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Abstract. The nervous system regulates immune func-
tion and inflammation. Experimental evidence shows an
important role of the autonomic nervous system in the
bidirectional communication between the brain and the
immune system, underlying the ability of the brain to
monitor immune status and control inflammation. Here
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we review the involvement of the autonomic nervous sys-
tem in regulating inflammation, with a focus on the vagus
nerve. The clinical implications of the recently discov-
ered anti-inflammatory role of the efferent vagus nerve
are also discussed. 
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Introduction

Inflammation is a local response to infection and tissue
damage mediated by activated macrophages, monocytes
and other immune cells. Those cells release cytokines [in-
cluding tumor necrosis factor (TNF), interleukin-1b (IL-
1b)] and other mediators of inflammation [1, 2]. Inflam-
mation must be precisely regulated, because either insuf-
ficient or excessive responses can lead to pathological
complications. Immunodeficiency, the lack of adequate
inflammatory responses, results in increased rates of in-
fections and cancer [1, 3]. On the other hand, the exces-
sive release of TNF, high mobility group box 1 (HMGB1)
and other pro-inflammatory mediators leads to systemic
inflammation, associated with the development of serious
pathological complications including sepsis and autoim-
mune diseases [1, 4–8]. The control of inflammation,
which prevents extension of local inflammation into the
systemic circulation, is realized by two major mecha-
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nisms: self-controlling innate immune mechanisms and
brain-derived immunoregulatory output. 
Activated immune cells release anti-inflammatory cy-
tokines interleukin-10 (IL-10) and interleukin-4 (IL-4),
soluble TNF receptors and transforming growth factor b,
that play a counter-regulatory role in inflammation [1, 9].
The hypothalamic-pituitary-adrenal (HPA) axis, which
controls the release of glucocorticoids is a well-charac-
terized brain-derived neuroendocrine immunomodula-
tory mechanism [10–12]. The initial, brain response to
inflammation is mediated by activation of autonomic ner-
vous system pathways [6, 13–16]. Afferent vagus nerve
fibers play a role in rapidly signaling the brain to trigger
immunomodulatory responses in the early phases of in-
flammation [14, 17, 18]. Recent studies indicate that the
efferent vagus nerve inhibits the release of pro-inflam-
matory cytokines and regulates inflammation in real
time, similar to its effects on the heart rate and gastro-
intestinal function [6, 19–22]. This function of the ef-
ferent vagus nerve has been termed the cholinergic anti-
inflammatory pathway [19]. The activated vagus nerve
exerts anti-inflammatory action through peripheral
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mechanisms that require signaling via a7 nicotinic
acetylcholine receptors [22]. 
This review outlines neural mechanisms that regulate in-
nate immunity and inflammation. The focus is on the
anti-inflammatory role of the vagus nerve, the mecha-
nisms of suppression of TNF by activation of the efferent
vagus nerve and the potential for vagus nerve stimulation
as a therapeutic strategy. 

