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The Cholinergic Anti-inflammatory Pathway: A Missing Link
in Neuroimmunomodulation
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This review outlines the mechanisms underlying the interaction between the nervous and immune systems of the host in
response fo an immune challenge. The main focus is the cholinergic anti-inflammatory pathway, which we recently described
as a novel function of the efferent vagus nerve. This pathway plays a critical role in controlling the inflammatory response
through interaction with peripheral a7 subunit-containing nicofinic acetylcholine receptors expressed on macrophages. We
describe the modulation of systemic and local inflammation by the cholinergic anfi-inflammatory pathway and its function as
an interface between the brain and the immune system. The clinical implications of this novel mechanism also are discussed.

INTRODUCTION

Inflammation is a normal response to disturbed homeostasis caused
by infection, injury, and trauma. The host responds with a complex
series of immune reactions to neutralize invading pathogens, repair
injured tissues, and promote wound healing (1,2). The onset of
inflammation is characterized by release of pro-inflammatory medi-
ators including tumor necrosis factor (TNF), interleukin (IL)-1,
adhesion molecules, vasoactive mediators, and reactive oxygen
species (1-3). The early release of pro-inflammatory cytokines by
activated macrophages has a pivotal role in triggering the local
inflammatory response (2). Excessive production of cytokines, such
as TNF, IL-1B, and high mobility group B1 (HMGB1), however, can
be more injurious than the inciting event, initiating diffuse coagula-
tion, tissue injury, hypotension, and death (2,4-6). The inflamma-
tory response is balanced by anti-inflammatory factors including
the cytokines IL-10 and IL-4, soluble TNF receptors, IL-1 receptor
antagonists, and transforming growth factor (TGF)p. Although sim-
plistic (7,8), the pro-/anti- terminology is widely used in the discus-
sion of the complex cytokine network. Apart from their involve-
ment in local inflammation, TNF and IL-1f are signal molecules for
activation of brain-derived neuroendocrine immunomodulatory
responses. Neuroendocrine pathways, such as the hypothalamo-
pituitary-adrenal (HPA) axis and the sympathetic division of the
autonomic nervous system (SNS) (9-15), control inflammation as an
anti-inflammatory balancing mechanism. The host thereby mobi-
lizes the immunomodulatory resources of the nervous and
endocrine systems to regulate inflammation.

Restoration of homeostasis as a logical resolution of inflam-
mation does not always occur. Insufficient inflammatory responses
may result in increased susceptibility to infections and cancer.
On the other hand, excessive responses are associated with auto-
immune diseases, diabetes, sepsis, and other debilitating condi-
tions. When control of local inflammatory responses is lost,

pro-inflammatory mediators can spill into the circulation, result-
ing in systemic inflammation that may progress to shock, multi-
ple organ failure, and death. Effective therapies for diseases of
excessive inflammation are needed.

We recently discovered the anti-inflammatory role of the vagus
nerve (16,17) in an animal model of endotoxemia and shock. This
previously unrecognized immunomodulatory circuit termed the
“cholinergic anti-inflammatory pathway” is a mechanism for
neural inhibition of inflammation (18,19), and interfaces the brain
with the immune system. Can it be a “missing link” in
neuroimmunomodulation that will validate the notion of a mind-
body connection?

This review outlines brain-derived control mechanisms of
immune function and specifically the role of cholinergic anti-
inflammatory pathway in the regulation of inflammation.

INTERACTION BETWEEN THE IMMUNE SYSTEM
AND BRAIN IN RESPONSE TO IMMUNE CHALLENGE

Communication between the immune, nervous, and endocrine
systems is essential for host defense and involves a variety of
mediators including cytokines, neurotransmitters, hormones, and
humoral factors. The influence of the brain on immune function
and the mechanisms involved in these interactions have been
elucidated over the past 3 decades (17-19). Two important ques-
tions arise when describing the brain-derived immunomodula-
tion: 1) How is the brain initially signaled by cytokines to trigger
corresponding neural and neuroendocrine responses; and 2) how
is immunomodulation achieved through these mechanisms?

Immune-To-Brain Communication

The brain can monitor immune status and sense peripheral
inflammation through 2 main pathways: neural and humoral
(Figure 1; for a review, see 20, 21).
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Figure 1. Neural and humoral pathways in immunomodulation. During
immune challenge activated macrophages and other immune and
nonimmune cells release cytokines that signal the brain for activation of
immunomodulatory mechanisms. Central immunomodulation s
achieved by the cholinergic anti-inflammatory pathway, HPA axis, and
SNS (see text for details). AP, area postrema; NTS, nucleus tfractus solitar-
ius; DMN, dorsal motor nucleus of the vagus; PVN, paraventricular
nucleus; RVM, rostral ventrolateral medulla; LC, locus coeruleus;
SNS, sympathetic nervous system; ACTH, adrenocorticotropin hormone;
GC, glucocorticoids; EN, epinephrine; NE, norepinephrine; ACh, acetyl-
choline; LPS, lipopolysaccharide (endotfoxin).

