pacing (RAP) in canines.
Results from this study found that LL-VNS can
reverse RAP-induced atrial remodeling and in-
hibit AF inducibility (Carpenter et al. 2015),
while the group later established that electrical
and autonomic remodeling work together to
enhance the likelihood of AF (Yu et al. 2012).
The study showed that LL-VNS was able to halt
the remodeling of both the electrical and auto-
nomic systems, and reduce the likelihood of AF
(Yu et al. 2012). Similar studies have been per-
formed in which AF was induced in a canine
model using RAP, and treated with LL-VNS,
finding that LL-VNS reversed remodeling of
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the atria and reduced inducibility of AF (Yu et al.
2012). This effect may be attributed to stimula-
tion of the cholinergic pathway, and inhibition
of the intrinsic cardiac nervous system seen
when LL-VNS was applied (Yu et al. 2012).

LL-VNS has also been shown to be effective
in returning RAP-induced decreases in an ERP,
increases in the window of vulnerability for AF
inducibility, and restoration of neural activity to
baseline values (Carpenter et al. 2015). These
effects have been attributed to LL-VNS inhibi-
tion of the intrinsic cardiac ANS. In addition,
these results have been achieved by delivering
the LL-VNS through the auricular branch of
the vagus nerve, showing that these effective
treatments can be achieved noninvasively (Car-
penter et al. 2015). Additionally, researchers
have induced AF in the pulmonary vein and
atrial appendage sites in a canine model to ex-
amine LL-VNS and its effect on focal AF. Results
show that LL-VNS was able to prevent AF
caused by rapid firing at both the pulmonary
vein and nonpulmonary vein sites (Yu et al.
2012). It was proposed that LL-VNS exerted its
effects via the inhibition of neural activity of the
ganglionated plexus (Yu et al. 2012), which has
been previously shown to mediate the response
to VNS (Jiang et al. 2018), possibly through
Nav1.8 (Qi et al. 2014).

Studies have also been done to examine the
effect of LL-VNS on gene expression on gap
junctions in canines. After using RAP to induce
AF, it was observed that RAP could reduce the
levels of atrial connexins Cx40 and Cx43, but
LL-VNS was able to prevent the loss of the con-
nexin expression (Li et al. 2015). Additionally, it
was found that LL-VNS was able to suppress AF
by shortening AF duration and prolonging the
AF cycle length. They concluded that the anti-
AF properties of VNS could be attributed to the
prevention of the loss of Cx40 and Cx43, which
have previously been shown to reduce the inci-
dence of ventricular tacchyarrythmias (Lerner
et al. 2000).

STROKE

A stroke is a critical lack of perfusion to the brain
that results in the death of an area of brain tissue.

Stroke represents a both a leading cause of mor-
tality worldwide, as well as a large healthcare
burden in the United States, costing ∼$40.1 bil-
lion per year (Ovbiagele et al. 2013). With
∼795,000 new or recurrent strokes each year,
there remains a large unmet clinical need. Cur-
rent projections indicate that the prevalence of
stroke in the U.S. adult population will increase
by ∼20.5% by 2030 over 2012 levels (Ovbiagele
et al. 2013). Given the public health relevance,
VNS has been examined as a possible tool to
help treat stroke. Neuroinflammatory injury
has been cited as amajor cause of acute neuronal
damage in stroke. Inflammatory cytokines and
adhesion molecules recruit neutrophils, macro-
phages, and activate microglia. This recruitment
leads to endothelial damage and the failure of
the blood–brain barrier, which results in intra-
cerebral hemorrhage and edema (Cai et al.
2014). The vagus nerve has been previously
shown to play a role in the regulation of both
peripheral and central inflammation (Heneka
and O’Banion 2007). Given its role in regulation
of inflammation, decreased vagus activity may
predispose an individual to stroke, or the stroke
itself may alter vagal inflammatory properties.
In addition to this, the stroke itself may alter
vagal immunoregulatory functions and may
lead to the augmentation of inflammation in
the periphery, as well as in the brain (Heneka
and O’Banion 2007).

Numerous studies have shown the effect of
VNS on the brain following ischemic stroke,
particularly as it pertains to plasticity (Miller
et al. 2009; Mravec 2010; Khodaparast et al.
2013; Meyers et al. 2018). One study showed
that rats with unilateral ischemic lesions of the
primary motor cortex doubled the recovery hit
rate performance for forelimb strength when
compared to training without VNS (Mravec
2010). This improvement was attributed to the
recovery of enhanced plasticity seen within the
motor cortex following VNS. This plasticity is
likely a result of the release of acetylcholine,
norepinephrine, and brain-derived neurotro-
phic factor; the necessity of the cholinergic nu-
cleus basalis in the improvement of cortical plas-
ticity has also been shown (Hulsey et al. 2016). A
2018 study used a retrograde transsynaptic trac-
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er, PRV-152, injected into the forelimbs of study
rats, which had received both VNS and rehabil-
itation. A significant increasewas found in PRV-
positive cells in both the lesioned and unle-
sioned hemispheres of the brain. These findings
indicate that the efferent motor circuits display
significantly increased synaptic connectivity in
animals who receive both VNS and rehabilita-
tion (Meyers et al. 2018).