Innate immune responses and the role of TNF 

Innate immunity is a major component of the defensive
strategy of the organism against pathogen invasion, injury
and trauma. The immediate activation of the innate im-
mune system by infection is influenced by the ability to
recognize non-self motifs. The host recognizes pathogen-
associated molecular patterns by pattern-recognition re-
ceptors, many of which are members of the family of the
TOLL-like receptors (TLRs) [23]. For example lipopoly-
saccharide (LPS, endotoxin), a component of the cell wall
of Gram-negative bacteria, and a prototype activator of
innate immune responses [24], activates TLR4, expressed
on macrophages, dendritic and other immune cells. Re-
ceptor-ligand interaction induces intracellular down-
stream pathways, leading to release of cytokines and
other pro-inflammatory mediators [1]. Innate immunity
can also be activated by tissue injury and trauma without
accompanying infection. Recent evidence indicates that
necrotic cell damage activates immune cells through re-
lease of HMGB1, heat-shock proteins and oxidized
lipoproteins by signaling via TLR [1, 25]. Pro-inflamma-
tory mediators, including TNF, IL-1b, HMGB1, reactive
oxygen and nitrogen intermediates, and adhesion mole-
cules [1, 2], mediate vasodilation, recruitment of white
blood cells and increased vascular permeability. The pro-
inflammatory immune response is balanced by the re-
lease of anti-inflammatory mediators, including the cy-
tokines IL-10 and IL-4, soluble TNF receptors, inter-
leukin-1 receptor antagonists and transforming growth
factor b [9]. The polyamine spermine, released at sites of
inflammation, is also capable of suppressing pro-inflam-
matory responses [26]. Macrophages and dendritic cells,
as antigen-presenting cells, link the innate immunity with
the induction of T and B lymphocytes, underlying slower
adaptive (specific) immune responses [1]. 
While beneficial at early phases of inflammation, the
overexpression of TNF and other pro-inflammatory me-
diators may lead to conversion of local inflammation into
systemic and chronic inflammation, associated with sec-
ondary tissue damage and death. Many disorders, includ-
ing rheumatoid arthritis, Crohn’s disease, ischemia-reper-
fusion injury and sepsis, are classified as inflammatory
because of the critical contribution of excessive inflam-
mation to the pathological complications [1]. TNF fulfills

central functions during the local response to infection
and injury and the subsequent induction of adaptive im-
mune responses. TNF plays a role in the extracellular
killing of the pathogen, and contributes to localization of
the microbial invasion and repairing tissue damage [27,
28]. If its release is uncontrolled, however, TNF is toxic,
mediating microvascular coagulation and capillary leak-
age syndrome, impaired cardiac output and the develop-
ment of lethal shock [4, 29]. TNF amplifies the immune
response by stimulating its own synthesis and the syn-
thesis of other pro-inflammatory mediators, including 
IL-1b, HMGB1, eicosanoids, and reactive oxygen and 
nitrogen intermediates. Some of these substances are in
turn capable of stimulating TNF synthesis [29, 30]. 
Due to its essential role in the pro-inflammatory immune
response, TNF represents an important therapeutic target
in treatment of inflammatory diseases, including rheuma-
toid arthritis and Crohn’s disease [31–33]. Recent atten-
tion has focused on other potential therapeutic targets of
inflammation, downstream of TNF in the cytokine cas-
cade [7, 30, 34, 35]. For instance HMGB1 antibodies are
effective therapies for arthritis and sepsis in animal mod-
els [34, 35]. 

Crosstalk between the immune system and the brain
during inflammation: role of the autonomic nervous
system 

The influence of the brain on health and disease is a topic
that originated in ancient times. We have attempted to out-
line here some aspects of this subject from the perspective
of the brain control of innate immune function and cy-
tokine release. The immune system can interact with the
brain to mobilize brain-derived responses to control in-
flammation. TNF and other pro-inflammatory cytokines
elicit signals in brain which in turn exert strong regulatory
effects on the innate immune responses underlying in-
flammation. Brain immunoregulatory output is mediated
by the autonomic nervous system; sympathetic and vagus
nerve innervation of the thymus, liver, heart, gastrointesti-
nal tract, lungs, pancreas and kidneys represents hard-
wired pathways of CNS-derived regulation of innate im-
munity. Neural regulation is faster than endocrine
processes; thereby the vagus nerve and the sympathetic di-
vision of the autonomic nervous system can mediate an
initial and rapid brain immunomodulatory response.
Slower neuroendocrine mechanisms, including HPA axis
activation and a-melanocyte-stimulating hormone, addi-
tionally regulate inflammation and protect against the
deleterious effects of the pro-inflammatory mediators.
Classical teaching suggests that the two divisions of the
autonomic nervous system usually act in opposition. In
some cases the sympathetic and vagus nerve regulation of
innate immunity is an example of synergistic mode of ac-



