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Foreword: Neurogenic Inflammation Coming of Age

Observations with regards to the neural regulation of vasodilatation and vascular permeability

have been already made during the 19th century. The role of nerves in initiating an inflamma-

tory response has been clearly delineated for the first time by Miklos Jancso. It was observed

that the stimulation of capsaicin-sensitive sensory nerve fibers could induce an inflammatory

response, whereas denervation inhibited the inflammatory effect of irritants, such as capsaicin.

The inflammation elicited by sensory nerves has been coined by Jancso as ‘‘neurogenic

inflammation’’ (NIF) (reviewed in Ref. [1]).

Numerous denervation strategies over many years have shown that in most animal models

arthritis either does not develop or is significantly attenuated in denervated joints [2–10]. It is

also firmly established that patients who develop inflammatory joint disease after nerve injury,

hemiplegia, or poliomyelitis show sparing of the denervated joints [11–14]. These observations

indicate that nerve supply is necessary for the development of arthritis at a site distant to the

initial lesion. In one study where bilateral cartilage degradation was found in monoarthritis,

spinal cord compression injury inhibited contralateral cartilage degradation [15]. This indicates

the role of direct segmental spinal connection between homologous primary afferents. Dener-

vation experiments and analogous observations in patients clearly indicate the significant role of

neural regulation of inflammatory reactions [2].

Today it is clear that sensory nerves bearing nociceptors have the capacity to detect various

insults and respond by inducing inflammation, which is coupled with pain sensation and hyper-

sensitivity to heat and cold. Such sensory nerves innervate all tissues and organs of the body. These

nerves are heterogenous with various nociceptor capability. There are also major species-specific

differences. For instance in pig and human skin, the key neurons are mechanically insensitive (heat

nociceptors and/or silent nociceptors) and polymodal nociceptors are not involved. In the rat and

rabbit, a proportion of polymodal nociceptors produce antidromic vasodilatation and, in the rat,

also plasma extravasation. In the pig, the heat nociceptors that are the only group causing

antidromic vasodilatation have relatively long duration axonal action potentials [16].

The mediators involved may stimulate or inhibit the inflammatory process. Substance P,

neurokinin A and B, collectively known as ‘‘tachykinins,’’ and calcitonin gene-related peptide

(CGRP) are proinflammatory mediators capable of eliciting an inflammatory response. These

mediators also enhance various immune responses. On the other hand, somatostatin and galanin

are anti-inflammatory mediators [1,17,18].

Blood vessels receive peptidergic perivascular innervation. This perivascular nervous system

acts both under the control of the central nervous system and independently by responding to

local conditions through the release of peptides. Peptides released by perivascular nerves not

only act locally by altering blood flow but also exert a systemic effect by interacting with the

components of other body systems, which results in an integrated response. Conversely,

vii



dysregulation of peptidergic innervation may be considered as an important contributor to the

pathology of a variety of common medical conditions [19].

Somatostatin reaches distant parts of the body by the circulation and exerts systemic anti-

inflammatory effects via G-protein-coupled membrane receptors. Five receptor subtypes are

known (sstr1–sstr5). sstr1 and sstr4 are presumed to mediate anti-inflammatory actions. Soma-

tostatin influences NIF both by presynaptic and postsynaptic actions. It inhibits proinflamma-

tory neuropeptide release from sensory nerve endings and also affects vascular endothelial,

inflammatory, and immune cells [1,17].

Recently, members of the galanin peptide family, e.g., galanin, galanin-like peptide (GALP),

and alarin, have emerged as vasoconstrictors and inhibitors of cutaneous extravasation during

inflammation in several species. Galanin also inhibited cell proliferation [20,21]. Chronic

cutaneous denervation resulted in a significant elevation of the permeability-enhancing effect

of histamine. In the denervated skin, this response was significantly inhibited by galanin. This

indicates that in the normally innervated skin, endogenous galanin exerts a neurogenic tonic

inhibitory effect on histamine-induced plasma leakage. Therefore, sensory nerves possess not

only proinflammatory but also anti-inflammatory (inhibitory) sensory-efferent functions [22].

It is apparent that there is a multitude of receptors on target cells for these mediators

[18,19,23–25]. Thus, the variability of sensory nerves involved and the multitude of mediators

and of receptors present in the system indicates that we are dealing here with a redundant

system, which is designed to resort to alternative pathways in case of failure of a particular

effector mechanism. The immune system is characterized by such redundancy, which is

extremely useful to assure the maintenance of adequate host defense, even in the face of severe

damage to the host. However, redundancy poses a problem when it comes to the treatment of

certain diseases, such as rheumatoid arthritis. Here, the inhibition of a single receptor or

mediator would not be expected to have the desired effect.

Mast cells (MCs) are inflammatory cells that are present in various tissues and organs. It is well

established that MCs are innervated and that MCs do release their proinflammatory mediators after

nerve stimulation or after exposure to proinfammatory neuropeptides. Conversely, somatostatin

inhibits MC discharge [26–29]. Therefore, MCs may be considered as a neuroeffector cell for

inflammation. It has been established that this unit has physiological functions as well, such as the

maintenance of normal function of the gastrointestinal tract, for instance [18,30].

MCs are also important effector cells for the adaptive immune system. They bind specifically

IgE antibodies and degranulate after exposure to the specific antigen, which leads to a local

inflammatory response at the site of antigen exposure. An exaggerated response to antigen

(allergen) leads to allergic reactions. So far, immunologists blame IgE antibodies for the

development of allergy [31]. However, allergy cannot be transferred with IgE antibodies [32],

which illustrates that such antibodies are not involved in the pathogenesis of this condition.