Neural pathway. The neural mechanism relies upon activation of
vagus nerve afferent sensory fibers that signal the brain that
inflammation is occurring. Immunogenic stimuli activate vagal
afferents either directly by cytokines released from dendritic cells,
macrophages, and other vagal-associated immune cells, or indi-
rectly through the chemoreceptive cells located in vagal paragan-
glia (22). For instance, intraperitoneal administration of endotoxin
can induce IL-1p immunoreactivity in dendritic cells and macro-
phages within connective tissues associated with the abdominal
vagus nerve and subsequently in vagal paraganglia and afferent
126 |
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fibers (23). Visceral vagus afferent fibers, residing in the nodose
ganglion, terminate primarily within the dorsal vagal complex
(DVC) of the medulla oblongata. The DVC consists of the nucleus
tractus solitarius (NTS), the dorsal motor nucleus of the vagus
(DMN), and the area postrema (AP) (24). The DMN is the major
site of origin of preganglionic vagus efferent fibers; cardiovascular
vagal efferents also originate within the medullar nucleus ambigu-
ous. The AP, which lacks a blood-brain barrier, is an important
circumventricular organ and site for humoral immune-to-brain
communication, as described below. The main portion of vagal
sensory input is received by neurons in the NTS that coordinate
autonomic function and interaction with the endocrine system
(25). Ascending projections from the NTS reach forebrain sites
including hypothalamic nuclei, amygdala, and insular cortex. One
of the hypothalamic nuclei receiving input from the NTS is the
paraventricular nucleus (PVN). The PVN is associated with the
synthesis and release of corticotropin releasing hormone (CRH),
an important substance in the HPA axis. This ascending link
between the NTS and PVN provides a pathway that can modulate
neurohormonal anti-inflammatory responses. Synaptic contacts
also exist between the neurons in the NTS and C1 neurons in the
rostral ventrolateral medulla (RVM), which occupies an important
role in control of cardiovascular homeostasis. The RVM neurons in
turn project to the locus coeruleus (LC), which is the main source
of noradrenergic innervations of higher brain sites, including the
hypothalamus and PVN. Projections emanate from the RVM and
LC to sympathetic preganglionic neurons in the spinal cord. There
are also descending pathways from the PVN to the RVM and NTS.
These ascending and descending connections provide a neuronal
substrate for interaction between HPA axis and SNS as an
immunomodulatory mechanism.

The transmission of cytokine signals to the brain through the
vagal sensory neurons depends upon the magnitude of the
immune challenge. Subdiaphragmatic vagotomy inhibits the
stimulation of the HPA axis (26) and norepinephrine (NE) release
in hypothalamic nuclei (27) in response to intraperitoneal admin-
istration of endotoxin or IL-1f. Intravenous endotoxin adminis-
tration induces expression of the neural activation marker c-Fos
in the brainstem medulla, regardless of the integrity of the vagus
nerve (28). Vagotomy fails to suppress high dose endotoxin-
induced IL-1f immunoreactivity in the brain (29) and increases
blood corticosterone levels (30). It is likely that the vagal afferent
neural pathway plays a dominant role in mild to moderate
peripheral inflammatory responses, whereas acute, robust
inflammatory responses signal the brain primarily via humoral
mechanisms.

Humoral pathway. A large body of evidence supports the
involvement of humoral mechanisms in the immune-to-brain
communication, especially in cases of systemic immune challenge
(21, 31-33). The question remains, however, of how the circulating
cytokines interact with brain structures involved in the anti-
inflammatory response, and how circulating cytokines induce
central cytokine production associated with fever and sickness.
Blood-borne IL-1f and TNF can cross the blood-brain barrier and
enter cerebrospinal fluid and the interstitial fluid spaces of the
brain and spinal cord by a saturable carrier-mediated mechanism
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(34) that may function only at very high plasma cytokine concen-
trations. Cytokines also can bind to receptors at the surface of the
endothelium of the brain capillaries and can enhance the synthe-
sis and release of soluble mediators such as prostaglandins and
nitric oxide, which diffuse into the brain parenchyma and modu-
late the activity of specific groups of neurons (21,35,36). It has
been suggested that prostaglandins mediate fever and HPA axis
activation (13).

Cytokine-to-brain communication also may occur via circum-
ventricular organs that lack normal blood-brain barrier function.
Among the circumventricular organs, the AP appears to represent
the best candidate for such a transduction site (for a review, see
37). The AP is located in the floor of the caudal 4th ventricle (38)
and dendrites of neurons in the NTS and DMN penetrate both the
AP and floor of the 4th ventricle (39,40). The close proximity of AP
to NTS and RVM and the existing neural connections provide a
way of signaling the SNS and HPA axis. Cytokine-induced pro-
duction of prostaglandins within the AP, NTS, and RVM may acti-
vate the catecholamine projections to the PVN, resulting in subse-
quent HPA axis activation (37). This is one possible interaction
between the neural and humoral mechanisms of immune-to-
brain communication through which the brain mediates anti-
inflammatory responses.

Apart from their function in signaling the brain for immuno-
modulatory responses, cytokines play a multifunctional role in
brain injury and neurodegenerative diseases (for review, see 41-43).

Brain-To-Immune Communication

The brain exerts strong modulatory effects on immune function by
activation of the HPA axis and the SNS, which results in increased
synthesis and release of glucocorticoids and catecholamines (see
Figure 1). The immunomodulating properties of a-melanocyte
stimulating hormone (a-MSH) and estrogens also are known. The
HPA axis is a neurohormonal pathway; its role in the regulation
of the immune function has been widely studied (for reviews, see
14,44-46). The components of the HPA axis are the hypothalamic
PVN, the anterior pituitary gland, and the adrenal cortex. Spe-
cialized neurons in PVN synthesize CRH, which is released into
the pituitary portal blood system and stimulates the synthesis of
adrenocorticotropin hormone (ACTH) from the anterior pituitary.
ACTH is the main inducer of the synthesis and release of
immunosuppressive glucocorticoids (cortisol in humans and cor-
ticosterone in rats) from the adrenal cortex. Pro-inflammatory
cytokines trigger the HPA axis via the neural or humoral mecha-
nisms described above. At both the hypothalamic and pituitary
level, the HPA axis is subject to a classical negative feedback loop
by the final product: glucocorticoids. ACTH also inhibits the syn-
thesis of CRH from the PVN. The hypothalamo-pituitary circuit
of the HPA axis is regulated by neural mechanisms including
acetylcholine (ACh)-, catecholamine-, GABA-, serotonin-, and
histamine-mediated modulation.

