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Bioelectronic medicine is an evolving field in which new insights into the regulatory role of
the nervous system and new developments in bioelectronic technology result in novel ap-
proaches in disease diagnosis and treatment. Studies on the immunoregulatory function of the
vagus nerve and the inflammatory reflex have a specific place in bioelectronic medicine.
These studies recently led to clinical trials with bioelectronic vagus nerve stimulation in
inflammatory diseases and other conditions. Here, we outline key findings from this preclin-
ical and clinical research. We also point to other aspects and pillars of interdisciplinary
research and technological developments in bioelectronic medicine.

euronal electrical activity is fundamental

for brain function and for the rapid transfer
of information via peripheral nerves in reflex
circuits regulating a myriad of physiological
processes. Although neural electrical signaling
is vital for maintaining homeostasis, disbalance,
or failure of neural regulation is associated with
many disorders. There is a long history of ex-
ploring electricity using devices to treat human
disease. Arguably, the first documented ap-
proach is associated with Scribonius Largus,
the court physician of the Roman emperor Clau-
dius, circa 50 C.E. Scribonius used “a natural
device”—a live torpedo fish to treat gout, a
form of inflammatory arthritis (Fig. 1). Arthri-
tis, and more specifically, rheumatoid arthritis,
is a debilitating disease whose etiology includes

dysregulated immune responses, leading to
chronic inflammation (Firestein 2003). Fast-
forwarding from Scribonius’s time to 2016 re-
veals that we again explore treating arthritis with
electricity; however, this time, using a bioelec-
tronic device attached to a major peripheral
nerve—the vagus nerve (Koopman et al. 2016).
What led to this novel approach was triggered by
the recent discovery that the vagus nerve regu-
lates inflammation within a physiological mech-
anism—the inflammatory reflex (Fig. 1; Borovi-
kova et al. 2000; Tracey 2002). The implications
of this discovery were multidimensional. It
jumpstarted research on the role of the nervous
system as a key partner of the immune system in
the regulation of inflammation, and led to iden-
tifying molecular constituents of the neuroim-
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mune dialogue (Wang et al. 2003; Pavlov et al.
2006, 2018; Chavan et al. 2017; Pavlov and
Tracey 2017). It also triggered a considerable
interest in exploring vagus nerve stimulation
(VNS) and other approaches focused on the in-
flammatory reflex to counteract aberrant in-
flammation critically implicated in pathogene-
sis of many diseases (Pavlov and Tracey 2012).
The translational impact of this research was
recently validated in clinical trials exploring
bioelectronic modulation of the vagus nerve in
treating patients with chronic inflammatory dis-
eases (Bonaz et al. 2016; Koopman et al. 2016).
These studies ultimately led to conceptually new
developments in disease management and treat-
ment under the umbrella of bioelectronic med-
icine (Fig. 1; Tracey 2014; Olofsson and Tracey
2017; Pavlov and Tracey 2019). Here, we outline
key aspects of the studies stemming from the
discovery of the immunomodulatory function
of the vagus nerve and the inflammatory reflex
and leading to current clinical translation in bio-
electronic medicine. We also briefly summarize
other developments in this evolving field, in
which novel mechanistic insight and technolog-
ical innovation in bioelectronics result in new
therapeutic approaches.

THE VAGUS NERVE FUNCTIONAL ANATOMY

Relevant aspects of the anatomy and physiology
of the vagus nerve (cranial nerve ten) have been
previously reviewed in detail (see Berthoud and
Neuhuber 2000; Berthoud 2004, 2008; Pavlov
and Tracey 2012; Metz and Pavlov 2018) and a
brief overview is provided below. The vagus
nerve is a mixed nerve containing afferent and
efferent fibers (Fig. 2). Efferent neurons within
the vagus nerve originate in the dorsal motor
nucleus (DMN) of the vagus and nucleus ambi-
guus (NA) in the brainstem medulla oblongata
and innervate several visceral organs (Fig. 2;
Berthoud 2008; Metz and Pavlov 2018). These
long preganlionic neurons communicate with
postganlionic neurons in close proximity or
within the innervated organs. Main physiologi-
cal functions of the vagus nerve are related to
regulation of heart rate, gastrointestinal motility
and secretion, glucose production in the liver,

and pancreatic endocrine and exocrine secre-
tion (Berthoud and Neuhuber 2000; Berthoud
2008; Pavlov and Tracey 2012; Masi et al. 2018).
These functions are primarily mediated by the
release of acetylcholine (ACh) interacting with
muscarinic acetylcholine receptors (mAChRs)
on target cells, including smooth muscle cells,
cardiac myocytes, and glandular cells. The vagus
nerve also contains afferent neurons, constitut-
ing ~80% of the total neuronal count (Berthoud
and Neuhuber 2000). The cell bodies of these
pseudounipolar neurons are localized outside
of the central nervous system (CNS)—in the
nodose and jugular ganglia, and their bidirec-
tional axons communicate peripheral (visceral)
alterations to the brainstem nucleus tractus
solitarius (NTS) (Fig. 2; Berthoud and Neu-
huber 2000).

