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Abstract
Atherosclerosis is a multifactorial chronic inflammatory disease that underlies myocardial infarction and stroke.
Efficacious treatment for hyperlipidemia and hypertension has significantly reduced morbidity and mortality in
cardiovascular disease. However, atherosclerosis still confers a considerable risk of adverse cardiovascular events. In
the current mechanistic understanding of the pathogenesis of atherosclerosis, inflammation is pivotal both in
disease development and progression. Recent clinical data provided support for this notion and treatment
targeting inflammation is currently being explored. Interestingly, neural reflexes regulate cytokine production and
inflammation. Hence, new technology utilizing implantable devices to deliver electrical impulses to activate neural
circuits are currently being investigated in treatment of inflammation. Hopefully, it may become possible to target
vascular inflammation in cardiovascular disease using bioelectronic medicine. In this review, we discuss neural
control of inflammation and the potential implications of new therapeutic strategies to treat cardiovascular disease.

Introduction
The immune system responds to microbes and tissue injury and strives to maintain homeostasis by eradicating
threats of infection and promoting tissue repair. Invasion
and injury are sensed by several mechanisms. A range of
immune cells and sensory neurons express receptors for
pathogen associated molecular patterns (PAMP), damage associated molecular patterns (DAMP), cytokines,
chemokines, irritants, and other infection- and
inflammation-associated molecules (Chiu et al. 2012; Rivera et al. 2016). Accordingly, both immune cells and
neurons respond to infection and injury to coordinate
the inflammatory response and defense from pathogens
(Andersson and Tracey 2012; Goehler et al. 2000; Chiu
et al. 2013; Baral et al. 2018; Pinho-Ribeiro et al. 2016;
Blake et al. 2018). The vasculature plays an important
role in anti-microbial defense and tissue healing
(Kozarov 2012). Vascular inflammation is also a key factor in the development of atherosclerosis, and blocking
pro-inflammatory cytokines may reduce aspects of cardiovascular disease (Hansson and Libby 2006; Ridker
et al. 2017a). The interplay between the nervous and
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immune systems in the pathogenesis of cardiovascular
disease is not well understood.
Inflammation in atherosclerosis

Atherosclerosis is a major underlying cause of cardiovascular disease, the main cause of death worldwide
(Herrington et al. 2016). It is defined by the formation and growth of atheromatous plaques in the arterial walls of medium- and large-size arteries
characterized by local lipid accumulation, cell death,
and fibrosis (Hansson and Libby 2006). Initially, lipidladen macrophages accumulate beneath the endothelium and form fatty streaks. This early disease stage
is asymptomatic, and progresses slowly with local
buildup of inflammatory cells and smooth muscle
cells in the intimal layer of arteries. This low-grade
inflammation eventually develops into an exocentric
thickening in the arterial wall into an atheromatous
plaque. The plaque commonly contains a lipid-rich
necrotic core, immune cells and cellular debris. It is
surrounded by a fibrous cap formed primarily by
smooth muscle cells and collagen. Plaques prone to
rupture are considered “vulnerable” (Finn et al. 2010).
As the disease progresses, local inflammation in the
lesion produces radicals, proteases and proinflammatory mediators, which may reduce the local
integrity of the fibrous cap and increase the risk of
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plaque rupture, atherothrombosis, and clinical symptoms (Hansson 2005; Tabas 2010; Kojima et al. 2017;
Kojima et al. 2019) (Fig. 1).
Vulnerable plaque disruption has also been linked to
sheer stress. Non-laminar flow and disturbed shear
stress can result in pro-inflammatory gene expression in
the vascular wall. (Cunningham and Gotlieb 2005; Chiu
and Chien 2011; Cybulsky and Marsden 2014). Areas of
the vascular tree that are constantly exposed to turbulent blood flow, such as arterial branching sites, are
more susceptible to atherosclerotic plaque formation.
Low shear stress promotes endothelial expression of adhesion molecules and recruitment of monocytes (Seneviratne et al. 2013). Together, unfavorable biomechanical forces, lipid accumulation, and inflammatory
cell infiltration promote plaque formation and development of plaque vulnerability.
Clearly, the molecular mechanisms that underlie development and progression of atherosclerotic plaques are complex (Stemme et al. 1995; Hermansson et al. 2010;
Davignon and Ganz 2004). In the following sections we discuss potential strategies to target unresolved inflammation
in atherosclerosis, including potential applications of bioelectronic medicine in cardiovascular disease.
Current treatment strategies for inflammation in
atherosclerosis

There has been some success in recent decades in treatment of atherosclerotic cardiovascular disease, with
many patients being helped by lipid-lowering therapy
and anti-thrombotic drugs (Shapiro and Fazio 2016; Nissen et al. 2005). However, disease events within the
treated populations continue to occur, perhaps because
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some patients are still unable to reach desirable blood
levels of low-density lipoprotein cholesterol drugs (Libby
2005; Shapiro et al. 2016; Fava and Montagnana 2018;
Ikonomidis and Andreotti 1999).
An emerging potential treatment strategy is targeting
inflammation. The recent Canakinumab AntiInflammatory Thrombosis Outcomes Study (CANTOS),
a randomized trial of blocking interleukin-1β (IL-1β) in
cardiovascular disease using canakinumab, showed a significant risk-reduction for adverse cardiovascular events
in treated at-risk patients (Ridker et al. 2017b). This trial
translates the evidence from experimental studies on the
pathogenetic role of inflammation in atherosclerosis
(Gisterå and Hansson 2017; Söderström et al. 2018) to
the clinic and supports the notion that reducing arterial
inflammation in human atherosclerotic cardiovascular
disease is beneficial for outcome. Interestingly, in experimental radiation-induced arterial damage, treatment
with anti-IL-1β antibodies, i.e. anakinra, significantly
reduced inflammation (Christersdottir et al. 2019). These
findings suggest that anti-cytokine therapy, e.g. inhibition of IL-1β, may be useful for prevention and treatment of vascular inflammation and atherosclerosis.
However, anti-cytokine drugs are currently expensive
and commonly require administration by injection
(Goehler et al. 2000).
Neural control of inflammation in atherosclerosis

Research over more than two decades has shown that
inflammation is regulated by neural reflexes (Tracey
2002; Olofsson et al. 2012; Pavlov et al. 2018). Infection,
inflammation, and specific cytokines elicit signals in
sensory nerves (Chiu et al. 2013; Niijima 1996; Watkins