tion to suppress cytokine release. The cellular targets of
the autonomic neural regulation of inflammation are tis-
sue macrophages, Kupffer cells (in the liver), dendritic
cells, mast cells, and other immune and non-immune cy-
tokine-producing cells in the innervated tissues. Sympa-
thetic induction can cause suppression of the pro-inflam-
matory cytokine synthesis by b-adrenoceptor mecha-
nisms; vagus nerve stimulation inhibits inflammatory
responses through activation of a7 subunit-containing
nicotinic acetylcholine receptors [22]. In some cases
sympathetic activation also can result in upregulation of
TNF synthesis by a2-adrenoceptor-mediated mecha-
nisms [13, 15], but the activation of the vagus nerve coun-
teracts excessive TNF release. 

Sympathetic regulation of innate immune responses
and inflammation
Activation of the sympathetic division of the autonomic
nervous system is an important immunomodulatory
mechanism. Experimental evidence has revealed that
sympathetic output inhibit inflammation. The sympa-
thetic division has a critical role in stroke-provoked im-
munosupression, bacterial infection and mortality [36].
Preganglionic sympathetic fibers receive neuronal input
from the locus coeruleus (LC) and rostral ventrolateral
medulla (RVM), brainstem nuclei associated with the
brain’s ability to monitor and respond to immune signal-
ing [13, 16] (fig. 1). Sympathetic regulation of cytokine
synthesis/release and inflammation has been extensively
investigated during the past 2 decades and outlined in
several reviews [13, 15, 37]. Sympathetic postganglionic
neurons innervate lymphoid organs, blood vessels, heart,
liver and gastrointestinal tract, and this is the anatomical
basis of the sympathetic regulation of innate and adaptive
immunity, and inflammation [13, 38]. Norepinephrine is
the principal mediator of sympathetic postganglionic
neurons; some sympathetic postganglionic neurons also
release neuropeptide Y and epinephrine. Activation of the
preganglionic sympathetic fibers innervating the chro-
maffin cells in the adrenal medulla leads to secretion of
epinephrine, and to a lesser extent norepinephrine and
dopamine, which also exert sympathetic effects acting as
hormones. The interaction of norepinephrine, and epi-
nephrine with a- and b-adrenoreceptors (adrenoceptors),
mediates the sympathetic regulation of physiological
functions. These adrenoceptors, expressed on macro-
phages, monocytes and other immune cells, mediate the
sympathetic regulation of the cytokine levels and im-
mune inflammatory responses. Norepinephrine, released
from axon terminals of sympathetic postganglionic
fibers, interacts with immune cells, surrounding the axon
vicinity through two mechanisms: (i) synaptic-like inter-
actions and (ii) diffusion and interaction with extrasynap-
tic receptors on cytokine-secreting cells [13]. The first
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mechanism seems to play a role in the spleen, where nor-
adrenergic nerve terminals have been found to appose
macrophages and other immune cells, thus forming
synaptic-like junctions [13, 15, 38]. The second mecha-
nism is based on the non-synaptic release of norepineph-
rine from free nerve endings, which do not form further
synaptic contacts. It transmits sympathetic immunoregu-
latory signals to macrophages and other immune cell
types in the thymus and other innervated organs [13]. The
suppression of endotoxin-induced TNF release by nor-

Figure 1. Neural and neuro-hormonal pathways of regulation of in-
nate immunity and inflammation. During immune challenge acti-
vated macrophages and other immune and non-immune cells re-
lease cytokines that signal the brain for activation of immunomod-
ulatory mechanisms. Central immunomodulation is achieved by the
efferent vagus nerve, the sympathetic part of the autonomic nervous
system and the HPA axis (see the text for details). Abbreviations:
area postrema (AP); nucleus tractus solitarius (NTS); dorsal motor
nucleus of the vagus (DMN); paraventricular nucleus (PVN); ros-
tral ventrolateral medulla (RVM); locus coeruleus (LC); sympa-
thetic division of the autonomic nervous system (SNS); adrenocor-
ticotropin hormone (ACTH); glucocorticoids (GC); epinephrine
(EN); norepinephrine (NE); acetylcholine (ACh); LPS (lipo-
polysaccharide, endotoxin). Taken from [16, Molecular Medicine,
2003, 9(5–8): 125–134] with Molecular Medicine’s copyright 
permission.