Prior results were replicated in a 2016 study,
inwhich ratswere implantedwith cuff electrodes
and stimulated 4 weeks poststroke (Khodaparast
et al. 2016). Animals were found to have chronic
forelimb function impairment,whichwas signif-
icantly attenuated by VNS paired with rehabili-
tative training, compared with rehabilitative
training alone. This substantiated findings that
rehabilitation alone was not a sufficient treat-
ment, and that VNS had significant effect on
poststroke limb movement recovery and fore-
limb strength and forelimb rotational function
(Khodaparast et al. 2013, 2014). A series of sim-
ilar experiments also showed the effectiveness of
VNS in rehabilitative recovery following intrace-
rebral hemorrhage (Hays et al. 2014a) as well as
thatVNS canhelpwith poststroke recovery, even
in elderly rats (Hays et al. 2016).

In addition to the significantly increased ef-
ficacy of stroke rehabilitation when paired with
VNS, evidence is also emerging that there is a
critical temporal component to this effect. Re-
cent studies have shown that, to be effective,
VNS must be paired temporally with rehabilita-
tive training, as opposed to immediately after
training, or with a delay after training (Hays
et al. 2014b). This improved recovery persisted
even past the cessation of VNS treatment, indi-
cating that the benefits can be long-lasting.
These results were echoed in a 2018 study, which
found that, compared to a rehab only group, the
VNS + rehab group had significant improve-
ment on assessments of turn angle and success
rate assessments at 7 wk poststroke (Meyers
et al. 2018).

VNS has also been shown to decrease lesion
size and to attenuate cerebral edema after brain
injury (Cai et al. 2014). Decreased activity of the
inflammatory reflex has been shown to worsen
neurological symptoms in ischemic stroke pa-

tients, and researchers have shown that VNS
reduced the incidence of cerebral edema caused
by brain injury by reducing cerebral blood flow.
VNS has also been shown to play a role in re-
ducing stroke volume by as much as 50% by
attenuating excitotoxicity and inhibiting inflam-
mation, and thereby significantly improving
clinical outcomes (Ay et al. 2011; Cai et al.
2014). This reduction could be related to de-
creased levels of glutamate after VNS treatment,
as glutamate excitotoxicity has been found to
play a role in stroke. Overall, the anti-inflamma-
tory effects of VNS, increased GABA levels, and
the activation of several genes involved in the
suppression of inflammatory and apoptotic
pathways play a critical role in the attenuation
of stroke recovery (Ay et al. 2011; Cai et al. 2014).

While the effects of VNS paired with reha-
bilitation have been shown extensively in pre-
clinical models, evidence is beginning to emerge
supporting its efficacy in humans (Dawson et al.
2016; Capone et al. 2017; Kilgard et al. 2018;
Kimberley et al. 2018). A small pilot study was
conducted in Italy in 2016 to assess the safety
and feasibility of transcutaneous VNS (tVNS) in
conjunction with robotically assisted rehabilita-
tion in patients with either chronic ischemic or
hemorrhagic stroke. The tVNS group showed
significantly improved Fugl-Meyer assessment
(FMA) scores, indicating the efficacy of the
treatment (Capone et al. 2017). A first-in-hu-
man controlled, randomized trial of VNS with
upper limb rehabilitation in patients 6 months
after ischemic stroke also showed significant im-
provement in FMA-upper extremity (UE), and
Wolf motor function test (WMFT) for the active
VNS group. The FMA-UE response was found
to go from 33% in the control group to 88% in
the active group, while WMFT scores increased
significantly in day 90 of clinical therapy (Kim-
berley et al. 2018); this improvement in FMA-
UE was also seen in patients who underwent
VNS paired with upper limb rehabilitation
(Dawson et al. 2016). Most recently, VNS was
paired with tactile training for treatment of sen-
sory impairment poststroke. Although this
“first-in-man” consisted of only one patient, re-
sults are promising, with significantly improved
sensory function (Kilgard et al. 2018).
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COAGULOPATHY AND HEMORRHAGIC
SHOCK