Fig. 1 Neural control of vascular inflammation. Neural circuits regulate inflammation and cytokine production. a In the inflammatory reflex,
acetylcholine (ACh) acts through the alpha 7 nicotinic acetylcholine receptor subunit (α7nAChR) on macrophages to suppress pro-inflammatory
cytokines such as TNF. Suggested neuro-immune cross talk in atherosclerosis: b The adventitia is innervated and contains immune cells that may
interact with other layers of the vascular wall. In the early stages of atherosclerosis, local recruitment of inflammatory cells in the intimal layer of
arteries progresses slowly. c As atherosclerosis progresses, the inflamed plaque eventually develops a necrotic core which increases plaque
vulnerability and the risk of rupture
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et al. 1995; Caravaca et al. 2017a; Zanos et al. 2018;
Pinho-Ribeiro et al. 2018), and cytokine release, immune
cell activity, antibody production, and lymph flow are
regulated by efferent neural signals (Borovikova et al.
2000; Rosas-Ballina et al. 2011; Mina-Osorio et al. 2012;
Hanes et al. 2016; Tynan et al. 2019). These processes
subject to neural control are important in the pathogenesis of atherosclerosis, and consequently present opportunities for further exploration of potential clinical
targets (Gisterå and Hansson 2017; Swirski et al. 2009;
Hermansson et al. 2011; Centa et al. 2019) (Fig. 1). The
adventitia is innervated and contains immune cells that
can interact with other layers of the vascular wall (Stenmark et al. 2013). This anatomical organization suggest
that nerves, resident immune cells, and other components involved in vascular inflammation and atherosclerosis may interact. It remains to be investigated whether
this
potential
interaction
regulates
vascular
inflammation and atherosclerosis development.
The inflammatory reflex is a neural circuit that regulates inflammation. It has been extensively studied and
mechanistically mapped to some degree (Pavlov et al.
2019; Tarnawski et al. 2018). Major components of this
neuro-immune circuit include the vagus nerve, the
splenic nerve, choline acetyltransferase expressing Tcells (TChAT), and the α7 nicotinic acetylcholine receptor
subunit (α7nAChR) (Rosas-Ballina et al. 2011; Olofsson
et al. 2016; Cox et al. 2019; Guzik et al. 2007; Wang
et al. 2002; Huston et al. 2006; Rosas-Ballina et al. 2008).
α7nAChR is expressed by many immune cells, including
macrophages, and agonists for the α7nAChR attenuate
biosynthesis and release of several pro-inflammatory
cytokines, including TNF (Wang et al. 2002).
Interestingly, the α7nAChR is reportedly expressed in human atherosclerotic lesions, and ablation of hematopoietic
α7nAChR in mice increased aortic atherosclerosis (Johansson et al. 2014). In addition, α7nAChR−/− atherosclerosisprone ApoE−/− mice had increased serum CRP and IL-6, as
well as increased macrophage cholesterol mass from mouse
peritoneal macrophages, compared to α7nAChR−/− x
ApoEwt/wt mice (Wilund et al. 2009). Furthermore, administration of GTS-21, a selective α7nAChR agonist, reduced
atherosclerotic lesions and plaque size as observed from the
aorta of ApoE−/− mice (Al-Sharea et al. 2017). These observations suggest that cholinergic signals to α7nAChR in atherosclerosis can attenuate plaque inflammation and
atherosclerosis progression. This is in line with the notion
that activation of α7nAChR reduces inflammation in a wide
range of animal models of different inflammatory diseases
(Steinberg et al. 2016a).
The prototypical agonist for α7nAChR is acetylcholine
(ACh). ACh is also the key neurotransmitter of the vagus
nerve and biosynthesized by ChAT. Importantly, ACh
can also be released to the extracellular space by TChAT,
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which relay neural signals to α7nAChR-expressing macrophages in spleen and attenuates production of proinflammatory cytokines (Olofsson et al. 2012; RosasBallina et al. 2008). Of note, administration of galantamine, an acetylcholinesterase inhibitor, reduced levels of
pro-inflammatory cytokines and improved insulin sensitivity in a cohort of patients suffering from the metabolic
syndrome (Consolim-Colombo et al. 2017).
Observations in experimental studies indicate that
activation of the inflammatory reflex has the potential to
regulate initiation of vascular inflammation. For
example, cholinergic agonists and vagus nerve stimulation blocked endothelial cell activation, leukocyte
extravasation, and recruitment of immune cells to sites
of inflammation in a carrageenan air pouch mouse
model (Saeed et al. 2005). Exposure to acetylcholine also
reduced adhesion molecule expression on TNFstimulated endothelial cells (Reardon et al. 2013), which
supports the observation that cholinergic stimulation of
the endothelium limits its activation in inflammation
(Saeed et al. 2005).
Interestingly, TChAT under neural control in spleen
release acetylcholine to regulate release of proinflammatory cytokines in experimental inflammation
(Rosas-Ballina et al. 2011), have the capacity to reduce
blood pressure (Olofsson et al. 2016) and control microvascular contraction and T cell extravasation in infection
(Cox et al. 2019). These observations further support that
components of the inflammatory reflex may participate in
the regulation of vascular inflammation. In this way, it is
possible that there is neural control of recruitment and activity of immune cells in atherogenesis (Olofsson et al.
2016; Rosas-Ballina et al. 2011). Of particular interest is that
pharmacological regulation of vascular contraction can
mimic the effects of presence or absence of TChAT, both in
terms of dilatation of tissue arterial trees, extravasation of
antigen-specific T cells, and anti-viral activity. In other
words, changes in vascular contractility are significant for
the efficiency of the anti-microbial defense, extravasation of
T cells, and perhaps also for vascular inflammation in atherosclerosis. It will be interesting to investigate whether
neural control of TChAT is important for regulation of vascular inflammation.
Resolution of inflammation is vital in pathogenesis
and progression of atherosclerosis (Bäck et al. 2019).
A number of recent reports indicate that inflammation resolution is under neural control. Mouse and
human vagus nerves produce specialized pro-resolving
mediators (SPMs), important effectors in resolution of
inflammation (Serhan et al. 2018). Vagotomy in
peritonitis-induced mice delayed resolution of inflammation and decreased SPMs (Mirakaj et al. 2014).
Electrical vagus nerve stimulation in experimental
peritonitis decreased resolution time (Caravaca et al.
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2017b). While reports on inflammatory reflex activity
and resolution of inflammation in cardiovascular disease are lacking, it was observed that restoration of
SPMs in murine atherosclerosis suppresses plaque
progression and promotes increased fibrous cap thickness (Fredman et al. 2016).
In the adventitia of medium- and large-size arteries,
artery tertiary lymphoid organs (ATLOs), develop in
proximity of inflammatory foci (Gräbner et al. 2009).
Tertiary lymphoid organs (TLOs) are not formed at
fixed locations but instead develop in various inflamed
non-lymphoid tissues, often as a result of a nonresolving inflammation (Jones et al. 2016). TLOs regulate local immune responses in chronic inflammation,
particularly antibody-mediated responses in health and
disease (Jones et al. 2016). For instance, the formation of
TLOs in autoimmune disease is suggested to be both
beneficial, sequestering cells and limiting their spread
throughout the body, and pathogenic, where TLOs could
be the source of autoreactive and pro-inflammatory lymphocytes (Shipman et al. 2017). On the other hand, cancer associated TLOs have been linked to a favorable
outcome in patients, due to their role of initiating and
maintaining an immune response against the tumor
(Hiraoka et al. 2016). Intriguingly, some TLO development requires vagus nerve innervation which encourages
speculation that neural signals may play a role in development also of ATLOs, and raises the question whether
blood vessel innervation regulates vascular immune responses and atherosclerosis development (Olivier et al.
2016). The currently available data warrants investigation of the interplay between perivascular lymphoid
structures and vascular innervation in development of
atherosclerosis.
Taken together, these observations identify neural control of inflammation and resolution in atherosclerosis as
an interesting area of study.

