‘ Bioelectronic
| Medicine

Vagus Nerve Stimulation for Treatment of Inflammation:
Systematic Review of Animal Models and Clinical Studies

Harwood Kwan,' Luca Garzoni,> Hai Lun Liu,’ Mingju Cao,! Andre Desrochers,’ Gilles Fecteau,’
Patrick Burns,® and Martin G Frasch**°

1Department of Obstetrics and Gynecology and Department of Neurosciences, University of Montreal, Montreal, Quebec, Canada;
2Departrnent of Pediatrics, CHU Ste-Justine Research Centre, University of Montreal, Montreal, Quebec, Canada; 3Department of
Clinical Sciences, University of Montreal, St-Hyacinthe, Quebec, Canada; ‘Centre de Recherche en Reproduction Animale, Faculty
of Veterinary Medicine, University of Montreal, St-Hyacinthe, Quebec, Canada; and *Department of Obstetrics and Gynecology,
University of Washington, Seattle, Washington, United States of America

Vagus nerve stimulation (VNS) has been used since 1997 for treatment of drug-resistant epilepsy. More recently, an off-label
use of VNS has been explored in animal models and clinical trials for tfreatment of a number of conditions involving the innate
immune system. The underlying premise has been the notion of the cholinergic antiinflammatory pathway (CAP), mediated by
the vayus nerves. While the macroanatomic substrate — the vagus nerve — is understood, the physiology of the pleiotropic VNS
effects and the “language” of the vagus nerve, mediated brain-body communication, remain an enigma. Tackling this kind of
enigma is precisely the challenye for and promise of bioelectronic medicine. We review the state of the art of this emeryiny field
as it pertains to developiny strateyies for use of the endoyenous CAP to freat inflammation and infection in various animal models
and human clinical trials. This is a systematic PubMed review for the MeSH terms “vagus nerve stimulation AND inflammmation.” We
report the diverse profile of currently used VNS antiinflammmatory strategies in animal studies and human clinical trials. This review
provides a foundation and calls for devising systematic and comparable VNS strateyies in animal and human studies for treat-
ment of inflalnmation. We discuss species-specific differences in the molecular genetics of cholineryic signaling as a framework
tfo understand the divergence in VNS effects between species. Brain-mapping initiatives are needed to decode vagus-carried
brain-body communication before hypothesis-driven treatment approaches can be devised.
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INTRODUCTION involving the innate immune system (4,5).  communication remain an enigma.
The underlying systemic antiinflam- Tackling this kind of enigma is precisely
Rationale matory mechanism is mediated by the the challenge for and promise of

Vagus nerve stimulation (VNS) has
been used for treatment of drug-resistant
epilepsy since 1997, when the US Food
and Drug Administration approved it
(1-3). More recently, an off-label use of
this well-tolerated treatment modality
has been explored in multiple animal
experimental models and clinical trials
for treatment of a number of conditions

vagus nerves relaying onto the spleen’s
a7 nicotinic acetylcholine receptor
(a7nAChR) expressing macrophages as
part of the cholinergic antiinflammatory
pathway (CAP) (6). While the macroana-
tomic wiring through the vagus nerve
seems clear, the physiology of the pleio-
tropic VNS effects and the “language”
of the vagus nerve-mediated brain-body
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bioelectronic medicine (7).

Objectives

We review the state of the art of this
emerging field as it pertains to develop-
ing strategies to harness the endogenous
CAP via VNS for treatment of inflam-
mation and infection in various animal
models and human clinical trials.

METHODS

Protocol and registration are available
online at PROSPERO (http:/ /www.crd.
york.ac.uk/PROSPERO/display_record.
asp?ID = CRD42016035733) under the
registration number CRD42016035733.
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Eligibility Criteria, Information Sources
and Search Strategy

We included any studies listed on
PubMed in the English language that
met the search term criteria (vagus
nerve stimulation [MeSH terms] AND
inflammation [MeSH terms]). All years up
to June 27, 2016, were considered. The
results are depicted in Figure 1 (PRISMA
flow diagram). One article was found
through Google Scholar when searching
for a full-text version of another paper,
Shi et al., Effects of efferent vagus nerve
excitation on inflammatory response in
heart tissue in rats with endotoxemia
(article in Chinese).