epinephrine and epinephrine is achieved by activation of
b2-adrenoceptors on macrophages and monocytes [13,
37, 39–41]. Catecholamines also upregulate the anti-in-
flammatory cytokine IL-10 [13, 40, 42–44]. Pro-inflamma-
tory cytokine levels appear to be under tonic sympathetic
control [13]. The possibility of central activation of sym-
pathetic routes of immunosuppression has been sug-
gested by the observation that brain-spinal cord-sympa-
thetic pathways mediate the a-melanocyte-stimulating
hormone immunosuppressive effects [45]. In early
phases of some cases of inflammation, TNF expression
can also be upregulated by catecholamines acting through
the a2-adrenoceptor mechanism on cytokine-producing
cells [46], or by activation of a2-presynaptic adrenocep-
tors, negatively regulating norepinephrine release [15,
46]. Epinephrine administration suppresses TNF and in-
creases IL-10 in LPS-treated volunteers [40]. 

Role of the vagus nerve in neuroimmunomodulation
Until recently, most research on neuroimmunomodula-
tion was focused on the role of the sympathetic division
of the autonomic nervous system. It recently became
clear that the parasympathetic division is ultimately in-
volved in the control of immunity and inflammation. Af-
ferent vagal neurons play a role in transmitting immune
signals to the brain during inflammation, and activation
of the vagal efferent fibers leads to suppression of in-
flammation. The sensory afferent and motor efferent va-
gal neurons form a centrally integrated reflex mecha-
nism that controls inflammation in real time [6]. The
sympathetic immunoregulatory output is also an integral
component of the efferent part of the inflammatory re-
flex [6].  

Sensory functions of afferent vagus nerve fibers
during inflammation
Pro-inflammatory cytokines function as signaling mole-
cules by which the immune system informs the brain
about peripheral inflammation (fig. 1). Sensory vagal
neurons, residing in the nodose ganglion, are involved in
transmitting cytokine signals to the brain [14, 18]. These
neurons can monitor the presence of inflammation. In-
traperitonealy administered LPS induces IL-b protein ex-
pression not only in macrophages and dendritic cells
within connective tissues, surrounding abdominal affer-
ent vagal fibers, but also within these fibers [47]. IL-1b
causes brain-derived sickness symptoms and fever
through activation of abdominal vagal afferents [48]; sub-
diaphragmatic vagotomy eliminates the effect of low-
dose IL-1b, but does not effectively block the effects of
high concentrations [49]. Subdiaphragmatic vagotomy
significantly attenuates the activation of key components
of the HPA immunosuppressive axis following endotoxin
infusion [50]. The neural pathway of immune-to-brain