Vagus nerve stimulation and treatment of experimental
cardiovascular disease

Aspects of vagus nerve activity can be assessed by analyzing heart rate variability (HRV) (Villareal et al. 2002).
HRV is measured by the variation in the time interval
between heartbeats and is an indication of cardiac vagal
activity. It has been reported that monitoring of HRV in
at-risk cardiovascular patients provides prognostic information beyond traditional risk factor analysis, although
data is not unequivocal (Villareal et al. 2002; Tsuji et al.
1994; Lanza et al. 1998). Decreased vagal activity may
increase cardiovascular risk in both pre-clinical and clinical experiments (Zhao et al. 2013) supporting a potential role of vagus nerve signaling in precipitation of
cardiovascular disease.
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Pharmacological and electrical vagus nerve stimulation
is currently being investigated in experimental cardiovascular disease (Wang et al. 2019). Acetylcholine and
acetylcholine-receptor agonists could potentially be of
interest to explore further in the pathobiology of cardiovascular disease since muscarinic acetylcholine receptors
(mAChRs) play a role in regulating heart rate, smooth
muscle contraction, and in fundamental functions of the
central nervous system (Kruse et al. 2014). Furthermore,
anti-inflammatory and cardioprotective effects of acetylcholine have been demonstrated in ischemia-reperfusion
(I/R)-induced oxidative stress models, in which increased
acetylcholine levels have been shown to decrease reactive oxygen species formation when rat cardiomyocytes
were exposed to hypoxia/reoxygenation to mimic I/R
injury (Miao et al. 2013). Cholinergic drugs (e.g. choline,
acetylcholine, pyridostigmine) are being studied in treatment of cardiovascular disease (Liu et al. 2019). For
example, choline protected against ischaemia-induced
arrhythmias (Wang et al. 2012a) and prevented cardiac
hypertrophy induced by angiotensin II (Wang et al.
2012b). Acetylcholine is already being investigated as a
novel target in drug development for a number of diseases (e.g. Alzheimer’s disease, schizophrenia, type 2 diabetes) (Kruse et al. 2014). Pyridostigmine is a
cholinesterase inhibitor, which has been shown in recent
studies to restore baroreflex sensitivity, improve heart
rate variability, and improve peripheral vascular endothelial function in rats with myocardial infarction
(Gavioli et al. 2014; de La Fuente et al. 2013; Liu et al.
2015; Qin et al. 2014). While the use of cholinergic
drugs is currently limited in the clinic, pre-clinical studies indicate modulation of vagal nerve activation could
have potentially cardiovascular protective effects. Vagus
nerve stimulation may be an alternative to pharmacological treatment for activation of α7nAChR or other
components of the inflammatory reflex (Eberhardson
et al. 2019a; Eberhardson et al. 2019b). VNS ameliorated
inflammation in a number of experimental disease
models such as endotoxemia, rheumatoid arthritis, inflammatory bowel disease, and kidney ischemiareperfusion injury (Borovikova et al. 2000; Steinberg
et al. 2016a; Levine et al. 2014; Bonaz et al. 2017). Vagus
nerve stimulation reduced myocardial infarct size by a
mechanism that requires the α7nAChR in rats (Kiss
et al. 2017), and decreased inflammation in myocardial
ischemia-reperfusion injury under experimental conditions (Brack et al. 2013; Premchand et al. 2014; Wang
et al. 2012c; Bernik et al. 2002). There is encouraging
data from a few small studies that used implanted
vagus nerve stimulators to treat rheumatoid arthritis
(Koopman et al. 2016) and Crohn’s disease (Eberhardson et al. 2019a; Bonaz et al. 2016), demonstrating
proof-of-concept that this technology may be feasible
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in clinical use, although additional data is required to
sufficiently establish beneficial clinical effects in
people with inflammatory diseases.
Attenuation of excessive inflammation can reduce the
risk of cardiovascular disease as evidenced by a plethora
of animal studies and the CANTOS trial (Libby et al.
2019). Because electrical activation of the inflammatory
reflex can reduce pro-inflammatory cytokine levels, it
would be interesting to investigate VNS in experimental
atherosclerosis. Progression of atherosclerosis is slow
and long-term experiments with a duration of many
weeks or months are required to properly study effects
and mechanisms. It has been challenging to study the effects of VNS in the well-established animal models of
atherosclerosis because it requires implantation of VNS
electrodes that maintain integrity and functionality of
the relatively small interface between the cervical vagus
nerve and the electrode over extended periods of time.
Chronic interfacing with the peripheral nerves such as
the vagus nerve is being explored (Caravaca et al.
2017a), however, implementation in mouse experimental
disease models has been difficult. The use of mice is important because the models are well-characterized and
permit efficient mapping of mechanism using genetic
tools. Regrettably, suitable technology to perform peripheral nerve stimulation in mice over long periods of
time in a reasonably practical way is, to the best of our
knowledge, not yet available.
Future perspectives of experimental bioelectronic
medicine

The concept of neural reflex regulation of inflammation
postulates that the body senses inflammatory processes
through a sensory arc, and uses this information to
modulate efferent signals through the motor arc. Thus,
it may be possible to develop devices and algorithms to
monitor cytokine levels and discriminate between different types of inflammation continuously and in real time.
Such devices may enable new approaches in inflammation research and provide important new insights into
the dynamics of inflammation in health and disease.
Recording of electrical vagus nerve activity has revealed
that intraperitoneal injection of pro-inflammatory cytokines
TNF and IL-1, respectively, results in distinct electrical signatures (Caravaca et al. 2017a; Steinberg et al. 2016b; Zanos
et al. 2018; Masi et al. 2019). Additionally, motor cortex activity was recorded, decoded, and used to purposefully
move a paralyzed patient’s own hand by connecting electrodes to muscles in the arm (Bouton et al. 2016). These
discoveries demonstrate that aspects of the electrical signals
that arise in the nervous system can be decoded and understood in a useful way. It is conceivable that this knowledge
could potentially be used to selectively activate the sensory
arc of a neural reflex in order to evoke a specific anti-
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inflammatory response. We are still only in the beginning
of deconvoluting these signals in peripheral nerves, and although the potential applications are very exciting, it will
still likely take considerable time before this technology can
be standardized and useful outside experimental neuroscience and immunology.
A limitation to studying cardiovascular disease with
the use of bioelectronic devices is the lack of chronic,
functional electrodes, specifically designed for mouse
peripheral nerves. The field is expanding and different
strategies are currently being explored to overcome this
challenge, implementing innovations from advances in
biomaterials and biophysics. In particular, flexible microelectrodes are revealing themselves promising to be used
as chronic implants, in both stimulation and recording
of nerve activity (Caravaca et al. 2017a). Other methods
and approaches are being considered, one of which concerns wireless electrode technology that can be activated
by external stimuli. These devices can elicit action potentials upon illumination (Jakešová et al. 2019) or exposure to a magnetic field (Lee et al. 2016). Another
alternative strategy for non-invasive nerve stimulation is
the use of ultrasound. Delivery of pulsed ultrasound to
the spleen stimulates components of the cholinergic
anti-inflammatory pathway, and reduced kidney tissue
destruction and decreased inflammation after ischemiareperfusion injury as well as reduced TNF levels in acute
endotoxemia (Cotero et al. 2019; Okusa et al. 2017). Further research needs to be performed to assess and integrate non-invasive miniaturized stimulation interfaces in
mice.