THE ROLE OF THE VAGUS NERVE IN THE
NEURAL REGULATION OF IMMUNITY
AND INFLAMMATION

Recently, our knowledge about the physiological
functions of the vagus nerve was considerably
advanced when this nerve was characterized as a
major regulator of inflammation (Borovikova
et al. 2000; Tracey 2002, 2009). Inflammation
is a vital protective event against tissue injury
and infection. Key elements in the initial innate
immune response during inflammation include
interaction of pathogen fragments and tissue
injury molecules with the Toll-like receptors
(TLRs), NOD-like receptors (NLRs), and other
molecular sensors on immune cells (Akira et al.
2006; Medzhitov 2008). This interaction triggers
activation of NF-kB-mediated and other intra-
cellular signaling pathways that result in the
generation of cytokines, including tumor necro-
sis factor (TNF) and interleukin (IL)-1f, IL-6,
and IL-10 (Tracey 2002; Medzhitov 2008; Olofs-
son et al. 2017). The release of these pro- and
anti-inflammatory cytokines, additional leuco-
cyte recruitment in the inflamed area, angio-
genesis, and the release of resolvins and other
molecules mediate a complex and balanced in-
flammatory process, which is resolved in a time-
ly manner (Medzhitov 2008; Chavan et al. 2017;
Chavan and Tracey 2017; Olofsson et al. 2017;
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Figure 2. The inflammatory reflex. In the inflammatory reflex, the activity of afferent vagus nerve fibers residing in
the nodose ganglion is stimulated by cytokines and pathogen-associated molecular patterns (PAMPs). The signal
is transmitted to the nucleus tractus solitarius (NTS). Reciprocal connections between the NTS and dorsal motor
nucleus (DMN) of the vagus mediate communication with and activation of efferent vagus nerve fibers from the
DMN. The signal is propagated to the celiac ganglia and the superior mesenteric ganglion in the celiac plexus,
where the splenic nerve originates. Norepinephrine (NE) released from the splenic nerve interacts with
B,-adrenergic receptors (8,-ARs) and causes the release of acetylcholine (ACh) from T cells containing functional
choline acetyltransferase (T-ChAT) cells. ACh interacts with 07 subunit-containing nicotinic acetylcholine re-
ceptors (07nAChRs) on macrophages and suppresses proinflammatory cytokine release and inflammation. The
inflammatory reflex can be activated through brain muscarinic acetylcholine receptor (mAChR)-mediated mech-
anisms by centrally acting M1 mAChR agonists and acetylcholinesterase (AChE) inhibitors. Somatosensory
activation by electroacupuncture at the Hegu point also causes activation of brain mAChR signaling, which
then results in activation of efferent vagus and splenic anti-inflammatory signaling. Electroacupuncture at a
different acupuncture point activates sciatic nerve signals, which by unknown mechanisms convert to efferent
vagus nerve signaling to the adrenal medulla, resulting in dopamine release. Dopamine suppresses inflammation
and improves survival in a model of sepsis. Vagus nerve and splenic nerve signaling mediated through «7nAChR
on splenocytes controls inflammation in acute kidney injury and alleviates the condition. (Figure created by
Debbie Maizels, Springer Nature, for Pavlov and Tracey 2017; reprinted, with permission, from the authors in
conjunction with Springer Nature.)
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Serhan and Levy 2018). However, dysregulation
of the mechanisms underlying this normal and
beneficial course of inflammation results in ex-
cessive or unresolved chronic inflammation that
can be deleterious and lethal (Medzhitov 2008;
Pavlov et al. 2018). Unbalanced and unresolved
inflammation mediates pathogenesis in sepsis,
rheumatoid arthritis, inflammatory bowel dis-
ease (IBD), and many other disorders (Anders-
son and Tracey 2012; Talbot et al. 2016). In-
flammation also is a characteristic pathogenic
feature of obesity, the metabolic syndrome,
type 2 diabetes, and cancer, affecting millions
of people worldwide (Pavlov and Tracey 2012;
Pavlov et al. 2018). Therefore, improved under-
standing of the mechanisms regulating inflam-
mation is a prerequisite for developing efficient
approaches to diagnose, prevent, and treat a
wide range of diseases.