communication seems to play a primary role during mod-
erate localized inflammatory responses. The released
TNF, IL-1b and other pro-inflammatory cytokines pre-
dominantly activate afferent vagus fibers, distributed in
the abdominal cavity [18, 47]. The vagus nerve also can
monitor blood-borne cytokines through vagal paragan-
glia, associated with sensory vagal neurons [18]. These
vagal neurons terminate in the nucleus tractus solitarius
(NTS) in the brainstem medulla oblongata (fig. 1). The
NTS has an important role in the coordination of auto-
nomic function. The NTS, together with the dorsal motor
nucleus of the vagus (DMN) and area postrema (AP),
form the dorsal vagal complex (DVC). The interaction
between the NTS and the DMN neurons can be associ-
ated with activation of preganglionic vagal efferents orig-
inating from the DMN. Efferent vagus nerve activation
during inflammation has been observed as neuronal acti-
vation in the DMN, NTS and AP. Endotoxin activates the
vagal fibers innervating the thymus after IL-1b infusion
[51, 52]. Vagotomized endotoxemic rats develop en-
hanced inflammation, indicating the role of the vagus
nerve in the tonic supression of cytokine responses [19].
The NTS neurons also project to the nucleus ambiguous,
where some of the cardiovascular vagal neurons origi-
nate. The neuronal contacts between the NTS and the
RVM and LC (brain functional components of the sym-
pathetic route of immunomodulation) are the anatomical
basis for subsequent activation of sympathetic pregan-
glionic neurons in the spinal cord. Bidirectional neural
communications also exist between the RVM and LC,
and the hypothalamic paraventricular nucleus. The key
role of the NTS in the interaction and integration of the
autonomic function with endocrine and behavioral re-
sponses is attributed to bidirectional neuronal circuits be-
tween the NTS and hypothalamic nuclei, including the
paraventricular nucleus.
The transmission of cytokine signals to the brain through
the vagal sensory neurons depends upon the magnitude of
the immune challenge. The cholinergic anti-inflamma-
tory pathway and other brain-derived immunomodula-
tory circuits can also be activated by pro-inflammatory
cytokines through humoral mechanisms. The humoral cy-
tokine signal during robust and systemic inflammatory
responses is transmitted to the brain via several mecha-
nisms: (i) saturable carrier-mediated transport through
the blood-brain barrier; (ii) binding to receptors at the
surface of the endothelium of the brain capillaries, and
subsequent release of soluble mediators such as
prostaglandins and nitric oxide, and; (iii) via circumven-
tricular organs that lack normal blood-brain barrier func-
tion [53–57]. The AP (which is one of the circumventric-
ular organs) is an important site for the third mechanism
[57]. The close proximity of the AP to the NTS and DMN,
ascending projections of the NTS neurons, and cytokine-
induced production of prostaglandins within the AP and
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NTS, contributes to triggering brain immunomodulatory
responses (fig. 1). 

Control of innate immune responses and
inflammation by the efferent vagus nerve: the
cholinergic anti-inflammatory pathway

Acetylcholine – the major parasympathetic neurotrans-
mitter – is an inhibitor of TNF release in LPS-treated
macrophages [19]. Acetylcholine negatively affects the
release of IL-1, IL-6 and IL-18, but has no effect on the
level of the anti-inflammatory cytokine IL-10 in LPS-
stimulated macrophages [19]. In vivo studies revealed
that efferent cholinergic vagal neurons play a critical role
in controlling TNF levels and innate immune responses.
Electrical stimulation of the distal end of the vagus nerve
effectively decreases serum and hepatic TNF levels, at-
tenuating the development of shock (hypotension) during
lethal endotoxemia [19]. Vagotomy without stimulation is
accompanied with higher serum TNF levels in response
to endotoxin administration and more rapid development
of shock, compared with sham-operated control rats [19].
This observation indicates that the vagus nerve exerts a
tonic suppression on TNF release. Electrical vagus nerve
stimulation significantly inhibits TNF concentrations in
the heart and liver during endotoxemia [21, 58]. Anti-in-
flammatory effects of electrical vagus nerve stimulation
have been observed in animal models of ischemia reper-
fusion [59] and hemorrhagic shock [60] – pathological
complications in which TNF overproduction is a recog-
nized mediator of inflammation. Electrical vagus nerve
stimulation significantly attenuates TNF synthesis and
protects rats against shock in an aortic occlusion-caused
reperfusion injury [59]. Electrical stimulation of the ef-
ferent vagus nerve attenuates hypotension and improves
survival rate of rats during severe hypovolemic hemor-
rhagic shock [60]. 
Acetylcholine exerts its effects by interacting with two
types of acetylcholine receptors – muscarinic and nico-
tinic – which can be further subclassified. All pre- and
most of the postganglionic vagal neurons are cholinergic.
Acetylcholine released from the postganglionic axon ter-
minals binds to different subtypes muscarinic (meta-
botropic) acetylcholine receptors on smooth muscle cells,
cardiac myocytes and glandular cells in the innervated or-
gans. The presence of muscarinic acetylcholine receptors
has also been shown on immune and non-immune TNF-
producing cells [61–67]. Interestingly, muscarinic recep-
tors are most likely not involved in the mediation of the
anti-inflammatory effects of the vagus nerve [16, 22].
The nicotinic receptors are the ionotropic type of acetyl-
choline receptors, forming pentamer structures with dif-
ferent subunit compositions. Nicotinic receptors (a12/b1/
e/d) are implicated in transmitting the somatic nervous
system cholinergic output in the neuromuscular junction