Conclusions
Atherosclerosis is a chronic inflammatory disease, and as
neural reflexes regulate aspects of both innate and adaptive immunity, vagus nerve stimulation is of interest to
explore as a potential therapeutic strategy in cardiovascular disease. Pharmacological and electrical vagus nerve
stimulation has been shown to ameliorate inflammation
in a wide variety of experimental and some clinical studies of inflammatory diseases. However, the role of nerves
and the inflammatory reflex in atherosclerosis is poorly
understood. Moving forward, technological progress and
expanding knowledge of mechanisms of neural control
of vascular inflammation will be instrumental for any
potential advancement of bioelectronic medicine into
treatment of cardiovascular disease.
Acknowledgements
Not applicable.
Authors’ contributions
ASC, MC, and LT drafted, edited, and prepared the manuscript for
submission. LT made the figure. ALG and PSO edited the manuscript. All
authors read and approved the final manuscript.

Caravaca et al. Bioelectronic Medicine

(2020) 6:3

Funding
This work was supported by grants from the Swedish Heart-Lung Foundation.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
PSO is a co-founder and shareholder of Emune AB and ChAT Therapeutics,
holds a faculty position the Feinstein Institute for Medical Research, and is an
associate editor of Bioelectronic Medicine. MC is an employee of the Feinstein
Institute for Medical Reserarch. ASC, ALG and LT declare no competing
interests.
Author details
1
Laboratory of Immunobiology, Center for Bioelectronic Medicine,
Department of Medicine, Solna, Karolinska Institutet, Stockholm, Sweden.
2
Center for Biomedical Science and Bioelectronic Medicine, The Feinstein
Institute for Medical Research, Manhasset, NY 11030, USA.
Received: 20 December 2019 Accepted: 14 January 2020

References
Al-Sharea A, Lee MKS, Whillas A, Flynn MC, Chin-Dusting J, Murphy AJ. Nicotinic
acetylcholine receptor alpha 7 stimulation dampens splenic myelopoiesis
and inhibits atherogenesis in Apoe−/− mice. Atherosclerosis. 2017;265:47–53
Available from: https://www.sciencedirect.com/science/article/pii/S002191501
7312327?via%3Dihub.
Andersson U, Tracey KJ. Neural reflexes in inflammation and immunity. J Exp
Med. 2012;209(6):1057–68 Available from: http://www.ncbi.nlm.nih.gov/
pubmed/22665702.
Bäck M, Yurdagul A, Tabas I, Öörni K, et al. Inflammation and its resolution in
atherosclerosis: mediators and therapeutic opportunities. Nat Rev Cardiol.
2019;16(7):389–406 Available from: http://www.nature.com/articles/s41569-01
9-0169-2.
Baral P, Umans BD, Li L, Wallrapp A, Bist M, Kirschbaum T, et al. Nociceptor
sensory neurons suppress neutrophil and γδ T cell responses in bacterial
lung infections and lethal pneumonia. 2018;24(4):417-426. https://doi.org/10.
1038/nm.4501.
Bernik TR, Friedman SG, Ochani M, DiRaimo R, Susarla S, Czura CJ, et al.
Cholinergic antiinflammatory pathway inhibition of tumor necrosis factor
during ischemia reperfusion. J Vasc Surg. 2002;36(6):1231–6 Available
from: http://linkinghub.elsevier.com/retrieve/pii/S0741521402003208.
Blake KJ, Baral P, Voisin T, Lubkin A, Pinho-ribeiro FA, Adams KL, et al.
Staphylococcus aureus produces pain through pore-forming toxins and
neuronal TRPV1 that is silenced by QX-314. Nat Commun. 2018;9(1):37.
https://doi.org/10.1038/s41467-017-02448-6.
Bonaz B, Sinniger V, Pellissier S. Anti-inflammatory properties of the vagus nerve :
potential therapeutic implications of vagus nerve stimulation. J Physiol. 2016;
20(20):5781–90 Available from: http://www.ncbi.nlm.nih.gov/pubmed/2705
9884.
Bonaz B, Sinniger V, Pellissier S. Vagus nerve stimulation: a new promising
therapeutic tool in inflammatory bowel disease. J Intern Med. 2017;282(1):
46–63 Available from: http://www.ncbi.nlm.nih.gov/pubmed/28421634.
Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina GI, Watkins LR, et al. Vagus
nerve stimulation attenuates the systemic inflammatory response to
endotoxin. Nature. 2000;405(6785):458–62 Available from: http://www.ncbi.
nlm.nih.gov/pubmed/10839541.
Bouton CE, Shaikhouni A, Annetta NV, Bockbrader MA, Friedenberg DA, Nielson
DM, et al. Restoring cortical control of functional movement in a human
with quadriplegia. Nature. 2016;533(7602):247–50 Available from: http://www.
ncbi.nlm.nih.gov/pubmed/27074513.
Brack KE, Winter J, Ng GA. Mechanisms underlying the autonomic modulation of
ventricular fibrillation initiation--tentative prophylactic properties of vagus
nerve stimulation on malignant arrhythmias in heart failure. Heart Fail Rev.
2013;18(4):389–408 Available from: http://link.springer.com/10.1007/s10741012-9314-2.