It is increasingly recognized that the brain
and the nervous system are involved in the reg-
ulation of inflammation (Pavlovet al. 2018). Un-
til not so long ago, this regulation was solely
attributed to the sympathetic part of the auto-
nomic nervous system and the hypothalamic-
pituitary-adrenal (HPA) axis (Elenkov et al.
2000; Webster et al. 2002; Pavlov et al. 2003;
Olofsson et al. 2017). A substantial advance
was recently generated by the discovery that the
efferent vagus nerve plays a major role in the
neuroimmune dialogue and neural control of
immune function and inflammation (Borovi-
kova et al. 2000). Vagotomy (a surgical interrup-
tion of the vagus nerve) results in higher circu-
lating TNF levels in rats administered with
endotoxin (lipopolysaccharide [LPS]) and elec-
trical stimulation of the peripheral portion of the
vagus nerve in the neck decreases these levels
(Borovikova et al. 2000). In addition, in vitro
treatment of immune cells with ACh—the
main molecule released from efferent vagus
nerve axons, decreases LPS-induced TNF pro-
duction (Borovikova et al. 2000). This new im-
munomodulatory function of the efferent vagus
nerve was termed the cholinergic anti-inflam-
matory pathway (Borovikova et al. 2000; Pavlov
et al. 2003). These findings and previous obser-
vations, showing the role of the afferent vagus
nerve fibers in transmitting peripheral inflam-

matory signals to the brain, led to proposing
the concept of the inflammatory reflex (Fig. 2;
Tracey 2002). A growing body of experimental
evidence shows that this physiological, vagus
nerve-based mechanism is well positioned to
communicate alterations in peripheral immune
homeostasis to the brain and control peripheral
immune responses and inflammation (Pavlov
etal. 2018). A receptor, responsible for transmit-
ting vagus nerve cholinergic anti-inflammatory
outflow into suppression of proinflammatory
cytokine production was also identified—the
o7 subunit-containing nicotinic acetylcholine
receptor (07nAChR) expressed on macrophages
and other immune cells (Wang et al. 2003). This
finding provided a rationale for studying the
anti-inflammatory properties of GTS-21, cho-
line and many other a7nAChR agonists in
preclinical setting of numerous inflammatory
conditions (Pavlov et al. 2007; Parrish et al.
2008; Pavlov and Tracey 2015). Inhibition of
NF-«xB nuclear translocation, activation of the
JAK2/STAT3 pathway, and inhibition of the
inflammasome activation were identified as in-
tracellular events with a mediating role in cho-
linergic anti-inflammatory signaling in different
inflammatory conditions (Guarini et al. 2003; de
Jonge et al. 2005; Lu et al. 2014).

A considerable insight into the inflammato-
ry reflex was provided by revealing the interac-
tion between the vagus nerve and the splenic
nerve (Berthoud and Powley 1996) in the regu-
lation of inflammation (Rosas-Ballina et al.
2011). This was first indicated by showing that
the suppression of serum and splenic TNF as a
result of VNS in murine endotoxemia is abro-
gated by splenic nerve transection (Rosas-Bal-
lina et al. 2008). VNS also activates the release of
ACh in the spleen (Rosas-Ballina et al. 2011). A
major cellular source of this ACh is a subset of T
lymphocytes, containing choline acetyltransfer-
ase (ChAT)—the key enzyme in ACh biosyn-
thesis (Rosas-Ballina et al. 2011). These T cells
containing functional choline acetyltransferase
(T-ChAT) cells also express B-adrenergic recep-
tors, mediating catecholaminergic activation of
ACh release under vagus nerve control (Fig. 2).
ACh further interacts with the a7nAChR on
macrophages and other immune cells to sup-
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press proinflammatory cytokine production
(Fig. 2). In addition to endotoxemia, a function-
al cooperation between the vagus nerve (classi-
cally designated as parasympathetic) and the
splenic nerve (sympathetic) has been described
in murine colitis (Ji et al. 2014; Munyaka et al.
2014), B-cell responses to blood-borne antigen
(Mina-Osorio et al. 2012), T-cell activation and
egress from the spleen, and control of hyperten-
sion (Carnevale et al. 2016), renal ischemia—
reperfusion injury (Inoue et al. 2016), and other
conditions. These studies suggested that the
convenient and widely used designation “para-
sympathetic” versus “sympathetic” in describing
the functional role of autonomic neurons as act-
ing in an opposite manner is imprecise (Pavlov
and Tracey 2017). In addition, new functional
roles for peripheral afferents (somatosensory)
and efferent neurons in immunomodulation
and their contribution to the inflammatory re-
flex have been reported (Fig. 2). Hence, active
ongoing characterization of peripheral nerves
and even neuronal populations within one nerve,
based on specific functions should provide a
basis for more precise classifications (Chang
et al. 2015; Pavlov and Tracey 2017; Han et al.
2018).