[68]. Different a/b subunit hetero- and a7-, a8- or a9-
subunit homopentamer combinations of nicotinic recep-
tors are distributed in the CNS, autonomic ganglia, and
extraneuronal sites. The main function of the nicotinic re-
ceptors (a4/b2 and a7 homopentamer) in the brain is
modulation of acetylcholine and other neurotransmitter
release [69]. In sympathetic and parasympathetic ganglia,
nicotinic receptors (the a3 subunit in combination with
b4) play a critical role in mediation of fast synaptic trans-
mission [68].
We recently gained important insight into the receptor
mechanisms mediating the acetylcholine effects on
macrophage TNF release by demonstrating the critical
role of the a7 subunit of nicotinic acetylcholine receptor.
a7 subunit-containing nicotinic receptors are expressed
on human macrophages, and this nicotinic receptor sub-
unit plays a critical anti-inflammatory role in vivo [22].
a7 subunit-deficient mice have higher sensitivity to im-
mune challenge; LPS exposure leads to significantly
higher elevation of serum TNF, IL-1 and IL-6 levels in
these mice, as compared to the wild type [22]. Electrical
stimulation of the vagus nerve does not significantly sup-
press serum and organ TNF levels in the a7 subunit-defi-
cient endotoxemic mice, in contrast to the wild type [22].
This finding suggests that the a7 subunit of the nicotinic
acetylcholine receptors plays an essential role in mediat-
ing the anti-inflammatory effects of cholinergic vagal
fibers. The fact that the cytokine suppressive effects of
the vagal cholinergic fibers are mediated by nicotinic a7
receptors, rather than the classical muscarinic receptors,
indicates the high specificity of this function of the vagus
nerve.
The activated vagus nerve exerts its immunomodulatory
effects on tissue macrophages and other cytokine-synthe-
sizing cells in the organs of the reticuluendothelial system,
including the heart, liver, gastrointestinal tract and spleen
(fig. 2). Electrical stimulation of the vagus nerve is not ef-
fective in suppressing lung TNF levels [21], which
demonstrates organ specificity of the immunosuppressive
function of the activated vagus nerve. Although the liver
has been suggested to be the main source of TNF during
experimental endotoxemia, we recently demonstrated the
essential role of the spleen in the LPS-induced TNF syn-
thesis. Vagal innervation of the spleen has been a subject
of numerous studies, with inconsistents results. We re-
cently demonstrated that the vagus nerve exerts a strong
modulatory effect on serum TNF levels by suppressing
TNF synthesis in the spleen [unpublished observations].
The gastrointestinal tract is heavily innervated by the va-
gus nerve, making it a potential target of the vagus nerve
regulation of TNF. Vagal regulation of the gastrointestinal
secretion and motility is achieved by postganglionic en-
teric excitatory neurons, releasing acetylcholine and sub-
stance P, and inhibitory neurons, releasing ATP, vasoactive
intestinal peptide (VIP) and nitric oxide [70]. The release
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of gastrointestinal local mediators and hormones, includ-
ing pepsinogen, histamine, gastrin, somatostatin and lep-
tin, is under vagal control [70–73]. Apart from their 
effects on the gastrointestinal tract, some of these sub-
stances have other functions, including immunomod-
ulation. Recent studies have demonstrated the ability of
histamine to inhibit LPS-induced TNF production in pe-
ripheral blood mononuclear cells [74] and interferon
(IFN)-a and TNF from dendritic cells [75]. Histamine
also negatively regulates neutrophil infiltration via H2 re-
ceptors in allergic inflammation [76]. A very recent study
has demonstrated that the vagus nerve innervates adipose
tissue; the physiological impact of this innervation is as-
sociated with selective induction of endocrine function
and leptin release [77]. Although the implication of leptin
in chronic inflammation and rheumatoid diseases, respec-
tively, remains controversial [78], a number of studies
demonstrate a protective role for leptin in inflammation
[79– 83]. 
The cholinergic anti-inflammatory pathway can be cen-
trally activated [21]. CNI-1493, a tetravalent guanylhy-
drazone, protects against systemic shock in endotoxemic
rats by inhibiting systemic TNF levels, and its effects are
mediated by a central mechanism, which leads to activa-
tion of the efferent vagus nerve [21]. CNI-1493 can also
modulate local peripheral inflammation; the paw edema
development in rats is suppressed by CNI-1493 through
an efferent vagus nerve-dependent mechanism [20].
As described above, a non-synaptic ‘diffusion’ model of