Page 6 of 8

Caravaca AS, Tarnawski T, Arnardottir H, OP BM. SSI 2017 44th Annual Meeting of
the Scandinavian Society of Immunology Stockholm, Sweden 17-20 October
2017. Scand J Immunol. 2017b;86(4):249–350 Available from: http://doi.wiley.
com/10.1111/sji.12587.
Caravaca AS, Tsaava T, Goldman L, Silverman H, Riggott G, Chavan SS, et al. A
novel flexible cuff-like microelectrode for dual purpose, acute and chronic
electrical interfacing with the mouse cervical vagus nerve. J Neural Eng.
2017a;14(6):066005 Available from: http://stacks.iop.org/1741-2552/14/i=6/a=
066005?key=crossref.ba02da74fe122f8af9614f98a5bf61fc.
Centa M, Jin H, Hofste L, Hellberg S, Busch A, Baumgartner R, et al. Germinal
Center-Derived Antibodies Promote Atherosclerosis Plaque Size and Stability.
Circulation. 2019;139(21):2466–82. https://doi.org/10.1161/CIRCULATIONAHA.
118.038534.
Chiu IM, Heesters BA, Ghasemlou N, Von Hehn CA, Zhao F, Tran J, et al. Bacteria
activate sensory neurons that modulate pain and inflammation. Nature. 2013;
501(7465):52–7. https://doi.org/10.1038/nature12479.
Chiu IM, Von Hehn CA, Woolf CJ. Neurogenic inflammation and the peripheral
nervous system in host defense and immunopathology. Nat Neurosci. 2012;
15:1063–7.
Chiu J-J, Chien S. Effects of disturbed flow on vascular endothelium:
pathophysiological basis and clinical perspectives. Physiol Rev. 2011;91(1):
327–87 Available from: http://www.ncbi.nlm.nih.gov/pubmed/21248169.
Christersdottir T, Pirault J, Gisterå A, Bergman O, Gallina AL, Baumgartner R, et al.
Prevention of radiotherapy-induced arterial inflammation by interleukin-1
blockade. Eur Heart J. 2019;40(30):2495–2503. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/31081038.
Consolim-Colombo FM, Sangaleti CT, Costa FO, Morais TL, Lopes HF, Motta JM,
et al. Galantamine alleviates inflammation and insulin resistance in patients
with metabolic syndrome in a randomized trial. JCI Insight. 2017;2(14).
https://doi.org/10.1172/jci.insight.93340.
Cotero V, Fan Y, Tsaava T, Kressel AM, Hancu I, Fitzgerald P, et al. Noninvasive
sub-organ ultrasound stimulation for targeted neuromodulation. Nat
Commun. 2019;10(1):952. https://doi.org/10.1038/s41467-019-08750-9.
Cox MA, Duncan GS, Lin GHY, Steinberg BE, Yu LX, Brenner D, et al. Choline
acetyltransferase–expressing T cells are required to control chronic viral infection.
Science 2019(8);363(6427):639–44. https://doi.org/10.1126/science.aau9072.
Cunningham KS, Gotlieb AI. The role of shear stress in the pathogenesis of
atherosclerosis. Lab Investig. 2005;85(1):9–23 Available from: http://www.
nature.com/articles/3700215.
Cybulsky MI, Marsden PA. Effect of Disturbed Blood Flow on Endothelial Cell
Gene Expression. Arterioscler Thromb Vasc Biol. 2014;34(9):1806–8 Available
from: https://www.ahajournals.org/doi/10.1161/ATVBAHA.114.304099.
Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis. 2004;
Available from: http://www.circulationaha.org
de La Fuente RN, Rodrigues B, Moraes-Silva IC, Souza LE, Sirvente R, Mostarda C,
et al. Cholinergic stimulation with pyridostigmine improves autonomic
function in infarcted rats. Clin Exp Pharmacol Physiol. 2013;40(9):610–6
Available from: http://doi.wiley.com/10.1111/1440-1681.12121.
Eberhardson M, Hedin CRH, Carlson M, Tarnawski L, Levine YA, Olofsson PS.
Towards improved control of inflammatory bowel disease. Scand J
Immunol. 2019a;89(3):e12745 Available from: http://www.ncbi.nlm.nih.
gov/pubmed/30582196.
Eberhardson M, Tarnawski L, Centa M, Olofsson PS. Neural Control of
Inflammation: Bioelectronic Medicine in Treatment of Chronic Inflammatory
Disease. Cold Spring Harb Perspect Med. 2019b; Available from: http://www.
ncbi.nlm.nih.gov/pubmed/31358521.
Fava C, Montagnana M. Atherosclerosis is an inflammatory disease which lacks a
common anti-inflammatory therapy: how human genetics can help to this
issue. A narrative review. Front Pharmacol. 2018;9:55 Available from: http://
www.ncbi.nlm.nih.gov/pubmed/29467655.
Finn AV, Nakano M, Narula J, Kolodgie FD, Virmani R. Concept of vulnerable/
unstable plaque. Arterioscler Thromb Vasc Biol. 2010;30(7):1282–92.
Fredman G, Hellmann J, Proto JD, Kuriakose G, Colas RA, Dorweiler B, et al. An
imbalance between specialized pro-resolving lipid mediators and proinflammatory leukotrienes promotes instability of atherosclerotic plaques. Nat
Commun. 2016;7(1):12859 Available from: http://www.ncbi.nlm.nih.gov/
pubmed/27659679.
Gavioli M, Lara A, Almeida PWM, Lima AM, Damasceno DD, Rocha-Resende C,
et al. Cholinergic Signaling Exerts Protective Effects in Models of Sympathetic
Hyperactivity-Induced Cardiac Dysfunction. Barbuti A, editor. PLoS One. 2014;
9(7):e100179 Available from: http://dx.plos.org/10.1371/journal.pone.0100179.