Study selection. All study designs
were considered.

Data collection process and data items.
We extracted data on animal model used,
location and site of VNS, frequency,
intensity, pulse and stimulation durations.

Risk of bias in individual studies.

Our inclusion criteria were very broad.

As such, while the review has high preci-
sion, there is also potential for bias from
combining studies in various animal

and human trials with acute and chronic
experimental designs and somewhat vari-
able readouts. Aside from actual VNS set-
tings, its effects on inflammation may vary
by species, gender, age, anatomical site,
duration of treatment application and time
horizon of readouts (acute versus chronic).

Summary measures. We addressed
the risk of bias by not only providing the
VNS settings used throughout the liter-
ature, but also organizing the results by
animal species, including gender when-
ever possible, VNS treatment duration
and resulting effect on inflammation.

Synthesis of results. All PubMed hits
were imported into EndNote software
and reviewed based on the following
criteria: animal model, gender, age, VNS
site and duration, frequency, amplitude,
intensity and duration of the impulse.
If the study was conducted during a
single day (<24 h), it was noted as acute;
otherwise it was deemed chronic. Lastly,
the outcome of the VNS was noted as
decreasing or increasing inflammation. All
data have been summarized in Table 1.

2 | KWAN ET AL. |

RESULTS

Study selection and characteristics are
summarized in Figure 1 (PRISMA flow
diagram).

We identified 290 records, of which
36 were deemed eligible and reviewed.

All studies were conducted in adult
subjects (Table 1). In total, 80% of the
studies were conducted in rodents, 19 in
rats and nine in mice; 69% of the studies
were done in male adult subjects, and
left or right cervical vagus nerve was
stimulated. We found a large variance
in VNS settings, with approximately
one-third of the studies not reporting the
intensity of the stimulus. A total of 77%

of the studies were designed as acute
protocols (less than 24 h VNS treatment)
and observed the inflammatory profile
for less than 24 h. All rodent VNS studies
except for one resulted in reduction of
inflammation (8). Meanwhile, two of

the three human studies did not show
an antiinflammatory effect (9,10), while
one, a recent study by Koopman et al.,
demonstrated in vitro antiinflammatory
programming effects in peripheral blood
monocytes due to VNS in adult human
subjects with no known immune system
dysfunction and in patients with diag-
nosed rheumatoid arthritis (42). In the
latter, chronic improvement in disease
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Figure 1. Approach to systematic review of studies on vagus nerve stimulation to treat
inflasnmation. Based on template provided by Preferred Reporting ltems for Systematic
Reviews and Meta-Analyses (PRISMA) statement at http://prissna-statement.ory.
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Table 1. Summary of the systematic literature review on antiinflammatory effects of VNS tfreatment in animal models and human frials.

