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Abstract
The peripheral nervous and immune systems are traditionally thought of as serving separate
functions. This line is, however, becoming increasingly blurred by new insights into neurogenic
inflammation. Nociceptor neurons possess many of the same molecular recognition pathways for
danger as immune cells and in response to danger, the peripheral nervous system directly
communicates with the immune system, forming an integrated protective mechanism. The dense
innervation network of sensory and autonomic fibers in peripheral tissues and high speed of neural
transduction allows for rapid local and systemic neurogenic modulation of immunity. Peripheral
neurons also appear to play a significant role in immune dysfunction in autoimmune and allergic
diseases. Therefore, understanding the coordinated interaction of peripheral neurons with immune
cells may advance therapeutic approaches to increase host defense and suppress
immunopathology.

Two thousand years ago, Celsus defined inflammation as involving four cardinal signs –
Dolor (pain), Calor (heat), Rubor (redness), and Tumor (swelling), an observation indicating
that activation of the nervous system was recognized as being integral to inflammation.
However, pain has been mainly thought of since then, only as a symptom, and not a
participant in the generation of inflammation. In this perspective, we show that the
peripheral nervous system plays a direct and active role in modulating innate and adaptive
immunity, such that the immune and nervous systems may have a common integrated
protective function in host defense and the response to tissue injury, an intricate interaction
that also can lead to pathology in allergic and autoimmune diseases.

Survival of organisms is critically dependent on the capacity to mount a defense against
potential harm from tissue damage and infection. Host defense involves both avoidance
behavior to remove contact with a dangerous (noxious) environment (a neural function), and
active neutralization of pathogens (an immune function). Traditionally, the role of the
immune system in combating infective agents and repairing tissue injury has been
considered quite distinct from that of the nervous system, which transduces damaging
environmental and internal signals into electrical activity to produce sensations and reflexes
(Fig. 1). We propose that these two systems are actually components of a unified defense
mechanism. The somatosensory nervous system is ideally placed to detect danger. Firstly,
all tissues that are highly exposed to the external environment, such as epithelial surfaces of
the skin, lungs, urinary and digestive tract, are densely innervated by nociceptors, high
threshold pain-producing sensory fibers. Secondly, transduction of noxious external stimuli
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is almost instantaneous, orders of magnitude quicker than the mobilization of the innate
immune system, and therefore may be the “first responder” in host defense.

In addition to orthodromic inputs to the spinal cord and brain from the periphery, action
potentials in nociceptor neurons can also be transmitted antidromically at branch points back
down to the periphery, the axon reflex. These together with sustained local depolarizations
lead to a rapid and local release of neural mediators from both peripheral axons and
terminals (Fig. 2) 1. Classic experiments by Goltz (in 1874) and by Bayliss (in 1901)
showed that electrically stimulating dorsal roots induces skin vasodilation, which led to the
concept of a “neurogenic inflammation”, independent of that produced by the immune
system (Fig. 3).

Neurogenic inflammation is mediated by the release of the neuropeptides calcitonin gene
related peptide (CGRP) and substance P (SP) from nociceptors, which act directly on
vascular endothelial and smooth muscle cells 2–5. CGRP produces vasodilation effects 2, 3,
whereas SP increases capillary permeability leading to plasma extravasation and edema 4, 5,
contributing to the rubor, calor and tumor of Celsus. However, nociceptors release many
additional neuropeptides (online database: http://www.neuropeptides.nl/), including
Adrenomedullin, Neurokinins A and B, Vasoactive intestinal peptide (VIP), neuropeptide
(NPY), and gastrin releasing peptide (GRP), as well as other molecular mediators such as
glutamate, nitric oxide (NO) and cytokines such as eotaxin 6.