Glucocorticoids exert their effects by binding to intracellular
receptors and subsequently triggering up-regulation or down-
regulation of gene expression (47). Apart from triggering the acti-
vation of the HPA axis, cytokines such as IL-1 and IL-6 also can
alter peripheral glucocorticoid effects by directly influencing the

VOLUME 9, NUMBER 5-8

N (N OVERVIEW I

function of corresponding glucocorticoid receptors (45). Immuno-
suppressive glucocorticoid influence is mainly linked to sup-
pression of nuclear factor-kB activity (14,48,49), which plays an
important role in regulating cytokine synthesis (50). As summa-
rized by Webster and others (14), glucocorticoids inhibit the syn-
thesis of pro-inflammatory cytokines, such as TNF, IL-1, IL-8, IL-
11, IL-12, and interferon-y; and they activate the synthesis of the
anti-inflammatory cytokines IL-4 and IL-10. Inhibition of neu-
trophil, eosinophil, monocyte, and macrophage infiltration, and
adhesion molecule expression are attributed to glucocorticoid
suppression of local inflammation (14,45). Glucocorticoids are
also potent clinical anti-inflammatory agents (45).

The SNS plays a dual role in the regulation of inflammation,
because it mediates both pro- and anti-inflammatory activities; it
is thus an integral component of the host defense system against
injury and infection (15,51). The locus coeruleus (LC) and RVM,
brain functional components of the SNS, project to sympathetic
preganglionic cholinergic neurons in the spinal cord. Sympathetic
innervation of primary (thymus and bone marrow) and second-
ary (spleen, lymph nodes, and tissues) lymphoid organs is the
anatomic basis for modulation of immune function by the SNS
(15,51,52). Sympathetic postganglionic norepinephrine (NE)-
ergic and neuropeptide Y-ergic neurons also innervate blood
vessels, the heart, the liver, and the gastrointestinal tract (15,52).
NE, released from sympathetic postganglionic nerve endings,
exerts anti-inflammatory effects by interacting with adrenocep-
tors expressed on lymphocytes and macrophages. Adrenoceptors
belong to the G-protein coupled receptor superfamily and are
divided into a and f subtypes, which can be further subdivided.
Sympathetic control on cytokine production is achieved by
2 mechanisms: (1) synaptic-like junctions with corresponding
adrenoceptors (as in the spleen) and (2) nonsynaptic, distant
mechanisms, such as NE diffusion through the parenchyma
before interaction with the receptor. The nonsynaptic mechanism
plays a dominant physiological role (15). The release of NE is sub-
ject to complex presynaptic regulation, involving the effects of
neuropeptide Y, acetylcholine, dopamine, prostaglandins, and
other micro-environmental factors. Sympathetic immunomodula-
tion also is mediated via epinephrine, and to a lesser extent, by
NE released from the chromaffin cells of the adrenal medulla. The
chromaffin cells represent homologs of the sympathetic ganglia.
Activation of the preganglionic sympathetic neurons innervating
these cells leads to an increase in the release of catecholamines in
the bloodstream, which can act systematically as hormones. Thus,
sympathetic neural regulation is converted into “hormonal regu-
lation” within the adrenal glands. The adrenals are therefore an
important peripheral component of the CNS-controlled immuno-
regulation responsible for the synthesis of glucocorticoids (from
the cortical cells) and catecholamines (from the medullar chro-
maffin cells).

SNS activation protects the organism from the detrimental
effects of pro-inflammatory cytokines. Activation of B-adrenocep-
tors leads to marked inhibition of endotoxin induced serum TNE,
IL-1, IL-12, interferon-y, and nitric oxide production, and elevation
of IL-6 and IL-10. Stimulation of B-adrenoceptors also is accompa-
nied by suppression of the TNF and IL-1 expression caused by
127
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hemorrhagic shock. NE and epinephrine inhibit production of pro-
inflammatory cytokines through stimulation of p2-adrenoceptor-
cAMP-protein kinase A pathway, and they stimulate the synthesis
of anti-inflammatory cytokines. Healthy volunteers receiving epi-
nephrine and subsequent endotoxin treatment developed signifi-
cantly decreased TNF levels and elevated IL-10 levels, as compared
with controls exposed to endotoxin alone (53), raising the possibil-
ity that pharmacological control of cytokine production in septic
patients could be achieved by selective adrenoceptor agonists and
antagonists. A catecholamine-based strategy for treating sepsis and
its complications is difficult, however, because of the broad effects
of these agents and the need to balance the cardiovascular and
immunomodulatory drug effects (15).

During the early stages of some cases of inflammation, stim-
ulation of the SNS can be associated with activation of the local
inflammatory responses and neutrophil accumulation (1,54). NE
stimulation of the a,-subtype adrenoceptor has been linked to an
increase in endotoxin-induced production of TNF and other
cytokines (15,55). This dual role of the SNS in immunomodulation
agrees with the general mode of SNS function, depending on the
peripheral receptors involved. A classic example of dual effects is
the “fight-or-flight” response, leading to increased perfusion of
the heart, skeletal muscles, and brain, and release of glucose from
the liver. Gastrointestinal motility and the blood supply to the
skin are simultaneously depressed.