Ref Sex VNS site Design F(Hz) A (V) I (mA) Pulse (ms) Duration (min) Effect Persistence
Mice an r LCV C 20 0.8 0.5 0.5 v A
(12) Lcv C 5 1 2 20 (10 b/a LPS) 7 c%
M A 5 1 2 2 (1 b/a LPS)
1 2 0.5 (% a/LPS)
30 1 0.5 0.5 a/LPS)
(13) M RCV A 1 2 ? 10b/ v A
(14)
(15 M RCV A Intermittently for 10 v A
(16) M RCV A 10 v A
a7y M RCV A 5 15 or 20 v A
(18) M LCV C 5 0.05 1 10 v C
Rats © M R/LCV A 1 5 2 20 (10 b/ and 10 a/ LPS) v A
(19 M LCV A 2 2 0.3 10 945 b/ LPS v A
8 M Lcv A 5 3 = A
(20) M LCV A 1 20 (10 b/ and 10 a/ LPS) v A
21 M&F LCV C 20 0.25 500 0.5 g5 for 3 h per d from v A
dltodo6
22) M LCVv A 1 5 2 20 a/ LPS 17 A
(23) M Rheart A 5 2-6 1 15 b/ and 120/a 17 A
24 M RCV A 8-10 2.5 0.5 40 v
(25 M R/LCV A 1 5 2 15b/anda/ 6 h v ct
(26) M R/LCV A 1 2 20 a/ LPS 17 A
@27 M LCV A 5 10 2 20 a/ v C
(28) M RCV A 5 15 2 20 v A
29 M RCV A 1 5 2 Either 20 starting 5 b/ LPS or 17 A
2(1b/and 1 a/LPS)
(30) - LCV A 10 0.0005 1s 0.3 b/ 45 a/LPS v A
@ M LCV A 2 2 0.3 10 45, starting right b/ LPS, until v A
4.5h a/LPS
32) M RCV A 20 0.5 0.5 0.5 train g5 for 30 17 C
(33) - LCV A 10 0.5 1000 0.02 with 500 ps bipolar stimul v A
0.3 for 10; repeat 10 a/ LPS for
45 b/ break of 3 h
(34 M RCV A 5 5 10 ¥ C
(35) F LCV C 20 1 10 3 h at same time every other day, ¥ A
beyinning 1 wk after operation
for 12 wks
(36) M RCV# A 25 7.2 1 2 10 for 60 v A
@7y M RCV A 10 1.0-7.0 N/A 2 N/A v A
Pigs (38) M R/LCV A 3 1 02 n/a
Doys (39) MaondF RCV C 20 0.75-2.5 0.5 14 s on 12 s off continuously for v A
8 wks
(40) F RCV A lor2 0.02-50 0.3 0.006 n/a

Continued on the next page
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Table 1. Continued.

Humans (41) MandF LCV C 1-145 - 0.25-4in 130-1000 7-270sin 30 s steps v C
0.25 steps
(@ MandF LCV C 30 0.75-1.75 500 0.5 on 55 off for 3 months = A
(100 M LCV* A 20 0-10 1 Continuously for 30 = C
(42) MandF LCV A 20 1 0.5 0.5 17 A
C**% 10 0.25-2 0.25 1 7 cH

Abbreviations: F, frequency, Hz; A, amplitude, volt; |, intensity, miliampere; Pulse, duration of a VNS pulse; Duration, duration of VNS

stimulation treatment; A, acute effect <24 h (on inflammation); C, chronic >24 h (on the experimental endpoint); ¥, R of inflammation due
to VNS; =, no effect; RCV, right cervical vagus; LCV, left cervical vagus
*Catheter inserted in the left internal jugular vein at spinal level 5-C7, adjacent to the vagus nerve

**Epilepsy cohort
***Rheumatoid arthritis cohort

*Skin overlying the right cervical vagus nerve

SImprovement of renal function at three days, retum to control at five days

‘Reduced (except in a7nAChR knockout mice)

$Acute design for epilepsy cohort; chronic design for rheumatoid arthritis cohort

%48 h but not 72 h

VNS 10 min b/ ischemia resulted in no protection; protective effects for at least two days

severity was also observed. All studies
except two used VNS treatment before
inducing inflammatory response rather
than after, to mimic a clinical scenario.

DISCUSSION

We report the diverse VNS method-
ological profile reviewing the currently
used VNS antiinflammatory strategies
in animal studies and human clinical
trials. While tolerance for VNS is good,
apart from its successful use in refractory
epilepsy in humans, its antiinflammatory
effects are not supported by the two
human studies included in this review
(9,10). Notably, as of July 10, 2016, a
search for “vagus nerve stimulation AND
antiinflammatory effects” on clinicaltrials.
gov turned up 11 registered studies, four of
them actively recruiting. Seventy studies
are listed for “vagus nerve stimulation,”
excluding epilepsy-related research. This
is a testament to the high interest and
hopes this nonpharmacologic treatment
modality elicits among various fields of
medicine and the relevance of creating
and maintaining a uniform reporting
standard for VNS.