sympathetic immunoregulation may predominate in vivo
[13, 31]. This mechanism is based on the existence of
postganglionic sympathetic fibers, which do not make
synaptic contact with smooth muscle, cardiac or glandu-
lar cells. Norepinephrine, released non-synaptically from
axon terminals of these fibers, is capable of diffusing
through the parenchyma and interacting with the adreno-
ceptors on the immune cells surrounding the axon vicin-
ity [13]. Anatomo-physiological considerations do not
support the possibility that cholinergic immunomodula-
tion could be realized by such a mechanism: (i) to the best
of our knowledge, no non-synaptic cholinergic vagal
fibers in target organs have been identified so far; and 
(ii) acetylcholine is rapidly hydrolyzed by the acetyl-
cholinesterase into choline and acetate, following its re-
lease from the axon terminals. An intriguing fact, which
might be relevant to the cholinergic mechanisms of im-
munomodulation, is that apart from acetylcholine, its sta-
ble metabolite choline is capable of activating a7 sub-
unit-containing nicotinic receptors [84]. Sensitivity to
choline is one of the pharmacological characteristics of
the a7 subunit, together with high Ca2+ permeability, fast
desensitization and blockade by a-bungarotoxin. It is the-
oretically possible that choline produced as a result of
acetylcholine hydrolysis by acetylcholinesterase diffuses
from the synaptic cleft and interacts with perisynaptic
and extrasynaptic a7 subunit-containing nicotinic recep-
tors. While considering that vagal postganglionic fibers
are the source of acetylcholine (choline) capable of sup-

Figure 2. The cholinergic anti-inflammatory pathway. Efferent activity in the vagus nerve leads to acetylcholine (ACh) release in organs
of the reticuloendothelial system, including the liver, heart, spleen and gastrointestinal tract. Acetylcholine interacts with the a-7 subunit
containing nicotinic acetylcholine (Ach) receptors on tissue macrophages, which inhibit the release of TNF, IL-1, HMGB1 and other cy-
tokines. Taken from [6].



pressing the pro-inflammatory cytokine release, we can-
not exclude a contribution of preganglionic neurons. In
contrast to sympathetic ganglia (located some distance
from the innervated organs), parasympathetic/vagal gan-
glia are located either in close proximity or within the in-
nervated organs. 