Anti-inflammatory properties of a-MSH have been shown in
animal models of inflammation including sepsis and rheumatoid
arthritis (for a review, see 56, 57). In rodents a-MSH is mainly pro-
duced from the intermediate lobe of the pituitary gland. The cells
of the pituitary pars distalis and various extrapituitary cells, such
as monocytes, astrocytes, and keratinocytes, are the source of this
hormone production in humans. The activity of a-MSH is medi-
ated through G-protein coupled melanocortin receptors widely
distributed in peripheral tissues and in the brain. Immunomodu-
latory effects of a-MSH are associated with stimulation of its
receptors on peripheral immune target cells and on glial cells in
brain; a-MSH may also exert indirect effects via a brain-spinal
cord pathway and sympathetic neurons (58). Although the exact
molecular mechanisms of a-MSH immunosuppression and pro-
inflammatory cytokine downregulation are not well understood,
hormonal inhibition of nuclear factor kB may play an important
role. The administration of endotoxin to normal human subjects
is accompanied by an increase in a-MSH blood concentrations (in
addition to ACTH) and decreased TNF plasma levels, demon-
strating the role of a-MSH in the inflammatory response (59). It is
not clear how pro-inflammatory cytokines cause stimulation of
pituitary a-MSH secretion, but the ascending pathways from NTS
to the hypothalamus underlying the HPA axis activation may
play a role.

Female sex hormones and estrogens, in particular, also exert
immunomodulatory and anti-inflammatory effects. Because their
synthesis and blood concentrations are under control of
hypothalamo-pituitary hormones, estrogen-affected immune
functions can be imputed to the brain. Female sex hormones play
immunoregulatory roles during pregnancy and in diseases like
rheumatoid arthritis and osteoporosis (60). The classic mecha-
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nism of steroid hormone action (as described above for glucocor-
ticoids) may contribute to estrogen immunomodulating activity.
Estrogens are neuroprotectors (61); they prevent cartilage degra-
dation during inflammation associated with increased production
of IL-1 (62); and they inhibit the production of pro-inflammatory
cytokines at different stages of their synthesis (63,64).

CHOLINERGIC ANTI-INFLAMMATORY PATHWAY

The sympathetic and parasympathetic parts of the autonomic
nervous system rarely operate alone; autonomic responses repre-
sent the interplay of both parts. A link between the para-
sympathetic part of the autonomic nervous system and immuno-
regulatory processes was suggested 30 years ago, when alleviation
of T-lymphocyte cytotoxicity by muscarinic cholinergic stimulation
was noted (65). Despite this observation, the role of the parasym-
pathetic/vagal efferents in immunomodulation is not completely
understood (66-68).

We recently demonstrated the existence of a parasympathetic
pathway of modulation of systemic and local inflammatory
responses (16,69), which focuses attention on neural immuno-
modulatory mechanisms via the vagus nerve.

Evidence for Parasympathetic (Vagus Nerve) Control

of Systemic And Local Inflammation

Acetylcholine is an important neurotransmitter and neuromodu-
lator in the brain. It mediates neural transmission in the ganglion
synapses of both sympathetic and parasympathetic neurons, and
is the principle neurotransmitter in the postganglionic parasym-
pathetic/vagal efferent neurons. Acetylcholine acts through
2 types of receptors: muscarinic (metabotropic) (70) and nicotinic
(ionotropic) (71). In addition to the brain and “wire-innervated”
peripheral structures, the RNA for these receptor subtypes (mus-
carinic) and subunits (nicotinic) has been detected on mixed pop-
ulations of lymphocytes and other immune and non-immune
cytokine-producing cells (72-77). Most of these cells can also pro-
duce acetylcholine (78).

We recently discovered that the a7 subunit of the nicotinic
acetylcholine receptor is expressed on macrophages (16). Acetyl-
choline significantly and concentration-dependently decreases
TNF production by endotoxin-stimulated human macrophage
cultures via a post-transcriptional mechanism. Using specific
muscarinic and nicotinic agonists and antagonists, we demon-
strated the importance of an a-bungarotoxin-sensitive nicotinic
receptor in the inhibition of TNF synthesis in vitro by acetyl-
choline. Acetylcholine also is effective in suppressing other endo-
toxin-inducible pro-inflammatory cytokines, such as IL-1p, IL-6,
and IL-18, by a post-transcriptional mechanism; release of the
anti-inflammatory cytokine IL-10 from endotoxin-stimulated
macrophages is not affected by acetylcholine (16).

Because of the immunosuppressive effects of acetylcholine
in vitro, we studied the possible immunonodulatory role of the
parasympathetic division of the autonomic nervous system in
vivo. In a rat model, vagotomy without electrical stimulation
significantly increases serum and liver TNF levels in response to
intravenously administered endotoxin (Figure 2A and 2B), sug-
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Figure 2. Vagus nerve stimulation attenuates the endotoxin-induced
serum TNF response, hepatic TNF response, and development of endo-
toxemic shock. Rats were subjected to sham surgery (A and B: Sham, [J;
C: ®; n =7), bilateral cervical vagotomy (A and B: VGX, #, C: A;n=7),
or vagotomy and electrical stimulation (A and B: VGX + STIM, Bl C: &;
n =7). A: Serum TNF response. B: Hepatic TNF response. C: Development
of endotoxemic shock. Mean arterial blood pressure data are normal-
ized to MABP at time = 0. Sham-surgery, vagotomy, and electrical stim-
ulation with vagotomy did not significantly affect MABP in vehicle-treat-
ed confrols (not shown). Data are means +/- SEM. *P < 0.05; **P < 0.005
compared with SHAM + endotoxin; #P < 0.05 compared with VGX +
endotoxin. Taken from Borovikova and others (16) with Nature's copy-
right permission <http: //www.nature.com>.