Caravaca et al. Bioelectronic Medicine

(2020) 6:3

Gisterå A, Hansson GK. The immunology of atherosclerosis. Nat Rev Nephrol.
2017;13:368–80.
Goehler LE, Gaykema RPA, Hansen MK, Anderson K, Maier SF, Watkins LR. Vagal
immune-to-brain communication: a visceral chemosensory pathway. Auton
Neurosci. 2000;85(1–3):49–59 Available from: http://www.ncbi.nlm.nih.gov/
pubmed/11189026.
Gräbner R, Lötzer K, Döpping S, Hildner M, Radke D, Beer M, et al. Lymphotoxin β
receptor signaling promotes tertiary lymphoid organogenesis in the aorta
adventitia of aged ApoE −/− mice. J Exp Med. 2009;206(1):233–48.
Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S, et al. Role of the
T cell in the genesis of angiotensin II–induced hypertension and vascular
dysfunction. J Exp Med. 2007;204(10):2449–60 Available from: http://www.
ncbi.nlm.nih.gov/pubmed/17875676.
Hanes WM, Olofsson PS, Talbot S, Tsaava T, Ochani M, Imperato GH, et al.
Neuronal Circuits Modulate Antigen Flow Through Lymph Nodes.
Bioelectron Med. 2016;3(1):18–28 Available from: https://bioelecmed.
biomedcentral.com/articles/10.15424/bioelectronmed.2016.00001.
Hansson GK. Inflammation, Atherosclerosis, and coronary artery disease. N Engl J
Med. 2005;352(16):1685–95 Available from: http://www.nejm.org/doi/abs/10.1
056/NEJMra043430.
Hansson GK, Libby P. The immune response in atherosclerosis: a double-edged
sword. Nat Rev Immunol. 2006;6(7):508–19 Available from: http://www.
nature.com/articles/nri1882.
Hermansson A, Johansson DK, Ketelhuth DFJ, Andersson J, Zhou X, Hansson GK.
Immunotherapy with tolerogenic apolipoprotein B-100-loaded dendritic cells
attenuates atherosclerosis in hypercholesterolemic mice. Circulation. 2011;123(10):
1083–91 Available from: http://www.ncbi.nlm.nih.gov/pubmed/21357823.
Hermansson A, Ketelhuth DFJ, Strodthoff D, Wurm M, Hansson EM, Nicoletti A,
et al. Inhibition of T cell response to native low-density lipoprotein reduces
atherosclerosis. J Exp Med. 2010;207(5):1081–93 Available from: http://www.
ncbi.nlm.nih.gov/pubmed/20439543.
Herrington W, Lacey B, Sherliker P, Armitage J, Lewington S. Epidemiology of
Atherosclerosis and the potential to reduce the global burden of
Atherothrombotic disease. Circ Res. 2016;118(4):535–46 Available from:
https://www.ahajournals.org/doi/10.1161/CIRCRESAHA.115.307611.
Hiraoka N, Ino Y, Yamazaki-Itoh R. Tertiary lymphoid organs in cancer tissues.
Front Immunol. 2016;7:244. https://doi.org/10.3389/fimmu.2016.00244.
Frontiers Research Foundation.
Huston JM, Ochani M, Rosas-Ballina M, Liao H, Ochani K, Pavlov VA, et al.
Splenectomy inactivates the cholinergic anti-inflammatory pathway during
lethal endotoxemia and polymicrobial sepsis. J Exp Med. 2006;203(7):1623–8.
Ikonomidis I, Andreotti F. Increased proinflammatory cytokines in patients with
chronic stable angina and their reduction by aspirin. Circulation. 1999;100(8):
793–8.
Jakešová M, Silverå Ejneby M, Đerek V, Schmidt T, Gryszel M, Brask J, et al.
Optoelectronic control of single cells using organic photocapacitors. Sci Adv.
2019;5(4):eaav5265.
Johansson ME, Ulleryd MA, Bernardi A, Lundberg AM, Andersson A, Folkersen L,
et al. α7 Nicotinic acetylcholine receptor is expressed in human
atherosclerosis and inhibits disease in mice--brief report. Arterioscler Thromb
Vasc Biol. 2014;34(12):2632–6 Available from: http://www.ncbi.nlm.nih.gov/
pubmed/25324572.
Jones GW, Hill DG, Jones SA. Understanding immune cells in tertiary lymphoid
organ development: It is all starting to come together. Front Immunol. 2016;
7:401 Frontiers Media S.A.
Kiss A, Tratsiakovich Y, Mahdi A, Yang J, Gonon AT, Podesser BK, et al. Vagal
nerve stimulation reduces infarct size via a mechanism involving the alpha-7
nicotinic acetylcholine receptor and downregulation of cardiac and vascular
arginase. Acta Physiol. 2017;221(3):174–81.
Kojima Y, Downing K, Kundu R, Miller C, Dewey F, Lancero H, et al. Cyclin-dependent
kinase inhibitor 2B regulates efferocytosis and atherosclerosis. J Clin Invest. 2019;
124(3):1083–97 Available from: https://www.jci.org/articles/view/70391.
Kojima Y, Weissman IL, Leeper NJ. The role of Efferocytosis in Atherosclerosis.
Circulation. 2017;135(5):476–89 Available from: https://www.ahajournals.org/
doi/10.1161/CIRCULATIONAHA.116.025684.
Koopman FA, Chavan SS, Miljko S, Grazio S, Sokolovic S, Schuurman PR, et al.
Vagus nerve stimulation inhibits cytokine production and attenuates disease
severity in rheumatoid arthritis. Proc Natl Acad Sci U S A. 2016;113(29):8284–
9 Available from: http://www.pnas.org/lookup/doi/10.1073/pnas.16
05635113%5Cn. http://www.ncbi.nlm.nih.gov/pubmed/27382171%5Cn.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4961187.