We now appreciate that the mediators released from sensory neurons in the periphery not
only act on the vasculature, but also directly attract and activate innate immune cells (mast
cells, dendritic cells), and adaptive immune cells (T lymphocytes) 7–12. In the acute setting
of tissue damage, we conjecture that neurogenic inflammation is protective, facilitating
physiological wound healing and immune defense against pathogens by activating and
recruiting immune cells. However, such neuro-immune communications also likely play
major roles in the pathophysiology of allergic and autoimmune diseases by amplifying
pathological or maladaptive immune responses. In animal models of rheumatoid arthritis for
example, Levine and colleagues have shown that denervation of the joint leads to a striking
attenuation in inflammation, that is dependent on neural expression of substance P 13, 14. In
recent studies of allergic airway inflammation, colitis and psoriasis, primary sensory neurons
play a central role in initiating and augmenting the activation of innate and adaptive
immunity 15–17.

We propose therefore, that the peripheral nervous system not only plays a passive role in
host defense (detection of noxious stimuli and initiation of avoidance behavior), but also an
active role in concert with the immune system in modulating the responses to and combat of
harmful stimuli, a role that can be subverted to contribute to disease.

Shared Danger Recognition Pathways in the Peripheral Nervous and Innate
Immune Systems

Peripheral sensory neurons are adapted to recognize danger to the organism by virtue of
their sensitivity to intense mechanical, thermal and irritant chemical stimuli (Fig. 1).
Transient receptor potential (TRP) ion channels are the most widely studied molecular
mediators of nociception, conducting non-selective entry of cations upon activation by
various noxious stimuli. TRPV1 is activated by high temperatures, low pH and capsaicin,
the vallinoid irritant component of chili peppers 18. TRPA1 mediates the detection of
reactive chemicals including environmental irritants such as tear gas and industrial
isothiocyanates 19, but more importantly, it is also activated during tissue injury by
endogenous molecular signals including 4-hydroxynonenal and prostaglandins 20, 21.
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Interestingly, sensory neurons share many of the same pathogen and danger molecular
recognition receptor pathways as innate immune cells, which enable them also to detect
pathogens (Fig. 1). In the immune system, microbial pathogens are detected by germline
encoded pattern recognition receptors (PRRs), which recognize broadly conserved
exogenous pathogen-associated molecular patterns (PAMPs). The first PRRs to be identified
were members of toll-like receptor (TLR) family, which bind to yeast, bacterial derived cell-
wall components and viral RNA 22. Following PRR activation, downstream signaling
pathways are turned on that induce cytokine production and activation of adaptive
immunity. In addition to TLRs, innate immune cells are activated during tissue injury by
endogenous derived danger signals, also known as damage-associated molecular patterns
(DAMPs) or alarmins 23, 24. These danger signals include HMGB1, uric acid, and heat
shock proteins released by dying cells during necrosis, activating immune cells during non-
infectious inflammatory responses.

PRRs including TLRs 3, 4, 7, and 9 are expressed by nociceptor neurons, and stimulation by
TLR ligands leads to induction of inward currents and sensitization of nociceptors to other
pain stimuli 25–27. Furthermore, activation of sensory neurons by the TLR7 ligand
imiquimod leads to activation of an itch specific sensory pathway 25. These results indicate
that infection-associated pain and itch may be partly due to direct activation of neurons by
pathogen-derived factors, which in turn activate immune cells through peripheral release of
neuronal signaling molecules.

A major DAMP/alarmin released during cellular injury is ATP, which is recognized by
purinergic receptors on both nociceptor neurons and immune cells 28–30. Purinergic
receptors are made up of two families: P2X receptors, ligand-gated cation channels, and
P2Y receptors, G-protein coupled receptors. In nociceptor neurons, recognition of ATP
occurs through P2X3, leading to rapidly densensitizing cation currents and pain 28, 30 (Fig.
1), while P2Y receptors contribute to nociceptor activation by sensitization of TRP and
voltage-gated sodium channels. In macrophages, ATP binding to P2X7 receptors leads to
hyperpolarization, and downstream activation of the inflammasome, a molecular complex
important in generation of IL-1beta and IL-18 29. Therefore, ATP is a potent danger signal
that activates both peripheral neurons and innate immunity during injury, and some evidence
even suggests that neurons express parts of the inflammasome molecular machinery 31.