The discrepancy between the promising
antiinflammatory effects of VNS in animal
and human studies may be due to a lack

of basic physiological understanding of
the “vagus code,” that is, how the efferent
and afferent signals are encoded in the
vagus nerve and how the information
about the various stimuli is represented
within the efferent and afferent vagal
pathways. Evidence exists from VNS
studies that frequency coding may be an
approach by which to discretely stimu-
late its antiepileptic (~25 Hz activating
vagal afferents) or antiinflammatory
(~5 Hz activating vagal efferents) effects
(43). Recently, as proof of principle,
temporal patterning of VNS has been
applied to selectively stimulate vagus
nerve fibers, inducing bradycardia (44).
A systematic effort to decode commu-
nication via the vagus nerve is needed
to devise more hypothesis-driven VNS
paradigms that are likely to lead to
dedicated immune-modulatory effects in
humans. This represents the promise and
mission of bioelectronic medicine and
the National Institutes of Health Brain
Research through Advancing Innovative
Neurotechnologies (BRAIN) initiative.
The first step should be a consistent
reporting framework for VNS stud-
ies. We propose that such framework
should include the variables presented
in Table 1 of this review. The lack of
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consistency in reporting the VNS para-
digms makes it difficult to validate and
develop some of the pioneering work
done in this field.

Another reason for the discouraging
results in human studies is the male
gender bias, which became apparent
when reviewing the animal, mostly
rodent, literature.

Furthermore, the myelinated part of
the vagus nerve is phylogenetically more
recent than the nonmyelinated; differ-
ences among species and during devel-
opment exist as to the degree of myelin-
ation (45-47). Such functional anatomical
differences should have an impact on
VNS results.

Recent work in molecular genetics
provides another rich dimension to the
complexity of the vagus code: pre- and
post-transcriptional and epigenetic
modifications govern the bioavailability
of acetylcholine, the carrier of vagus
code within the central and periph-
eral nervous systems, as well as in the
neuroimmunological synapse, via the
species-specific variants of microRNA
(miRNA or miR) and alternative splic-
ing, ultimately resulting in the complex
spatiotemporal landscape of acetylcho-
line esterase variants (48-51).



Some of these miRNA, for example
miR-608, are primate-specific. SNP
variants in the miR-608 binding region
modify miR-608-mediated suppression
of acetylcholine esterase, and conse-
quently activity of the autonomic and
central nervous systems in humans (52-54).
This explains our finding that rodent VNS
models may not be good predictors of
VNS treatment effects in humans.

Lastly, we found no studies on de-
veloping organisms, from perinatal to
juvenile age, where putative salutary
effects of VNS would be investigated,
although CAP is active as early as in
the late-gestation fetus (55,56). There
is a continued need to provide better
treatments for sepsis, severe infection
and cardiovascular compromise in early
life (55,57).

CONCLUSION

Overall, this review reveals the nascent
stage in which the field of VNS treatment
of inflammation finds itself 16 years since
its inception (6). The results of the animal
studies are very promising and call for
a theoretical modeling of vagus code
accounting for all levels of organization,
from systems biology to systems phys-
iology; a more systematic approach
to experimental design and reporting;
consideration of the gender effect on
inflammation (58) developmental stages;
and more diverse animal models (to bet-
ter gauge the putative species diversity
in the vagus code) to ultimately harness
the salutary potential of this treatment
modality. Such framework has the
potential to lead to the development of
truly personalized VNS regimens. Lastly,
concerted and well-funded efforts are
required to devise noninvasive alterna-
tives to VNS to translate this treatment
approach into widely used clinical
experimentation, and eventually practice,
to benefit patients.
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