A ROLE FOR VAGUS AFFERENTS IN THE
NEUROIMMUNE DIALOGUE

Vagus nerve and other afferent (sensory) neu-
rons innervating peripheral tissues respond to
inflammatory products and send signals to the
CNS (Fig. 2; Chavan et al. 2017). Peripheral ter-
minals of sensory neurons activated during
pathogen invasion also release substance P and
other neuropeptides (Chiu et al. 2013; Talbot
et al. 2015). These molecules modulate inflam-
mation by interacting with immune cells within
a feedback loop—an axon reflex (Chiu et al.
2013; Talbot et al. 2015; Chavan and Tracey
2017; Pavlov and Tracey 2017; Baral et al.
2018). The role of sensory vagus nerve fibers
in detecting alterations in the immune homeo-
stasis and communicating this information to
the brain (Fig. 2) has also been an area of active
research (Niijima 1996; Goehler et al. 2000;
Chavan et al. 2017; Pavlov et al. 2018). The in-

terplay between inflammatory mediators and
sensory vagus nerve fibers was first suggested
by showing that subdiaphragmatic vagotomy
inhibited febrile responses induced by intra-
portal administration of IL-1$ or LPS (Goehler
et al. 2000). This and other findings have indi-
cated that afferent signaling along the vagus
nerve is required to initiate a hyperthermic re-
sponse to peripheral inflammatory mediators
(Goehler et al. 2000). In addition, intraportal
administration of IL-1P results in increased ac-
tivity of the hepatic branch of the vagus nerve
and increased efferent activity of the splenic
nerve (Niijima 1996). Hepatic vagotomy ab-
lates activation of splenic nerve activity (Nii-
jima 1996)—an observation pointing to the
reflex nature of this effect with relevance to
our current understanding of the inflammatory
reflex (Pavlov et al. 2018). Recent studies added
to these early observations by providing insight
into the specificity of vagus nerve signaling
activated in the presence of inflammatory me-
diators. Electrophysiological recordings and
comprehensive decoding of neural activity
identified LPS and cytokine-specific sensory
neural signals in the vagus nerve (Steinberg
et al. 2016; Silverman et al. 2018; Zanos et al.
2018). Systemic administration of LPS activates
sensory vagus nerve signals in TLR4-receptor-
dependent manner (Silverman et al. 2018). In-
traperitoneal administration of IL-1B or TNF
results in a dose-dependent increase in afferent
vagus nerve activity (Steinberg et al. 2016). De-
coding the neural signals based on their shape
and amplitude identifies sensory neural groups
responding specifically to TNF and IL-1B
(Steinberg et al. 2016; Zanos et al. 2018). Va-
gotomy performed distal to the recording elec-
trode abolishes these neural signals indicating
that the majority of the activity recorded are
sensory vagus nerve signals (Steinberg et al.
2016). These characteristic electrical patterns
are absent in animals lacking the respective cy-
tokine receptor (Steinberg et al. 2016; Zanos
et al. 2018). This research has generated con-
siderable insights, which may be of interest for
developing advanced approaches in disease di-
agnosis and treatment within the scope of bio-
electronic medicine.

6 Cite this article as Cold Spring Harb Perspect Med 2020;10:a034140
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BRAIN SIGNALING IN THE REGULATION
OF THE INFLAMMATORY REFLEX AND
IN CONTROLLING INFLAMMATION