The flip side of danger signals in nociceptors is the role of TRP channels in immune cell
activation. TRPV2, a homologue of TRPV1 activated by noxious heat, is expressed at high
levels in innate immune cells 32. Genetic ablation of TRPV2 led to defects in macrophage
phagocytosis and clearance of bacterial infections 32. Mast cells also express TRPV
channels, which may directly mediate their degranulation 33. It remains to be determined
whether endogenous danger signals activate immune cells in a similar manner as
nociceptors.

A key means of communication between immune cells and nociceptor neurons are through
cytokines. Upon activation of cytokine receptors, signal transduction pathways are activated
in sensory neurons leading to downstream phosphorylation of membrane proteins including
TRP and voltage-gated channels (Fig. 1). The resulting sensitization of nociceptors means
that normally innocuous mechanical and heat stimuli can now activate nociceptors.
Interleukin 1 beta and TNF-alpha are two important cytokines released by innate immune
cells during inflammation. IL-1beta and TNF-alpha are directly sensed by nociceptors which
express the cognate receptors, induce activation of p38 map kinases leading to increased
membrane excitability 34–36. Nerve growth factor (NGF) and prostaglandin E(2) are also
major inflammatory mediators released from immune cells that act directly on peripheral
sensory neurons to cause sensitization. An important effect of nociceptor sensitization by
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immune factors is an increased release of neuropeptides at peripheral terminals that further
activate immune cells, thereby inducing a positive feedback loop that drives and facilitates
inflammation.

Sensory Nervous System Control of Innate and Adaptive Immunity
In early phases of inflammation, sensory neurons signal to tissue resident mast cells and
dendritic cells, which are innate immune cells important in initiating the immune response
(Fig. 2). Anatomical studies have shown a direct apposition of terminals with mast cells, as
well as with dendritic cells, and the neuropeptides released from nociceptors can induce
degranulation or cytokine production in these cells 7, 9, 37. This interaction plays an
important role in allergic airway inflammation and dermatitis 10–12.

During the effector phase of inflammation, immune cells need to find their way to the
specific site of injury. Many mediators released from sensory neurons, neuropeptides,
chemokines, and glutamate, are chemotactic for neutrophils, eosinophils, macrophages, and
T-cells, and enhance endothelial adhesion which facilitates immune cell homing 6, 38–41

(Fig. 2). Furthermore, some evidence implies that neurons may directly participate in the
effector phase, as neuropeptides themselves may have direct antimicrobial functions 42.

Neuronally derived signaling molecules can also direct the type of inflammation, by
contributing to the differentiation or specification of different types of adaptive immune T
cells. An antigen is phagocytosed and processed by innate immune cells, which then migrate
to the nearest lymph node and present the antigenic peptide to naïve T cells. Depending on
the type of antigen, costimulatory molecules on the innate immune cell, and the
combinations of specific cytokines, naïve T cells mature into specific subtypes that best
serve the inflammatory effort to clear the pathogenic stimulus. CD4 T cells, or T helper (Th)
cells, can be divided into four principle groups, Th1, Th2, Th17, and T regulatory cells
(Treg). Th1 cells are mainly involved in regulating immune responses to intracellular
microorganisms and organ-specific autoimmune diseases; Th2 are critical for immunity
against extracellular pathogens, such as helminths, and are responsible for allergic
inflammatory diseases; Th17 cells play a central role in protection against microbial
challenges, such as extracellular bacteria and fungi; Treg cells are involved in maintaining
self tolerance and regulating immune responses. This T cell maturation process appears to
be heavily influenced by sensory neuronal mediators. Neuropeptides, such as CGRP and
VIP, can bias dendritic cells towards a Th2-type immunity and reduce Th1-type immunity
by promoting the production of certain cytokines and inhibiting others, as well as by
reducing or enhancing dendritic cell migration to local lymph nodes 8, 10, 43. Sensory
neurons also contribute considerably to allergic (mainly Th2 driven) inflammation 17. In
addition to regulating Th1 and Th2 cells, other neuropeptides, such as SP and Hemokinin-1,
can drive the inflammatory response more toward Th17 or Treg 44, 45, which means that
neurons may also be involved in regulating inflammatory resolution. In immunopathologies
such as colitis and psoriasis, blockade of neuronal mediators like substance P may
significantly dampen T cell and immune mediated damage 15–17, although antagonizing one
mediator may by itself only have a limited effect on neurogenic inflammation.