gesting a direct role of efferent vagus neurons in the regulation
of TNF production in vivo. Augmentation of efferent vagus
nerve by direct electrical stimulation significantly attenuates
endotoxin-induced serum and hepatic TNF (see Figure 2A and
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2B). TNF amplifies inflammation by activating the release of
pro-inflammatory mediators such as IL-1, HMGBI, nitric oxide,
and reactive oxygen species (3,6). TNF also plays an essential
role in endotoxin-induced shock by inhibiting cardiac output,
activating microvascular thrombosis, and modulating capillary
leakage syndrome (4,79). These activities of TNF are consistent
with the finding that attenuation of serum TNF via cervical
vagus nerve stimulation prevents hypotension and shock in ani-
mals exposed to lethal doses of endotoxin (see Figure 2C) (16).
Animals subjected to vagotomy without vagus nerve stimula-
tion develop profound shock more quickly than sham-operated
animals (see Figure 2C), demonstrating a role for vagus nerve
efferent signaling in maintaining immunological homeostasis.
Importantly, the immunomodulatory effects of the efferent
vagus nerve also play a role in localized peripheral inflamma-
tion, because electrical stimulation of the distal vagus nerve also
inhibits the local inflammatory response in a standard rodent
model of carrageenan-induced paw edema (69). Pretreatment
with acetylcholine, muscarine, or nicotine localized within the
site of inflammation also prevents the development of hind paw
swelling (69). Vagal efferents are distributed throughout the
reticuloendothelial system and other peripheral organs, and the
brain-derived motor output through vagus efferent neurons is
rapid. The cholinergic anti-inflammatory pathway is therefore
uniquely positioned to modulate inflammation in real time.

Pharmacological Activation of the Cholinergic
Anti-inflammatory Pathway
It may be possible to activate the cholinergic anti-inflammatory
pathway with centrally acting pharmacological agents, because
the tetravalent guanylhydrazone CNI-1493 induces vagus nerve
firing (69) and confers anti-inflammatory effects through activa-
tion of the cholinergic anti-inflammatory pathway in both local
and systemic models of inflammation (69,80). Extensive research
on the anti-inflammatory activities of CNI-1493 reveals that it
confers protection in experimental models of cancer, pancreatitis,
rheumatoid arthritis, endotoxin shock, and sepsis (81-83). These
studies led to current testing of CNI-1493 in Phase II clinical trials
for Crohn’s disease. CNI-1493 was originally developed as an
inhibitor of macrophage activation that prevented phosphoryla-
tion of p38 mitogen-activated protein kinase (84-86). In models of
cerebral ischemia, CNI-1493 delivered via the intracerebroventric-
ular (ICV) route suppresses cerebral TNF synthesis and reduces
infarct volume (87). Surprisingly, CNI-1493 administered via the
same route suppresses systemic TNF production in response to
peripheral endotoxin challenge. Further studies revealed that
CNI-1493 stimulates efferent vagus nerve firing (69), suggesting
that the cholinergic anti-inflammatory pathway may mediate the
peripheral anti-inflammatory activity of this compound.
Intravenous (IV) pretreatment of endotoxemic rats with CNI-
1493 leads to a significant and dose-dependent inhibition of
serum TNF-release and prevents the development of endotoxin-
induced hypotension (80). The lowest IV dose tested in these
experiments (100 ug/kg body weight) failed to cause down-reg-
ulation of TNF release or prevent hypotension. When 1/100 of
this ineffective IV dose was injected ICV, it significantly attenu-
129
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ated serum TNF release and protected against hypotension.
Much lower ICV drug doses (in the range 10 to 0.1 ng/kg) also
inhibited TNF release and protected against the development of
endotoxin-induced shock, suggesting that brain-dependent
mechanisms contribute to the systemic anti-inflammatory action
of CNI-1493. Similarly, CNI-1493 delivered into the cerebral ven-
tricles at doses significantly lower than peripherally active doses
also suppressed local inflammation in a standardized model of
carrageenan-induced paw edema (69).

The anti-inflammatory effects of CNI-1493 require the vagus
nerve, regardless of the route (ICV or IV) of drug administration,
because bilateral cervical vagotomy eliminates its effects. These
results indicate that CNI-1493 mediates protection against local
and systemic inflammation and shock via the cholinergic anti-
inflammatory pathway. Activation of the cholinergic anti-inflam-
matory pathway by centrally-acting compounds such as CNI-
1493, therefore, may hold significant clinical potential for
treatment of sepsis and other cytokine-mediated diseases.