Page 7 of 8

Kozarov E. Bacterial invasion of vascular cell types: Vascular infectology and
atherogenesis. Future Cardiol. 2012;8:123–38.
Kruse AC, Kobilka BK, Gautam D, Sexton PM, Christopoulos A, Wess J. Muscarinic
acetylcholine receptors: Novel opportunities for drug development. Nat Rev
Drug Discov. 2014;13:549–60 Nature Publishing Group.
Lanza GA, Guido V, Galeazzi MM, Mustilli M, Natali R, Ierardi C, et al. Prognostic
role of heart rate variability in patients with a recent acute myocardial
infarction. Am J Cardiol. 1998;82(11):1323–8 Available from: http://www.ncbi.
nlm.nih.gov/pubmed/9856913.
Lee SW, Fallegger F, Casse BDF, Fried SI. Implantable microcoils for intracortical
magnetic stimulation. Sci Adv. 2016;2(12):e1600889.
Levine YA, Koopman FA, Faltys M, Caravaca A, Bendele A, Zitnik R, et al.
Neurostimulation of the cholinergic anti-inflammatory pathway ameliorates
disease in rat collagen-induced arthritis. Shi X-M, editor. PLoS One. 2014;9(8):
e104530 Available from: http://dx.plos.org/10.1371/journal.pone.0104530.
Libby P. The forgotten majority: unfinished business in cardiovascular risk
reduction. J Am Coll Cardiol. 2005;46(7):1225–8 Available from: https://www.
sciencedirect.com/science/article/pii/S0735109705015688?via%3Dihub.
Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS, et al.
Atherosclerosis. Nat Rev Dis Prim. 2019;5(1):56 Available from: http://www.
ncbi.nlm.nih.gov/pubmed/31420554.
Liu JJ, Huang N, Lu Y, Zhao M, Yu XJ, Yang Y, et al. Improving vagal activity
ameliorates cardiac fibrosis induced by angiotensin II: in vivo and in vitro. Sci
Rep. 2015;24:5.
Liu L, Zhao M, Yu X, Zang W. Pharmacological Modulation of Vagal Nerve Activity
in Cardiovascular Diseases. Neurosci Bull. 2019;35(1):156–66 Available from:
http://www.ncbi.nlm.nih.gov/pubmed/30218283.
Masi EB, Levy T, Tsaava T, Bouton CE, Tracey KJ, Chavan SS, et al. Identification of
hypoglycemia-specific neural signals by decoding murine vagus nerve
activity. Bioelectron Med. 2019;5(1):9 Available from: https://bioelecmed.
biomedcentral.com/articles/10.1186/s42234-019-0025-z.
Miao Y, Zhou J, Zhao M, Liu J, Sun L, Yu X, et al. Acetylcholine Attenuates Hypoxia/
Reoxygenation-Induced Mitochondrial and Cytosolic ROS Formation in H9c2
Cells via M2 Acetylcholine Receptor. Cell Physiol Biochem. 2013;31(2–3):189–98
Available from: https://www.karger.com/Article/FullText/343360.
Mina-Osorio P, Rosas-Ballina M, Valdes-Ferrer SI, Al-Abed Y, Tracey KJ, Diamond B.
Neural signaling in the spleen controls B-cell responses to blood-borne
antigen. Mol Med. 2012;18(1):618–27 Available from: http://www.ncbi.nlm.nih.
gov/pubmed/22354214.
Mirakaj V, Dalli J, Granja T, Rosenberger P, Serhan CN. Vagus nerve controls
resolution and pro-resolving mediators of inflammation. J Exp Med. 2014;211(6):
1037–48 Available from: http://www.ncbi.nlm.nih.gov/pubmed/24863066.
Niijima A. The afferent discharges from sensors for interleukin 1 beta in the
hepatoportal system in the anesthetized rat. J Auton Nerv Syst. 1996;61(3):
287–91 Available from: http://www.ncbi.nlm.nih.gov/pubmed/8988487.
Nissen SE, Tuzcu EM, Schoenhagen P, Crowe T, Sasiela WJ, Tsai J, et al. Statin
Therapy, LDL Cholesterol, C-Reactive Protein, and Coronary Artery Disease. N
Engl J Med. 2005;352(1):29–38 Available from: http://www.nejm.org/doi/abs/1
0.1056/NEJMoa042000.
Okusa MD, Rosin DL, Tracey KJ. Targeting neural reflex circuits in immunity to
treat kidney disease. Nat Rev Nephrol. 2017;13(11):669–80. https://doi.org/10.
1038/nrneph.2017.
Olivier BJ, Cailotto C, van der Vliet J, Knippenberg M, Greuter MJ, Hilbers FW,
et al. Vagal innervation is required for the formation of tertiary lymphoid
tissue in colitis. Eur J Immunol. 2016 Oct 1;46(10):2467–80.
Olofsson PS, Rosas-Ballina M, Levine YA, Tracey KJ. Rethinking inflammation:
neural circuits in the regulation of immunity. Immunol Rev. 2012;248(1):188–
204 Available from: http://www.ncbi.nlm.nih.gov/pubmed/22725962.
Olofsson PS, Steinberg BE, Sobbi R, Cox MA, Ahmed MN, Oswald M, et al. Blood
pressure regulation by CD4+ lymphocytes expressing choline
acetyltransferase. Nat Biotechnol. 2016;34(10):1066–71 Available from: http://
www.nature.com/doifinder/10.1038/nbt.3663.
Pavlov VA, Chavan SS, Tracey KJ. Molecular and Functional Neuroscience in
Immunity. Annu Rev Immunol. 2018;36(1):783–812 Available from: http://
www.annualreviews.org/doi/10.1146/annurev-immunol-042617-053158.
Pavlov VA, Chavan SS, Tracey KJ. Bioelectronic medicine: from preclinical studies
on the inflammatory reflex to new approaches in disease diagnosis and
treatment. Cold Spring Harb Perspect Med. 2019;28:a034140.
Pinho-Ribeiro FA, Baddal B, Haarsma R, O’Seaghdha M, Yang NJ, Blake KJ, et al.
Blocking Neuronal Signaling to Immune Cells Treats Streptococcal Invasive
Infection. Cell. 2018;173(5):1083–1097.e22.

Caravaca et al. Bioelectronic Medicine

(2020) 6:3

Pinho-Ribeiro FA, Verri WA, Chiu IM, Wood JN, Al E, Cunha TM, et al. Nociceptor
Sensory Neuron–Immune Interactions in Pain and Inflammation. Trends
Immunol. 2016;0(0):55–71 Available from: http://linkinghub.elsevier.com/
retrieve/pii/S1471490616301430.
Premchand RK, Sharma K, Mittal S, Monteiro R, Dixit S, Libbus I, et al. Autonomic
Regulation Therapy via Left or Right Cervical Vagus Nerve Stimulation in Patients
With Chronic Heart Failure: Results of the ANTHEM-HF Trial. J Card Fail. 2014;20(11):
808–16 Available from: http://www.ncbi.nlm.nih.gov/pubmed/25187002.
Qin F, Lu Y, He X, Zhao M, Bi X, Yu X, et al. Pyridostigmine prevents peripheral
vascular endothelial dysfunction in rats with myocardial infarction. Clin Exp
Pharmacol Physiol. 2014;41(3):202–9 Available from: http://doi.wiley.com/1
0.1111/1440-1681.12198.
Reardon C, Duncan GS, Brüstle A, Brenner D, Tusche MW, Olofsson PS, et al.
Lymphocyte-derived ACh regulates local innate but not adaptive immunity.
Proc Natl Acad Sci. 2013;110(4):1410–5. https://doi.org/10.1073/pnas.
1221655110.
Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al.
Antiinflammatory therapy with Canakinumab for atherosclerotic disease. N
Engl J Med. 2017b;377(12):1119–31 Available from: http://www.nejm.org/
doi/10.1056/NEJMoa1707914.
Ridker PM, MacFadyen JG, Thuren T, Everett BM, Libby P, Glynn RJ, et al. Effect of
interleukin-1β inhibition with canakinumab on incident lung cancer in
patients with atherosclerosis: exploratory results from a randomised, doubleblind, placebo-controlled trial. Lancet. 2017a;390(10105):1833–42. https://doi.
org/10.1016/S0140-6736(17)32247-X.
Rivera A, Siracusa MC, Yap GS, Gause WC. Innate cell communication kick-starts
pathogen-specific immunity. Nat Immunol. 2016;17(4):356–63 Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27002843.
Rosas-Ballina M, Ochani M, Parrish WR, Ochani K, Harris YT, Huston JM, et al.
Splenic nerve is required for cholinergic antiinflammatory pathway control of
TNF in endotoxemia. Proc Natl Acad Sci. 2008;105(31):11008–13 Available
from: http://www.ncbi.nlm.nih.gov/pubmed/18669662.
Rosas-Ballina M, Olofsson PS, Ochani M, Valdes-Ferrer SI, Levine YA, Reardon C,
et al. Acetylcholine-Synthesizing T Cells Relay Neural Signals in a Vagus
Nerve Circuit. Science 2011;334(6052):98–101 Available from: http://www.
ncbi.nlm.nih.gov/pubmed/21921156.
Saeed RW, Varma S, Peng-Nemeroff T, Sherry B, Balakhaneh D, Huston J, et al.
Cholinergic stimulation blocks endothelial cell activation and leukocyte
recruitment during inflammation. J Exp Med. 2005;201(7):1113–23.
Seneviratne A, Hulsmans M, Holvoet P, Monaco C. Biomechanical factors and
macrophages in plaque stability. Cardiovasc Res. 2013;99(2):284–93
Available from: https://academic.oup.com/cardiovascres/article-lookup/
doi/10.1093/cvr/cvt097.
Serhan CN, de la Rosa X, Jouvene CC. Cutting Edge: Human Vagus Produces
Specialized Proresolving Mediators of Inflammation with Electrical
Stimulation Reducing Proinflammatory Eicosanoids. J Immunol. 2018;201(11):
3161–5 Available from: http://www.ncbi.nlm.nih.gov/pubmed/30355784.
Shapiro MD, Fazio S. From Lipids to Inflammation. Circ Res. 2016;118(4):732–49
Available from: http://circres.ahajournals.org/lookup/doi/10.1161/
CIRCRESAHA.115.306471.
Shipman WD, et al. Tertiary lymphoid organs in systemic autoimmune diseases:
Pathogenic or protective? F1000Research. 2017;6:196. https://doi.org/10.
12688/f1000research.10595.1 Faculty of 1000 Ltd.
Söderström LÅ, Tarnawski L, Olofsson PS. CD137: A checkpoint regulator involved
in atherosclerosis. Atherosclerosis. 2018;272:66–72 Available from: http://
www.ncbi.nlm.nih.gov/pubmed/29571029.
Steinberg BE, Silverman HA, Robbiati S, Gunasekaran MK, Tsaava T, Battinelli E, et al.
Cytokine-specific Neurograms in the Sensory Vagus Nerve. Bioelectron Med.
2016b;3:7–17 Available from: http://www.ncbi.nlm.nih.gov/pubmed/30003120.
Steinberg BE, Sundman E, Terrando N, Eriksson LI, Olofsson PS. Neural Control of
Inflammation: Implications for Perioperative and Critical Care. Anesthesiology.
2016a;124(5):1174–89 Available from: http://www.ncbi.nlm.nih.gov/
pubmed/26982508.
Stemme S, Faber B, Holm J, Wiklund O, Witztum JL, Hansson GK. T lymphocytes
from human atherosclerotic plaques recognize oxidized low density
lipoprotein. Proc Natl Acad Sci. 1995;92(9):3893–7 Available from: http://
www.ncbi.nlm.nih.gov/pubmed/7732003.
Stenmark KR, Yeager ME, El Kasmi KC, Nozik-Grayck E, Gerasimovskaya EV, Li M,
et al. The adventitia: essential regulator of vascular wall structure and
function. Annu Rev Physiol. 2013;75(1):23–47.