Considering that signaling molecules released from peripheral sensory nerve fibers regulate
not only small blood vessels, but also the chemotaxis, homing, maturation, and activation of
immune cells, it is becoming clear that neuro-immune interactions are much more intricate
than previously thought (Fig. 2). Furthermore, it is quite conceivable that it is not individual
neural mediators but rather specific combinations of signaling molecules released from
nociceptors that influence different stages and types of immune responses.
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Autonomic Reflex Control of Immunity
A role for a cholinergic autonomic nervous system “reflex” circuit in the regulation of
peripheral immune responses also appears prominent 46. The vagus is the chief
parasympathetic nerve connecting the brainstem with visceral organs. Work by Kevin
Tracey and others point to potent generalized anti-inflammatory responses in septic shock
and endotoxemia, triggered by an efferent vagal nerve activity leading to a suppression of
peripheral macrophages 47–49. The vagus activates peripheral adrenergic celiac ganglion
neurons innervating the spleen, leading to the downstream release of acetylcholine, which
binds to alpha-7 nicotinic receptors on macrophages in the spleen and gastrointestinal tract.
This induces activation of the JAK2/STAT3 SOCS3 signaling pathway, which powerfully
suppresses TNF-alpha transcription 47. The adrenergic celiac ganglion also directly
communicates with a subset of acetylcholine producing memory T cells, which suppress
inflammatory macrophages 48.

Invariant natural Killer T cells (iNKT) are a specialized subset of T cells that recognize
microbial lipids in the context of CD1d instead of peptide antigens. NKT cells are a key
lymphocyte population involved in the combat of infectious pathogens and regulation of
systemic immunity. NKT cells reside and traffic mainly through the vasculature and
sinusoids of the spleen and liver. Sympathetic beta-adrenergic nerves in the liver directly
signal to modulate NKT cell activity 50. During a mouse model of stroke (MCAO), for
example, liver NKT cell mobility was visibly suppressed, which was reversed by
sympathetic denervation or beta-adrenergic antagonists. Furthermore, this
immunosuppressive activity of noradrenergic neurons on NKT cells led to increases in
systemic infection and lung injury. Therefore, efferent signals from autonomic neurons can
mediate a potent immuno-suppression.

Conclusions
What are the respective specific roles of the somatosensory and autonomic nervous systems
in regulating inflammation and the immune system (Fig. 4)? Activation of nociceptors leads
to local axon reflexes, which locally recruit and activate immune cells and is therefore,
mainly pro-inflammatory and spatially confined. In contrast, autonomic stimulation leads to
a systemic immunosuppression by affecting pools of immune cells in liver and spleen. The
afferent signaling mechanisms in the periphery leading to the triggering of the
immunosuppressive vagal cholinergic reflex circuit are poorly understood. However, 80–
90% of vagal fibers are primary afferent sensory fibers, and therefore signals from the
viscera, many potentially driven by immune cells, may lead to activation of interneurons in
the brainstem and through them to an output in efferent vagal fibers 46.