Therapeutic implications of the cholinergic
anti-inflammatory pathway
The discovery of the anti-inflammatory function of the
activated vagus nerve provides the possibility for using
novel, unconventional strategies to control unrestrained
inflammation. Studies aimed at finding parameters of va-
gus nerve stimulation resulting in maximal protection
against exaggerated inflammation are in progress in our
laboratory. A novel anti-inflammatory strategy could be
developed by means of optimal vagus nerve stimulation
generated by a special device. Surgically implanted vagus
nerve stimulators have been successfully used in the
treatment of epilepsy [85, 86]. It is plausible that surgi-
cally implanted devices programmed to specifically stim-
ulate efferent vagus nerve fibers could have a successful
clinical implication in the treatment of inflammatory dis-
orders. The major requirements for this therapy would be
related to preventing deleterious effects of TNF and other
pro-inflammatory mediators and preserving the benefi-
cial impact of anti-inflammatory substances, without in-
creasing the risk of secondary infections. Based on the
experimental finding that electrical stimulation of the va-
gus nerve results in lower heart TNF levels [21, 58] dur-
ing endotoxemia, this treatment could be explored for
modulating the local cardiac TNF levels to attenuate the
development of myocardial depression and shock. Vagus
nerve stimulation could also be explored in the treatment
of disorders that are accompanied by autonomic dysfunc-
tion associated with decreased parasympathetic compo-
nent, including perhaps rheumatoid arthritis. 
It is possible that not only direct (electrical) stimulation of
the vagus nerve, but some alternative approaches for vagus
nerve activation, can modulate inflammation. It is interest-
ing to consider the impact of biofeedback, acupuncture,
hypnosis, meditation and Pavlovian conditioning of im-
mune responses on immune function and inflammatory
diseases through parasympathetic/vagal mechanisms.
Pavlovian conditioning of immunosuppression has been
shown in rodent models and recently in humans [87]. In-
terestingly, the suggested role for the sympathetic part and
the HPA axis in the immune-to-brain communication un-
derlying the conditioning in rodents has not been demon-
strated in humans [87]. It is an open question whether the
vagus nerve plays a role in the Pavlovian conditioning in
rodents and humans. 
The recent discovery that the nicotinic acetylcholine re-
ceptor a7 subunit on macrophages is a peripheral com-
ponent of the cholinergic anti-inflammatory pathway pro-

vides the possibility of suppressing inflammation by
specifically targeting this receptor. Our preliminary stud-
ies with specific cholinomimetics confirm the validity of
this approach [88]. The aforementioned distribution of
a7 subunit-containing nicotinic receptors suggests that a
therapeutic strategy based on activation of this subunit
could be specific, without interfering with ganglionic
neurotransmission and sympathetic activation, respec-
tively. Despite the presence of the a7 subunit in some au-
tonomic ganglia [89, 90], no critical role for this subunit
in fast ganglionic transmission, mediated by a3/b4 nico-
tinic receptors, has been shown [68]. Another intriguing
possibility of achieving peripheral immunosupression is
based on exploring central mechanisms of activation of
the cholinergic anti-inflammatory pathway. Identifying
brain receptors involved in the central activation of the
vagus nerve may allow the development of therapeutic
approaches to treat inflammation. 

Conclusions

Experimental evidence allows building a model of neu-
roimmunomodulation in which the brain monitors im-
mune status and actively responds to challenge. The com-
munication between the brain and the immune system is
bidirectional, involving neural and humoral mechanisms.
The two major divisions of the autonomic nervous system
are strongly involved in this communication; the brain is
capable of sensing fluctuations in peripheral immune sta-
tus by afferent vagal neurons and controlling the innate
immune response to injury and pathogen invasion by ac-
tivation of efferent vagal (parasympathetic) and sympa-
thetic neural and neuro-hormonal mechanisms. The
rapid, real-time brain control of innate immune mecha-
nisms underlying inflammation is based on autonomic
neuronal projections to sites of inflammation. Our grow-
ing knowledge about the molecular and receptor mecha-
nisms of the neural regulation of immune function may
lead to treatments for inflammatory diseases.
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