Coagulopathy has a significant impact on sur-
vival rates for patients involved in trauma, the
leading cause of mortality worldwide, because
of its role in the development of hemorrhagic
shock and other complications (Jacob and Ku-
mar 2014). Mortality is as much as four times
higher in trauma patients with coagulopathy,
and as such, management and treatment strate-
gies are of global health concern. An increase in
circulating IL-1β and decreased levels of IL-10
have been shown to be induced by hemorrhage.
Rat models have shown that rats that received
VNS during resuscitation had IL-1β and IL-10
levels significantly closer to baseline (Rezende-
Neto et al. 2014). In addition, VNS during
resuscitation improved thromboelastomeric
parameters, including increasedmean clot firm-
ness, increased α angle, and decreased clot-for-
mation time (Rezende-Neto et al. 2014). These
improvements in clotting and cytokine levels are
likely caused by VNS activating the inflammato-
ry reflex and can potentially lead to enhanced
survival in trauma patients. VNS has also been
shown to have an effect on the formation of
thrombin/antithrombin III (TAT) complexes.
In a trial with pigs, VNS significantly increased
the level of TAT complexes found in the blood
directly shed from the wound. In addition, TAT
complex levels were not found to be increased
systemically, which suggests that vagus nerve ac-
tivity modulates thrombin activity directly at the
site of injury. Pigs who received VNS therapy
were also found to have a significantly shortened
period between injury and initiation of clot for-
mation. Finally, animals subjected to VNS were
found to have reduced bloodflow rates across the
wound site (Czura et al. 2010).

Researchhas alsobeendone to assess thegut-
protective effects of VNS in models of hemor-
rhagic shock and trauma.One study in Sprague–
Dawley rats subjected to trauma/hemorrhagic
shock (T/HS), found that VNS significantly de-
crease gut permeability, lung injury, and neutro-
phil priming (Levy et al. 2013). These findings
indicate that VNS plays a critical role in mediat-
ing the production of inflammatory mesenteric

lymph in the gut and its circulation system-wide,
as well as preventing downstream organ damage
after hemorrhagic shock, particularly to the
lungs (Levy et al. 2013). Expanding upon these
findings, the specific role of CD103 dendritic
cells (DCs) in mesenteric lymph after hemor-
rhagic shock in Sprague–Dawley rats was exam-
ined. Rats subjected to T/HS had significantly
reduced levels of CD103 and MHC-II DC pop-
ulations in the mesenteric lymph84, as well as
reduced Treg expression in the mesenteric
lymph node (Morishita et al. 2014), all of which
havepreviously been shown toplayan important
role in intestinal immune regulation (Kondĕl-
ková et al. 2010; Ruane and Lavelle 2011). Ani-
mals treated with cervical VNS showed preven-
tion of CD103 andMHC-II reduction in the DC
populations in mesenteric lymph, as well as a
restoration of Treg expression in the mesenteric
lymph node (Morishita et al. 2014).

In addition to traditional methods of VNS
treatment, pharmacologic VNS has become an
active area of study. Results similar to using
traditional VNS were found in a study of male
Sprague–Dawley rats, in which injection of
T/HS lymph induced a systemic inflammatory
response, increased lung permeability, increased
recruitment of inflammatory cells to the lungs,
and induced acute lung injury (ALI) (Langness
et al. 2016). Administration of CPSI-121, a vagal
agonist, attenuated these effects, with a signifi-
cant reduction in levels of macrophage and neu-
trophils in the lungs; ALI and lung permeability
were also mediated by the pharmacologic ad-
ministration of CPSI-121 (Langness et al.
2016). Similarly, Langness et al. (2016) con-
firmed that administration of CPSI-121 in
Sprague–Dawley rats increased efferent vagus
nerve activity, as well as significantly mediated
gut and lung injury in T/HS animals (Morishita
et al. 2015), making CPSI-121 a potential ther-
apeutic target for future studies in coagulopathy
and hemorrhagic shock.

HYPERTENSION

Hypertension is a prominent healthcare issue in
the United States, with nearly 75 million people
affected. Hypertension is also a leading risk fac-
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tor in the development of other CVDs, such as
heart disease and stroke. Of this population,
∼15%–18% have resistant hypertension, mak-
ing treatment and blood pressure control chal-
lenging with available biologics. As such, VNS
has been investigated as an alternative, although
this field of research is in its infancy. Preliminary
results have indicated a promising future in the
treatment of hypertension.