Typically, the time course and nature of inflammation, whether during infection, allergic
reactions, or auto-immune pathologies, is defined by the categories of immune cells
involved. It will be important to know what different types of immune cells are regulated by
sensory and autonomic signals. A systematic assessment of what mediators can be released
from nociceptors and autonomic neurons and the expression of receptors for these by
different innate and adaptive immune cells might help address this question.

During evolution, similar danger detection molecular pathways have developed for both
innate immunity and nociception even though the cells have completely different
developmental lineages. While PRRs and noxious ligand-gated ion channels are studied
separately by immunologists and neurobiologists, the line between these two fields is
increasingly blurred. During tissue damage and pathogenic infection, release of danger
signals are likely to lead to a coordinated activation of both peripheral neurons and immune
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cells with complex bidirectional communication, and an integrated host defense. The
anatomical positioning of nociceptors at the interface with the environment, the speed of
neural transduction and their ability to release potent cocktails of immune-acting mediators
allows the peripheral nervous system to actively modulate the innate immune response and
coordinate downstream adaptive immunity. Conversely, nociceptors are highly sensitive to
immune mediators, which activate and sensitize the neurons. Neurogenic and immune-
mediated inflammation are not, therefore, independent entities but act together as early
warning devices. However, the peripheral nervous system also plays an important role in the
pathophysiology, and perhaps etiology, of many immune diseases like asthma, psoriasis, or
colitis because its capacity to activate the immune system can amplify pathological
inflammation 15–17. Treatment for immune disorders may need to include, therefore, the
targeting of nociceptors as well as of immune cells.
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Figure 1.
Noxious stimuli, microbial and inflammatory recognition pathways trigger activation of the
peripheral nervous system. Sensory neurons possess several means of detecting the presence
of noxious/harmful stimuli. 1) Danger signal receptors, including TRP channels, P2X
channels, and danger associated molecular pattern (DAMP) receptors recognize exogenous
signals from the environment (e.g. heat, acidity, chemicals) or endogenous danger signals
released during trauma/tissue injury (e.g. ATP, uric acid, hydroxynonenals). 2) Pattern
recognition receptors (PRRs) such as Toll-like receptors (TLRs) and Nod-like receptors
(NLRs) recognize Pathogen associated molecular patterns (PAMPs) shed by invading
bacteria or viruses during infection. 3) Cytokine receptors recognize factors secreted by
immune cells (e.g. IL-1beta, TNF-alpha, NGF), which activate map kinases and other
signaling mechanisms to increase membrane excitability.
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Figure 2.
Neuronal factors released from nociceptor sensory neurons directly drive leukocyte
chemotaxis, vascular hemodynamics and the immune response. When noxious stimuli
activate afferent signals in sensory nerves, antidromic axon reflexes are generated that
induce the release of neuropeptides at the peripheral terminals of the neurons. These
molecular mediators have several inflammatory actions: 1) Chemotaxis and activation of
neutrophils, macrophages and lymphocytes to the site of injury, and degranulation of mast
cells. 2) Signaling to vascular endothelial cells to increase blood flow, vascular leakage and
edema. This also allows easier recruitment of inflammatory leukocytes. 3) Priming of
dendritic cells to drive subsequent T helper cell differentiation into Th2 or Th17 subtypes.
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Figure 3.
Timeline of advances in understanding of the neurogenic aspects of inflammation from
Celsus to the present day.

Chiu et al. Page 11

Nat Neurosci. Author manuscript; available in PMC 2013 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 4.
Sensory and autonomic nervous systems modulate local and systemic immune responses
respectively. Nociceptors innervating epithelial surfaces (e.g. skin and lung) induce
localized inflammatory responses, activating mast cells and dendritic cells. In allergic
airway inflammation, dermatitis and rheumatoid arthritis, nociceptor neurons play a role in
driving inflammation. By contrast, autonomic circuits innervating the visceral organs (e.g.
spleen and liver) regulate systemic immune responses by blocking macrophage and NKT
cell activation. In stroke and septic endotoxemia, these neurons play an immunosuppressive
role.
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