Reporting the direct evidence for the anti-
inflammatory role of the vagus nerve was closely
related to studies with the anti-inflamma-
tory compound CNI-1493 (guanylhydrazone).
CNI-1493 administered in the brain was found
to suppress peripheral cytokine levels and the
vagus nerve was identified as a major brain-to-
periphery conduit of CNI-1493 anti-inflamma-
tory effects (Bernik et al. 2002). Intriguingly,
CNI-1493 was also identified as a ligand of
mAChRs (Pavlov et al. 2006). Consequently, a
role for brain cholinergic signaling and brain
mAChRs in the neural regulation of peripheral
inflammation through a vagus nerve-mediated
mechanism was shown (Fig. 2; Pavlov et al. 2006,
2009; Ji et al. 2014; Munyaka et al. 2014; Rosas-
Ballina et al. 2015). These findings also indicated
new possibilities to intervene in inflammatory
conditions for therapeutic benefit using two
types of centrally acting cholinergic com-
pounds—mAChHR ligands and acetylcholines-
terase (AChE) inhibitors (Pavlov et al. 2006,
2009; Waldburger et al. 2008; Munyaka et al.
2014; Hanes et al. 2015; Rosas-Ballina et al.
2015). Especially appealing, in terms of clinical
development, is the use of AChE inhibitors, be-
cause some of these compounds, including gal-
antamine are clinically approved drugs (for Alz-
heimer’s disease). Immune dysregulation and
chronic low-grade inflammation are character-
istic features of obesity and obesity-driven con-
ditions, including the metabolic syndrome, type
2 diabetes, and cardiovascular disease (Pavlov
and Tracey 2012; Roth et al. 2016). Galantamine
treatment was shown to significantly alleviate
inflammation, insulin resistance, and other met-
abolic derangements in a murine model of high-
fat, diet-induced obesity (Satapathy et al. 2011).
Preclinical research was recently followed by
clinical studies. A randomized, placebo-con-
trolled double-blind trial showed the anti-
inflammatory and beneficial metabolic effects
of clinically approved galantamine doses in pa-
tients with the metabolic syndrome (Consolim-
Colombo et al. 2017).

The CNS integration of afferent and efferent
neural immunomodulatory circuitries and their
brain regulation are also of substantial research
interest. Interactions between NTS, DMN, and
area postrema within the dorsal vagal complex
mediate integration of afferent (sensory) and
efferent (motor) vagus nerve signaling and
humoral factors at the level of the brainstem
(Rogers et al. 1996; Pavlov and Tracey 2012). Af-
ter reaching the brainstem NTS, afferent signals
along the vagus nerve are directed to other brain
areas, including the hypothalamus, the basal
forebrain, hippocampus, and other constituents
of the limbic system (Grijalva and Novin 1990;
Rogers et al. 1996; Pavlov and Tracey 2012; Sua-
rez et al. 2018). It has also been known for a long
time that hypothalamic nuclei and regions in the
forebrain and the limbic system also control ef-
ferent vagus nerve outflow (Akert and Gernandt
1962; Rogers et al. 1996). These observations
suggest another “higher” level of integration
and regulation of vagus nerve signaling. De-
tailed mapping of brain networks with a role
in the regulation of vagus nerve anti-inflamma-
tory activity and the inflammatory reflex and
their alterations in disease settings would indi-
cate new neural therapeutic targets (Pavlov et al.
2018). Several approaches of device-generated
brain neuromodulation, including electrical
deep brain stimulation, transcranial direct cur-
rent stimulation, and transcranial magnetic
stimulation, are in clinical use or have been ex-
perimentally studied for treating neurological
conditions (Fregni and Pascual-Leone 2007;
Cabrera et al. 2014; Salehpour et al. 2018). One
day, it may be possible to use these approaches to
modulate brain networks for therapeutic benefit
in inflammatory diseases within the scope of
bioelectronic medicine.

VAGUS NERVE STIMULATION IN ANIMAL
MODELS OF INFLAMMATORY
CONDITIONS

Numerous studies using VNS have provided
mechanistic insight into the anti-inflammatory
role of the vagus nerve and indicated new ther-
apeutic options for inflammatory conditions
(Pavlov and Tracey 2015; Chavan et al. 2017).
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Most of these studies have used cervical VNS,
which activates both efferent and afferent signal-
ing. The role of efferent vagus nerve signaling in
controlling proinflammatory cytokine release,
inflammation, and cardiovascular and metabol-
ic indices has been unequivocally shown (Boro-
vikova et al. 2000; Inoue et al. 2016; Hong et al.
2018b). In addition, activation of afferent vagus
nerve signaling has been shown to cause periph-
eral anti-inflammatory effects (Olofsson et al.
2015; Inoue et al. 2016). This observation sug-
gests that activation of afferent vagus nerve sig-
naling triggers brain regulatory networks result-
ing in peripheral anti-inflammatory output
(Pavlov and Tracey 2017). Revealing the brain
mechanisms of this regulation presents an inter-
esting area for future research. The anti-inflam-
matory and disease-alleviating efficacy of VNS
has been indicated in acute settings of murine
endotoxemia, sepsis, hemorrhagic shock, un-
controlled bleeding, postoperative ileus, kidney
ischemia-reperfusion injury, and other condi-
tions (Borovikova et al. 2000; Guarini et al.
2003; de Jonge et al. 2005; Inoue et al. 2016;
Hong et al. 2018b). The use of implanted devices
for bioelectronic VNS has allowed studying the
efficacy of this approach in chronic settings of
inflammatory conditions. For instance, once
daily VNS delivered via implanted cuff electrode
for 7 days significantly alleviates inflammation
and other pathological features of collagen-in-
duced arthritis in rats (Levine et al. 2014). The
use of a similar approach—3 hours of VNS stim-
ulation per day through an implanted device for
5 days—significantly attenuates colonic inflam-
mation and the severity of IBD (colitis) in rats
(Meregnani et al. 2011). Another, minimally in-
vasive approach of VNS has recently been used
in treating adverse inflammation. Stimulating
the cervical vagus nerve using a percutaneous
needle electrode placed under ultrasound guid-
ance results in significant alleviation of periph-
eral and CNS inflammation (neuroinflamma-
tion) in mice with endotoxemia (Huffman
et al. 2019). Approaches for noninvasive VNS
in controlling inflammation have also been ex-
plored. One of these approaches is stimulation of
the auricular branch of the vagus nerve. This
afferent branch of the vagus nerve innervates