Page 8 of 8

Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V, Panizzi P,
et al. Identification of Splenic Reservoir Monocytes and Their Deployment to
Inflammatory Sites. Science 2009;325(5940):612–6 Available from: http://www.
sciencemag.org/cgi/doi/10.1126/science.1175202.
Tabas I. Macrophage death and defective inflammation resolution in
atherosclerosis. Nat Rev Immunol. 2010;10(1):36–46 Available from: http://
www.ncbi.nlm.nih.gov/pubmed/19960040.
Tarnawski L, Reardon C, Caravaca AS, Rosas-Ballina M, Tusche MW, Drake AR,
et al. Adenylyl Cyclase 6 Mediates Inhibition of TNF in the Inflammatory
Reflex. Front Immunol. 2018;9:2648 Available from: http://www.ncbi.nlm.nih.
gov/pubmed/30538698.
Tracey KJ. The inflammatory reflex. Nature. 2002;420(6917):853–9 Available from:
http://www.ncbi.nlm.nih.gov/pubmed/12490958.
Tsuji H, Venditti FJ, Manders ES, Evans JC, Larson MG, Feldman CL, et al. Reduced
heart rate variability and mortality risk in an elderly cohort: The Framingham
heart study. Circulation. 1994;90(2):878–83.
Tynan A, Tsaava T, Gunasekaran M, Snee I, Mak TW, Olofsson P, et al. Antibody
responses to immunization require sensory neurons. bioRxiv. 2019;30:860395.
Villareal RP, Liu BC, Massumi A. Heart rate variability and cardiovascular mortality.
Curr Atheroscler Rep. 2002;4:120–7.
Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, et al. Nicotinic
acetylcholine receptor α7 subunit is an essential regulator of inflammation.
Nature. 2002;421(6921):384–8 Available from: http://www.ncbi.nlm.nih.gov/
pubmed/12508119.
Wang Q, Cheng Y, Xue F-S, Yuan Y-J, Xiong J, Li R-P, et al. Postconditioning with
vagal stimulation attenuates local and systemic inflammatory responses to
myocardial ischemia reperfusion injury in rats. Inflamm Res. 2012c;61(11):
1273–82 Available from: http://www.ncbi.nlm.nih.gov/pubmed/22825626.
Wang S, Han H-M, Jiang Y-N, Wang C, Song H-X, Pan Z-Y, et al. Activation of
cardiac M3 muscarinic acetylcholine receptors has cardioprotective effects
against ischaemia-induced arrhythmias. Clin Exp Pharmacol Physiol. 2012a;
39(4):343–9 Available from: http://doi.wiley.com/10.1111/j.1440-1681.2012.056
72.x.
Wang S, Han HM, Pan ZW, Hang PZ, Sun LH, Jiang YN, et al. Choline inhibits
angiotensin II-induced cardiac hypertrophy by intracellular calcium signal
and p38 MAPK pathway. Naunyn Schmiedeberg's Arch Pharmacol. 2012b;
385(8):823–31.
Wang Y, Po SS, Scherlag BJ, Yu L, Jiang H. The role of low-level vagus nerve
stimulation in cardiac therapy. Expert Rev Med Devices. 2019;16(8):675–82
Available from: https://www.tandfonline.com/doi/full/10.1080/17434440.201
9.1643234.
Watkins LR, Goehler LE, Relton JK, Tartaglia N, Silbert L, Martin D, et al. Blockade
of interleukin-1 induced hyperthermia by subdiaphragmatic vagotomy:
evidence for vagal mediation of immune-brain communication. Neurosci
Lett. 1995;183(1–2):27–31 Available from: http://www.ncbi.nlm.nih.gov/
pubmed/7746479.
Wilund KR, Rosenblat M, Chung HR, Volkova N, Kaplan M, Woods JA, et al.
Macrophages from alpha 7 nicotinic acetylcholine receptor knockout mice
demonstrate increased cholesterol accumulation and decreased cellular
paraoxonase expression: A possible link between the nervous system and
atherosclerosis development. Biochem Biophys Res Commun. 2009;390(1):
148–54 Available from: http://www.ncbi.nlm.nih.gov/pubmed/19785985.
Zanos TP, Silverman HA, Levy T, Tsaava T, Battinelli E, Lorraine PW, et al.
Identification of cytokine-specific sensory neural signals by decoding murine
vagus nerve activity. Proc Natl Acad Sci. 2018;115(21):E4843–E4852.
Zhao M, He X, Bi X-Y, Yu X-J, Gil Wier W, Zang W-J. Vagal stimulation triggers
peripheral vascular protection through the cholinergic anti-inflammatory
pathway in a rat model of myocardial ischemia/reperfusion. Basic Res Cardiol.
2013;108(3):345 Available from: http://link.springer.com/10.1007/s00395-0130345-1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