It is plausible to consider two potential mechanisms through
which CNI-1493 activates vagus nerve efferent signaling: this
compound may either gain access to the DMN and activate
vagus efferent signals directly, or it may activate other neurons
within the DVC or higher brain structures and indirectly acti-
vate the efferent vagus nerve. A variety of receptors have been
identified within the DVC, the primary termination site of affer-
ent vagus fibers. Within the DMN, for example, studies have
revealed the presence of muscarinic receptors, but they have not
been associated with vagal efferent neurons (88,89). Muscarinic
(especially the M, subtype) and nicotinic binding sites have
been detected on the caudal and medial parts of the NTS (90).
The cholinergic system in the NTS has been identified on the
basis of the presence of choline acetyltransferase, acetylcholine-
esterase, and acetylcholine (88,91). The NTS cholinergic system
participates in the regulation of cardiovascular output and mod-
ulation of the baroreceptor reflex, which is centrally mediated
by glutamate. The presence of glutamate receptors is also well
documented within the DVC (92-94). Vagal afferents (cardiovas-
cular and abdominal visceral) terminating in the NTS are pre-
dominantly glutamatergic; they synapse on NTS neurons
through both NMDA and non-NMDA receptors (94,95). Expo-
sure to either IL-1 or endotoxin can activate the vagal gluta-
matergic system in the NTS. Both types of glutamate receptors
transmit AP neuron excitatory inputs to the NTS (96). NMDA
glutamate receptors also are present on AP and DMN neurons.
Vagus preganglionic motor neurons located in the DMN extend
dendritic fields to the NTS. Nicotinic (especially the a7 subtype),
neuropeptide Y, GABA (A and B), neurokine-1, and neurokine-3
receptors have each been localized to vagus efferent neurons in
the DMN (97-100). Ionotropic P2X purinoceptors of ATP (acting
as a neurotransmitter) are present on the DMN and AP neurons
(101). It is possible that some of these receptor mechanisms rep-
resent critical components of the pathways leading to pharma-
cological activation of the cholinergic anti-inflammatory path-
way. CNI-1493 may also activate other receptors in higher brain
regions, and intermediate neurons may relay CNI-1493 signal-
ing to the efferent vagus nerve.
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Nicotinic Acetylcholine Receptor a7 Subunit Is an
Essential Component of the Cholinergic
Anti-inflammatory Pathway

Inhibition of peripheral TNF synthesis by the efferent vagus
nerve implicates a mechanism for signaling from the vagus nerve
to TNF-producing cells, such as macrophages. In a series of exper-
iments using specific cholinergic agonists and antagonists, as well
as antisense and gene knockout approaches, we have shown that
the a7 subunit of the nicotinic acetylcholine receptor is expressed
on macrophages and mediates the anti-inflammatory activity of
the efferent vagus nerve.

Nicotinic acetylcholine receptors are a family of ligand-gated,
pentameric ion channels. The main function of this receptor fam-
ily is to transmit acetylcholine signals at neuromuscular junctions
and in the central and peripheral nervous systems (71,102-104). In
humans, 16 different nicotinic acetylcholine receptor subunits
(al-7, 09-10, B1-4, §, ¢, y) have been identified (71,104). These
subunits have the potential to form a large number of homo- and
heteropentameric receptors with distinct properties and func-
tions. Among the 16 subunits, only the al, a7, and a9 subunits
bind an antagonist derived from snake venom, a-bungarotoxin;
the a-bungarotoxin-binding activity of the ol0 subunit is
unknown.

Macrophages specifically bind FITC-labeled a-bungarotoxin,
an antagonist of a subset of nicotinic receptors. This surface bind-
ing can be competed with nicotine, suggesting that macrophages
express functional al, a7, and/or a9 subunits of the nicotinic
acetylcholine receptor. RT-PCR analyses revealed mRNA expres-
sion of the al, a7, and 10 subunits, but not 09. Further charac-
terization by western blotting analyses and pull-down methods
showed that fully differentiated primary human macrophages
specifically express the a7 subunit (105).

The functional relevance of the macrophage nicotinic receptor
07 subunit in the cholinergic anti-inflammatory pathway was
tested using antisense oligonucleotides to the a7 subunit. Inhibi-
tion of a7 subunit expression restores the endotoxin-stimulated
TNF responses in the presence of nicotine, whereas antisense
oligonucleotides to the ol and a10 subunits, under similar condi-
tions, fail to significantly change TNF release in the presence of
nicotine (105). The essential role of the a7 subunit in mediating
the activity of the cholinergic anti-inflammatory pathway in vivo
has been defined in a7 subunit-deficient mice. These gene knock-
out mice develop normally and show no gross anatomical defects
(106); however, these animals are more sensitive to inflammatory
stimuli, because 07 subunit-deficient mice release significantly
more TNE, IL-1, and IL-6 into the serum during endotoxemia as
compared with wild type mice (105). Electrical stimulation of the
vagus nerve inhibits serum and tissue levels of pro-inflammatory
cytokines in endotoxemic wild type mice, but is ineffective in a7-
deficient mice (Figure 3) (105). Peritoneal macrophages isolated
from mice lacking the a7 subunit do not respond to acetylcholine
and nicotine, and continue to produce TNF in the presence of
these cholinergic agonists. a7 Nicotinic receptor subunits have
been found in the superior cervical and pancreatic ganglia, but no
functional role for this subunit in ganglionic transmission has
been demonstrated in vivo. a3 Nicotinic receptor subunits medi-
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Figure 3. Vagus nerve stimulation does not inhibit TNF in nicotinic acetyl-
choline receptor a7 subunit-deficient mice. a7 Subunit-deficient
mice (-/-) or age- and sex-matched wild-type littermates (+/+) were
subjected to either sham operation (Sham) or vagus nerve stimulation
(VNS, left vagus, 1 volt, 2 ms, 1 Hz); blood was collected 2 h after endo-
toxin administration. Serum TNF levels were determined by ELISA. Sham
a7**, n =10; VNS a7*/*, Sham a7~-, VNS a7, n = 11. *P < 0.05 com-
pared with Sham a7*/*. Taken from Wang and others (105) with Nature's
copyright permission: <http://www.nature.com>.

ate fast synaptic transmission in the autonomic ganglia. These
observations suggest that the higher sensitivity of a7 subunit-
deficient mice to inflammatory stimuli cannot be attributed to
impaired parasympathetic and/or sympathetic ganglionic trans-
mission. Taken together these data indicate that the nicotinic
acetylcholine receptor a7 subunit is a necessary component of the
cholinergic anti-inflammatory pathway. Moreover, the cholinergic
anti-inflammatory pathway represents a highly specific function
of the efferent vagus nerve, because it can signal through nicotinic
a7 receptors on macrophages, rather than “classical” muscarinic
acetylcholine receptors.