the ear canal and a specific area of the ear, termed
“cymba concha,” and terminates in the NTS.
Although several studies have shown the anti-
inflammatory efficacy of this transcutaneous
form of VNS in animal studies, there have been
some unaddressed questions and uncertainty in
terms of the mechanisms mediating these ef-
fects. One key question has been whether activa-
tion of neural signaling through this sensory
branch translates into efferent vagus nerve sig-
naling that regulates immune responses and in-
flammation. A very recent study exploring this
approach in mice with postoperative ileus (a
common complication after abdominal surgery)
and endotoxemia provided substantial mecha-
nistic insight addressing this question (Hong
et al. 2018b). Electrical transcutaneous auricular
VNS in these mice suppresses intestinal cytokine
expression, lowers leukocyte recruitment to the
manipulated intestine segment, and improves
gastrointestinal transit after intestinal manipu-
lation (Hong et al. 2018b). In addition, this form
of VNS suppresses TNF and IL-6 levels in mice
with endotoxemia (Hong et al. 2018b). Auricu-
lar VNS triggers neuronal activation in the NTS
and DMN, and vagotomy abrogates its anti-in-
flammatory effects; these observations clearly
point to the mediating role of efferent vagus
nerve signaling in the context of murine ileus
and endotoxemia (Hong et al. 2018b). Recent
studies have also shown the efficacy of other ap-
proaches of noninvasive VNS in alleviating CNS
inflammation (neuroinflammation) and other
brain derangements in mice by affective micro-
glial activation toward neuroprotective pheno-
type (Kaczmarczyk et al. 2017; Zhao et al.
2019). For instance, noninvasive transcutaneous
stimulation of the right cervical vagus nerve was
recently used in a mouse model of focal cerebral
ischemia (Zhao et al. 2019). The efficacy of a
regimen of VNS for 60 min (six series of 2-min
duration substimulations at a 10-min interval,
consisting of 1 msec duration pulses of 5 kHz
sinewaves, repeated at 25 Hz with an average
voltage of 15V) was studied. This VNS (vs.
sham stimulation applied on left femur) results
in considerable neuroprotection related to in-
creased microglial M2 polarization mediated
by IL-17A expression (Zhao et al. 2019).
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In addition to its implications in immuno-
regulation and inflammatory control, the effica-
cy of VNS has been shown in the regulation of
bleeding (hemorrhage) (Czura et al. 2010) and
body weight (Pelot and Grill 2018; Yao et al.
2018). VNS in pigs subjected to ear resection
was shown to significantly shorten the bleeding
time and to potentiate formation of thrombin/
antithrombin III complexes (Czura et al. 2010).
Although the mechanisms of these VNS anti-
hemorrhagic effects remain to be further eluci-
dated, these observations suggest the potential
of VNS as an experimental approach in treating
a variety of trauma- and hemorrhage-related
conditions. The vagus nerve, and specifically
its afferent fibers regulate satiety and thus food
intake (Berthoud and Neuhuber 2000). A very
recent study showed the usage of a “smart” de-
vice for VNS in reducing body weight (Yao et al.
2018). This battery-free device was designed to
generate biphasic electrical pulses stimulating
afferent vagus nerve fibers in response to stom-
ach peristalsis (Yao et al. 2018). The use of this
device in rats results in a remarkable 38% weight
loss maintained within the 100-day study period
(Yao et al. 2018). This targeted VNS may have
considerable future implications in therapeutic
strategies aimed at achieving weight loss in in-
dividuals with obesity.