Early studies on VNS in induced hyperten-
sion in salt-sensitive rats found that 6 weeks of a
high-salt diet significantly increased mean arte-
rial pressure, pulse pressure, and number of ar-
rhythmia episodes (Annoni et al. 2015). After 4
weeks of VNS therapy, there was significant im-
provement seen in both mean arterial pressure
and number of arrhythmic episodes in VNS rats
compared to controls. These improvements
were attributed to changes in the electrophysi-
ology of the heart, including reduction in APD
during rapid pacing, slope of APD restitution,
special dispersion of action potential, and in-
crease in conduction velocity (Annoni et al.
2015). Similar results have been seen with the
use of cardiac-cycle-synchronized selective VNS
(ccsVNS) in hypertensive rats in which both
static and pulsatile stimulation showed a signifi-
cant, sustained reduction in hypertension, with
static stimulation clinically more effective
(Plachta et al. 2016). However, pulsatile stimu-
lation was shown to have a significantly reduced
impact on bradycardia, making it more optimal
as a treatment strategy (Plachta et al. 2016). Re-
searchers have found similar effects in pigs, in
which closed-loop left VNS (CL-LVNS) caused
a blood pressure and heart rate decrease in all
pigs stimulated through at least two electrode
channels (Sevcencu et al. 2018).

Several studies have also been undertaken to
assess the effect of VNS when used in conjunc-
tion with medications as part of combination
therapy, mainly to assess safety, but also to begin
to examine its efficacy (Gierthmuehlen and
Plachta 2016; Gierthmuehlen et al. 2016a,b).
Studies to date have combined selective-afferent
VNS (sVNS) with α2-agonists (clonidine), β1-
selective blockers (metoprolol), and converting
enzyme inhibitors (Enalapril). Across studies,
the introduction of a biologic was shown to mit-

igate the effects of sVNS on blood pressure;
however, the treatment was still effective, with-
out inducing significant bradycardia (Gierth-
muehlen and Plachta 2016; Gierthmuehlen
et al. 2016a,b).

SIDE EFFECTS OF VNS

While VNS treatment has been shown to pro-
duce clinically significant improvement in sev-
eral cardiovascular conditions, some studies
have also shown negative side effects associated
withVNS.Oneof themajor side effects ofVNS is
bradycardia resulting in asystole, a life-threaten-
ing condition in which there is a complete ces-
sation of electrical activity from the heart (Ben-
Menachem 2001; Shankar et al. 2013; Pascual
2015). This has only been reported thus far intra-
operatively, although case reports have been
published citing that VNS was responsible for
asystole in patients undergoing long-term VNS
for epilepsy (Shankar et al. 2013; Pascual 2015).
A case report was published detailing a 55-year-
old patient with partial seizures who presented
with what appeared to be an increase in atomic
seizures on a daily basis∼8 years following VNS
device implantation. While wearing a 24-h car-
diac monitor, he showed recurrent episodes of
ventricular standstills, pauses, and runs of com-
plete heart block, as such, increased cardiac
monitoring of epilepsy patients who are receiv-
ingVNS therapy is recommended (Shankar et al.
2013).

In 2014, another case report was published
detailing a patient who experienced late-onset
bradycardia and asystole while undergoing
VNS treatment for partial epilepsy. The patient
experienced recurrent syncope, lightheaded-
ness, difficulty breathing, and loss of conscious-
ness lasting up to 10 sec ∼1 year after implanta-
tion. When hospitalized, the patient was found
to have sinus bradycardia and a heart rate in the
low 30s, which immediately resolved when VNS
was deactivated (Pascual 2015). While VNS was
likely the cause of these patients’ symptoms, the
ultimate cause remains unclear.

In addition, infection is a possibility from
the surgical implantation of VNS devices. One
study indicated that postoperative infections oc-
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cur in 3% to 6% of patients, while another states
that infection led to device removal in three of
198 patients (Ben-Menachem 2001). Left cord
paralysis is also a possibility during VNS. Symp-
toms of left cord paralysis, such as pain and
hoarseness, typically resolve following the re-
moval of the VNS device (Ben-Menachem
2001). Lower facial weakness has also been
seen in patients with implanted VNS devices.
While the facial weakness may be attributable
to high surgical incisions, the cause is unclear.
While deaths have been theorized to be linked to
VNS, Ben-Menachem (2001) found that death
rates as a result of sudden unexpected, unex-
plained deaths in epilepsy showed a tendency
to be lower in patients receiving VNS.

CONCLUSION

In conclusion, VNS appears to have a promising
future in the treatment of several cardiovascular
conditions. It has been shown to aid in the re-
suscitation of animals in cardiac arrest and with
severe hemorrhage, improve recovery after MI,
alleviate symptoms of heart failure and stroke,
and have the ability to modulate arrhythmias.
While these preclinical studies are promising,
we must add the cautionary note that serious
cardiovascular adverse effects are also quite pos-
sible from VNS, like bradycardia and even car-
diac standstill. These adverse effects seem to oc-
cur when the VNS therapy was used improperly,
at a higher than recommend dosage, so caution
must be exercised as we progress into human
trials of VNS. We look forward to clinical trials
evaluating the efficacy of VNS in the treatment
of humans with several CVDs in the near future.
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