Integration of the Cholinergic Anti-inflammatory
Pathway in Brain-Derived Immunomodulation
Involvement of vagus efferent neurons in neuroimmunomodula-
tion is supported by the protective role of the cholinergic anti-
inflammatory pathway in systemic and local inflammation. This
previously unrecognized neural-immune circuit sheds new insight
on brain regulation of immune function (19), and several aspects of
this “missing link” in neuroimmunomodulation are under investi-
gation in our laboratory.

The role of the efferent vagus nerve in minute-to-minute mod-
ulation of immune activation remains uncertain. Bilateral cervical
vagotomy renders animals more sensitive to endotoxemic shock,
and results in increased serum and organ TNF levels (see Figure 2A
and 2B), suggesting that efferent vagus activity exerts a tonic effect
on peripheral inflammatory responses. Electrical stimulation
appears to potentiate the tonic immunosuppression conferred by
the vagus nerve. These findings might be related to the intriguing
question of whether the parasympathetic part of the autonomic
nervous system is depressed during sepsis. In the systemic inflam-
matory response syndrome, the initial sympathocardiac activation
decreases during the progression to sepsis (107,108). Spectral analy-
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sis of heart rate variability, or the length of time between heartbeats,
can provide important information about the status of the auto-
nomic nervous system. Analysis of instantaneous heart rate meas-
urements identifies low frequency and high frequency oscillations,
which are indicative of sympathetic and parasympathetic tone,
respectively. In comparison to survivors of critical illness, nonsur-
vivors have significantly less heart rate variability, reduced sympa-
thovagal balance, and reduced parasympathetic tone; reduced
sympathovagal balance is associated with an increased risk for
death (107,108). Interestingly, low sympathovagal balance (as indi-
cated by a low frequency/high frequency heart rate oscillation
ratio of <1) may be an early marker for sepsis in the critically ill,
since patients who went on to develop sepsis were admitted to the
intensive care unit with a lower low frequency/high frequency
ratio than those patients who remained sepsis-free (107). In total,
these findings suggest that autonomic dysfunction is an important
aspect of lethal critical illness and sepsis. The precise influence of
the parasympathetic division of the autonomic nervous system,
particularly in terms of afferent or efferent signaling, is unclear
from these studies; however, the sensitivity of animals devoid of
the nicotinic acetylcholine receptor a7 subunit to endotoxin chal-
lenge (105) implies a critical role of the cholinergic anti-inflamma-
tory pathway in regulation of peripheral inflammation.

How is the cholinergic anti-inflammatory pathway activated in
response to inflammatory stimuli? It appears that the general path-
ways of signaling the brain for triggering the HPA axis and the SNS
described above may play a role. Proinflammatory cytokines
released upon immune challenge can activate vagal afferent signal-
ing and subsequent direct or indirect (through NTS neurons) acti-
vation of vagal efferents in the DMN. Thus, the sensory vagal affer-
ents, together with the regulatory vagus efferents, form an
inflammatory reflex that continually monitors and modulates the
inflammatory status in the periphery (18). The cholinergic anti-
inflammatory pathway also can be activated by cytokine signals
via AP. Thus, in addition to the cholinergic efferent fibers, the
cholinergic anti-inflammatory pathway may be comprised of at
least two brainstem medullar structures (such as NTS and DMN)
that may be signaled by pro-inflammatory cytokines through either
neural (vagus afferents) or humoral (AP) mechanisms. Intravenous
administration of IL-1f induces activation of the efferent vagus
fibers, innervating the thymus (67). Indeed, administration of
endotoxin induces neuronal activation in the DMN as well as the
NTS and AP (28). Absence of this neuronal surveillance results in
higher levels of inflammation as seen in vagotomized endotoxemic
mice (16). This centrally integrated vagal anti-inflammatory reflex
is similar for example to the vago-vagal reflex mechanism control-
ling the gastrointestinal tract. These observations suggest that the
cholinergic anti-inflammatory pathway is activated during the
inflammatory response.

The NTS may integrate the cholinergic anti-inflammatory
pathway with other central immunomodulatory responses,
because the NTS can transmit afferent vagus nerve signals to two
areas of the brain involved in neuroimmunomodulation. For exam-
ple, bidirectional neuronal circuits between the NTS and the hypo-
thalamic PVN can activate the HPA axis, leading to glucocorticoid-
mediated immunosuppression. NTS neurons also project to
131
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brainstem nuclei, such as the RVM and the LC, which may activate
the SNS and modulate immune responses (see Figure 1). The key
structures in neuroimunomodulation are (1) the NTS, which is
associated with the reception and further transmission of the
cytokine signal to the cholinergic anti-inflammatory pathway, the
SNS, and the HPA axis; (2) the hypothalamic PVN, which is respon-
sible for conversion of the neural signal into a hormonal; and (3) the
adrenal glands, which release epinephrine from the chromaffin
cells under activation of the SNS and complete the main neurohor-
monal route via release of glucocorticoids.

Both divisions of the autonomic nervous system are activated
by immunogenic stimuli and both contribute to modulation of
inflammation. The SNS down-regulates inflammation via
B-adrenoceptors. In some cases, however, norepinephrine may
increase TNF-a. release, most likely through o-adrenoceptors (55).
Activation of the cholinergic anti-inflammatory pathway may
counteract instances of excessive TNF release. The cholinergic anti-
inflammatory pathway and the SNS also act synergistically to con-
trol inflammation. While the SNS can cause immunosupression
through B-adrenoceptors, vagus nerve downregulation of cytokine
production is mediated, at least in part, through nicotinic acetyl-
choline receptors containing the a7 subunit. In contrast to
endocrine-mediated mechanisms, neural regulation of immune
responses is rapid and more precisely localized, and thus may be
an important early response to peripheral inflammation.