Using modern methodology, based on ad-
vances in molecular genetics, allows further in-
depth functional characterization of the role of
vagus nerve and other neural circuitries in im-
mune regulation (Pavlov and Tracey 2017; Pav-
lov et al. 2018). In parallel, accumulating evi-
dence about the efficacy of VNS in animal
models of disorders characterized by immune
and metabolic derangements has resulted in test-
ing implanted device-generated bioelectronic
VNS in patients with inflammatory and autoim-
mune disease (Bonaz et al. 2016; Koopman et al.
2016).

VAGUS NERVE STIMULATION IN THE
TREATMENT OF HUMAN INFLAMMATORY
AND AUTOIMMUNE DISEASES

In many diseases, including rheumatoid arthri-
tis, IBD, obesity, and type 2 diabetes, aberrant

inflammation coexists with decreased vagus
nerve activity determined by heart rate variabil-
ity analysis (Lindgren et al. 1993; Carnethon
et al. 2003; Pavlov and Tracey 2012). Although
a causal relationship has not been clearly estab-
lished, augmenting the diminished vagal tone by
VNS in these disorders has been documented as
an efficient approach to decrease inflammation
and alleviate the disease severity (Pavlov and
Tracey 2012; Bonaz 2018).

Results from clinical trials of bioelectronic
VNS in patients with IBD (Crohn’s disease) and
rheumatoid arthritis started validating the
translational applicability of preclinical find-
ings. Crohn’s disease is a chronic inflammatory
disease with limited, expensive, and associated
with considerable adverse effect treatment op-
tions. A relatively recent study showed that VNS
using an implanted device significantly alleviat-
ed the severity of the disease manifested by re-
duced disease activity index and improved en-
doscopic findings in five of seven patients with
active disease (Bonaz et al. 2016). In parallel,
VNS results in increased vagus nerve activity
determined by heart rate variability analysis
(Bonaz et al. 2016). Another debilitating chronic
inflammatory and autoimmune disorder with
expensive treatment options and a high number
of nonresponders is rheumatoid arthritis (Fire-
stein 2003). Bioelectronic VNS (up to four times
daily) through an implanted device in patients
with this disease resulted in considerable disease
alleviation indicated by significantly improved
disease scores for up to 84 days (Koopman
et al. 2016). This VNS treatment is efficient in
two cohorts of patients—seven patients in an
early disease stage—who showed no response
to previous methotrexate treatment and 10 pa-
tients in later disease stages who failed treat-
ments with several biologics (Koopman et al.
2016). These effects are tightly associated with
the neurostimulation effect; interruption (with-
drawal) of the VNS treatment results in worsen-
ing of the disease score and restoring VNS—in
consequent improvement (Koopman et al.
2016). The clinical improvement in these pa-
tients with rheumatoid arthritis following VNS
occurs in parallel with decreases in TNF and
other cytokine levels (Koopman et al. 2016).
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The anti-inflammatory efficacy of transcuta-
neous stimulation of the cervical vagus nerve has
also been successfully explored in healthy volun-
teers (Lerman et al. 2016) and more recently in
patients with primary Sjogren’s syndrome (Tarn
et al. 2018). The potential use of auricular VNS
in the treatment of postoperative ileus was also
recently suggested by showing that auricular
VNS in humans activates efferent vagus nerve
signaling to the viscera (Hong et al. 2018a).
Transcutaneous auricular VNS results in signif-
icant suppression of action potential frequency
and significant increase of action potential am-
plitude (analyzed by a free running electromy-
ography [EMG]) in the stomach of 14 patients
requiring open laparotomy. Transcutaneous
VNS also increases gastrin levels (a surrogate
marker for vagus nerve activation) in these pa-
tients 3 hours following stimulation (Hong et al.
2018a). Of note, no significant device-related
adverse events are reported in these patients.
These findings and the recently shown therapeu-
tic efficacy of transcutaneous VNS in mice with
ileus (Hong et al. 2018b) suggest that this non-
invasive VNS approach can be further explored
in the treatment of human postoperative ileus
(Hong et al. 2018a).

BIOELECTRONIC MEDICINE: AN
EXPANDING FIELD

VNS holds the potential of providing efficient
means of treating a broad spectrum of human
conditions, including IBD, rheumatoid arthritis,
ileus, uncontrolled bleeding, and the modern
pandemics—obesity and the closely related met-
abolic syndrome and type 2 diabetes (Pavlov and
Tracey 2012; Yao et al. 2018). Continuing
preclinical and clinical studies providing new in-
sight into the role of the vagus nerve in the reg-
ulation of inflammation and the therapeutic ef-
ficacy of VNS, described above, represent a pillar
of translational advances in bioelectronic medi-
cine. In addition to the vagus nerve, studies on
the regulatory role of other peripheral and CNS
circuitries and the therapeutic usage of their
modulation are considerably adding to progress
in bioelectronic medicine (Fig. 3; Talbot et al.
2015; Guduru et al. 2018; Gitemes and Georgiou

2018; Jiman et al. 2018; Kibleur and David 2018;
Kovatchev 2018; Zhang et al. 2018; Pavlov and
Tracey 2019). These studies use methodological
advances in material science, bioengineering,
neuroscience, data analytics, computer model-
ing and mathematics, immunology, molecular
biology, and other disciplines (Fig. 3; Bettinger
2018; Giagka and Serdijn 2018; Guduru et al.
2018; Kovatchev 2018; Qing et al. 2018; San-
juan-Alberte et al. 2018; Silverman et al. 2018;
Pavlov and Tracey 2019). Applying multidisci-
plinary approaches has been instrumental in dis-
covering new molecular mechanisms of CNS
and peripheral neural regulation, and identifying
new therapeutic targets (Fig. 3). These insights
and advancing bioelectronic technology have led
to clinical exploration of novel treatments of car-
diovascular disease, paralysis, diabetes, blind-
ness, neurodegenerative diseases, cancer, and
many other diseases and conditions (Fig. 3; Me-
rabet et al. 2005; Fregni and Pascual-Leone 2007;
De Ferrari et al. 2011; Lee et al. 2015, 2018; Bou-
ton et al. 2016; Mishra et al. 2016; Olofsson and
Tracey 2017; Angeli et al. 2018; Fernandez 2018;
Kovatchev 2018; Salehpour et al. 2018; Sanjuan-
Alberte et al. 2018). Successful team efforts of
basic researchers and clinical scientists, includ-
ing neurologists, gastroenterologists, cardiolo-
gists, and other colleagues will continue to be a
driving force for broadening the scope of the field
and novel clinical exploration (Fig. 3).

CONCLUDING REMARKS

Active ongoing research has provided mecha-
nistic insights into the role of the vagus nerve in
the neuroimmune communication and in con-
trolling inflammation within the inflammatory
reflex. These studies also indicated that target-
ing the inflammatory reflex using VNS can be
an efficient new approach to control aberrant
inflammation in a broad range of diseases. Pre-
clinical studies provided a rationale for success-
ful clinical translation in recently completed
and ongoing clinical trials exploring bioelec-
tronic neuromodulation in the treatment of
rheumatoid arthritis and IBD. These studies
were of fundamental importance for the field
of bioelectronic medicine. Improved under-
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Multidisciplinary teams:
e Material scientists
Biochemists
Biophysicists
Electrical engineers
Bioengineers
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Neuroscientists
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Neurologists
Gastroenterologists
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Disease diagnosis and treatment:

e Inflammatory and autoimmune
diseases

e Paralysis

* Cardiovascular diseases

* Neurodegenerative diseases
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e Obesity and diabetes
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Figure 3. Current aspects and constituents of bioelectronic medicine. Bioelectronic medicine is a growing and
evolving field. It brings together colleagues with diverse specializations in basic research and clinical disciplines.
Ongoing research efforts by these multidisciplinary teams provide new mechanistic insight into the regulatory
functions of the nervous system and their deviations in disease settings, identify new molecular targets, and
evaluate new diagnostic and therapeutic approaches with relevance to neuromodulation. In parallel, advances in
biomaterials, electrodes, sensors, interfaces, bioelectronic devices, and artificial intelligence elements substan-
tially facilitate the implementation of bioelectronic approaches in disease settings. Although many of these
approaches are based on targeting neural circuits, others, such as the “artificial pancreas” are not strictly related
to neuromodulation. All of these efforts culminate in new clinical trials in many diseases under the umbrella of
bioelectronic medicine. (Background figure from MotionCow 2018; reprinted, with permission, from
TurboSquid.com.)

Mechanistic insight in
neural regulation

Technological advances
in bioelectronics

standing of the nervous system regulatory func-
tions and their alterations in preclinical disease
models will continue to provide necessary
mechanistic insights for further clinical trials.
Moving forward, the symbiotic relationship be-
tween preclinical and clinical studies and tech-
nological innovations will be essential for
achieving a key factor for novel clinical transla-
tion (Fig. 3). The future use of closed-loop de-
vices and systems, machine learning, and ele-
ments of artificial intelligence will improve
disease diagnosis, allow precise predictions of
major medical events, and result in improved
treatments. Arguably, bioelectronic medicine is
at the forefront of the technological revolution

in science and medicine and holds the promise
of transforming medicine.
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