Sympathetic and vagus innervation of the thymus, liver, heart,
lungs, gastrointestinal tract, pancreas, and kidneys may provide the
anatomical basis for coregulation of tissue macrophages, dendritic
cells, mast cells, Kupffer cells (in the liver), and other immune and
nonimmune cytokine-producing cells in the tissues. The liver is an
important organ in the acute phase of the inflammatory response,
supplying the necessary components for the host defense at the site
of inflammation and coordinating the activation of acute phase
plasma proteins (2). Hepatic sinusoidal macrophages (Kupffer cells)
are thought to be the major source of cytokines in endotoxemia
(109); therefore, stimulation of efferent vagus neurons may modu-
late the hepatic inflammatory response. The heart is well-innervated
by the 2 divisions of the autonomic nervous system. The autonomic
dysfunction (high sympathetic, low parasympathetic tone) that
occurs after myocardial infarction is a powerful predictor of early
mortality (110). In the heart, resident macrophages and cardiac
myocytes are the main sources of TNF, and TNF receptors have
been found in cardiac myocytes (111,112). TNF released from both
myocardial macrophages and cardiac myocytes contribute to
myocardial dysfunction and cardiomyocyte death in sepsis, chronic
heart failure, ischemia-reperfusion injury, viral myocarditis, and car-
diac allograft rejection (111). The effectiveness of vagus nerve stim-
ulation in inhibiting cardiac TNF (80) warrants further exploration
of the immunomodulatory role of the cholinergic anti-inflammatory
pathway in the heart and other organs.

Therapeutic Implications of the Cholinergic
Anti-inflammatory Pathway

Many current approaches for treatment of unrestrained inflam-
mation are based on direct suppression of pro-inflammatory
cytokines or cytokine activity. The identification of the cholinergic
132 |
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anti-inflammatory pathway now suggests several new
approaches to modulate cytokines and inflammatory responses to
therapeutic advantage. For example, stimulation of the vagus
nerve may represent a novel approach to inhibit TNF production
and protect against pathological inflammation. Permanently
implanted vagus nerve stimulators are clinically approved
devices for treatment of epilepsy and depression (113-115). Vagus
nerve stimulation prevents seizures by stimulating sensory vagal
afferents associated with limbic and cortical function. Although
vagal efferents also may be activated as a result of vagus nerve
stimulation, no cardiac, gastric, or pulmonary complications have
been observed (116). In animals, vagus nerve stimulation causes
neural activation (assessed by c-Fos technique) in NTS, LC, DMN,
and hypothalamic nuclei, including PVN (117,118). Vagus nerve
stimulation enhances the activity of key components of the brain-
derived anti-inflammatory response. In addition to the vagal
efferents, the HPA axis and the SNS may also be activated as a
“side effect” of vagus nerve stimulation. The occurrence of such
activation remains to be evaluated by testing the fluctuations in
serum glucocorticoid levels in patients with vagus nerve stimula-
tors. If so, it may be possible to use currently existing, approved
devices to control inflammatory responses.

The discovery of the cholinergic anti-inflammatory pathway
identifies at least 1 receptor type that may be pharmacologically
targeted to modulate cytokine activity. The nicotinic acetylcholine
receptor o7 subunit is essential for regulation of peripheral
inflammatory responses; activation of this receptor via vagus
nerve stimulation (105) or cholinergic agonists (119,120) sup-
presses cytokine release and protects against lethal murine endo-
toxemia and sepsis. CNI-1493, the tetravalent guanylhydrazone
that was instrumental in the discovery of the cholinergic anti-
inflammatory pathway, exerts its anti-inflammatory effects in
vivo by a central mechanism involving activation of the vagus
nerve (69,80). It is possible that other experimental and clinically
approved therapeutics function through the unanticipated mech-
anism of activating neural pathways. For example, low doses of
centrally administered a-MSH or salicylates elicit specific periph-
eral anti-inflammatory responses. Likewise, the cardiac anti-
arrhythmic drug amiodarone, as well as aspirin, indomethacin,
and ibuprofen substantially increase vagus nerve activity
(reviewed in 18). The precise identification of the brain receptor(s)
that mediate these effects will facilitate the development of effec-
tive, specific receptor agonists to pharmacologically activate the
cholinergic anti-inflammatory pathway.

It also is interesting to reconsider alternative therapeutic
approaches in light of the cholinergic anti-inflammatory pathway.
For instance, hypnosis, meditation, prayer, biofeedback, acupunc-
ture, and even Pavlovian conditioning of immunological
responses are believed to involve central mechanisms that modu-
late experimental systemic or peripheral inflammatory responses.
Moreover, autonomic dysfunction occurs not only in association
with lethal critical illness and sepsis but also is considered a com-
plication of diabetes, rheumatoid arthritis, and other autoimmune
diseases (reviewed in 18). Whether physiological augmentation of
vagus nerve activity through any of these methods can modulate
disease activity remains an open question.
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SUMMARY

We have described the cholinergic anti-inflammatory pathway, a
previously unknown neural circuit that provides a new physio-
logical mechanism for immunomodulation. This specific function
of the motor branch of the vagus nerve provides new insight into
CNS control of peripheral inflammatory responses. Better under-
standing of the receptor mechanisms and neuronal circuits
involved in the cholinergic anti-inflammatory pathway, and eval-
uation of its stimulation for treatment of inflammatory disorders,
may improve the lives of patients with diseases characterized by
cytokine excess.
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