Capsaicin treatment depletes the peptide mediators stored in sensory nerves, which has a

similar effect on denervation. Neutrophil recruitment by ovalbumin after pulmonary challenge

was exacerbated following capsaicin treatment [21,30,33]. Capsaicin-treated mice showed

enhanced contact sensitivity reactions to various haptens [34,35] that could not be transferred

to naı̈ve mice by effector T cells [34]. Interleukin-1 release was significantly higher (by over 20-

fold) in capsaicin-treated animals compared to controls [35]. UV light exposure inhibited

contact hypersensitivity reactions in control but not in capsaicin-treated mice [36]. These results

indicate that C-type nerve fibers regulate cutaneous delayed-type hypersensitivity reactions in

the mouse. CGRP, but not tachykinin receptor antagonists, had the effects of capsaicin denerva-

tion in this experimental model [26,36].
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NK1 receptor knockout mice show no plasma extravasation response in an immune-complex

airway inflammation model. This indicates that SP is a significant mediator of airway inflammatory

response [37]. Twenty eight percent decrease was found in intestinal mucosal MCs in the small

bowel of capsaicin-treated rats compared with littermate controls [38]. A similar decrease can be

induced by truncal vagotomy (a 25% decrease in jejunal MC density) [39]. Therefore, the capsaicin-

sensitive innervation of the gut, which is associated with MCs, is vagal in origin [23]. Capsaicin

evokes the degranulation of MCs in the human skin via release of sensory neuropeptides [23,39].

It has been known for some time that pulmonary allergy is associated with ‘‘bronchial

hypersensitivity,’’ i.e., the bronchus of allergic animals or of patients would react to an

inflammatory mediator or antigen in an exaggerated fashion. It was also observed that histamine

production in the bone marrow of rats and mice is regulated by the sympathetic nervous system

[40]. These observations indicate that the histamine content of tissues is neurally regulated.

Bronchial hypersensitivity was elicited in experimental animals by tachykinins and could be

prevented by treatment with the tachykinin-specific NK2 receptor selective receptor antagonist,

nepudutant [18,41]. The exposure of sensitized animals to antigens, such as ovalbumin,

produced tachykinin-mediated bronchoconstriction, plasma protein extravasation, and bronchial

hypersensitivity [18,42–44]. Therefore, allergy as well as asthma and atopic disease in general

cannot be transferred from one animal to the other, because neurogenic mechanisms are

involved in the pathogenesis of these diseases, which are unique to the allergic/asthmatic host.

Inflammation also serves as an important effector mechanism for the innate immune system.

Here, cytokines produced by macrophages and by other inflammatory cells play a role in the

initiation of the inflammatory response. Neuroendocrine mechanisms play an important role in

the regulation of innate immunity. As for neurogenic mechanisms, the role of catecholamines is

well recognized in the acute phase response. The elevation of C-reactive protein and of other

acute phase proteins during inflammatory disease, such as arthritis, indicates the involvement of

the innate immune system [44]. There is good evidence for the involvement of NIF in arthritis

as discussed above. Taken together, these facts indicate that neurogenic mechanisms also

regulate inflammatory responses initiated by the innate immune system.

Currently, there is much information with regards to the involvement of NIF in the skin [1] in

the gastrointestinal tract and in other internal organs [18], in the heart [45], and in the central

nervous system. Apparently, migraine headache is due to the malfunction of the neural-MC unit

[46], and NIF is definitely involved in the pathogenesis of arthritis [2]. Neurogenic components

may also be involved in asthma, allergic rhinitis and other allergic upper airway diseases,

cystitis, and skin diseases, such as contact dermatitis or psoriasis [1,47].

One should caution against a simplistic view of the control of the inflammatory response.

There is much evidence for the anti-inflammatory effect of the beta-adrenergic system, whereas

cholinergic mechanisms support inflammation. Also growth and lactogenic hormones support

inflammation, whereas the various hormones of the hypothalamus–pituitary–adrenal axis are

anti-inflammatory [47–51]. In addition, immune-derived cytokines may have a proinflamma-

tory (e.g., IL-1, IL-6, and TNF-alpha) or anti-inflammatory (IL-10 and TGF-beta) effect [52].

Endogenous opioids, released into the systemic circulation by the pituitary gland or produced

locally by immunocompetent cells, can suppress NIF. Opioid receptors are expressed by

sensory neurons. Endogenous opioid peptides released from macrophages or lymphocytes in

chronically inflamed tissue can act on sensory nerves to inhibit pain and the release of

excitatory proinflammatory neuropeptides and thus limit the perpetuation of NIF. Opioids

present within airway-innervating nerve fibers influence airway functions via modification of

neural transmission [25,53,54].
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Bradykinin-induced synovial inflammation was shown to be dependent on sympathetic

postganglionic neurons. Sympathetic C-fiber afferent neuron integration plays a role in

acute and chronic inflammation in the synovium and in other tissues. Similar experiments

demonstrated sympathetic C-fiber coupling in skin inflammatory response [52,55,56].

Apparently, sympathetic efferent activity acts on peripheral adrenergic receptors to enhance

C-fiber sensitization, thereby augmenting the generation of dorsal root reflexes that produce

vasodilatation [57].

Current evidence indicates that sensory nerves are not directly stimulated after antigen

challenge, but indirectly by endogenous kinins, to initiate NIF. This response to bradykinin is

mediated by B2 receptors. Nerve growth factor (NGF), released from inflammatory cells, not

only enhances synthesis, axonal transport, and release of SP and CGRP in arthritis, but it also

sensitizes the nerve terminals. Kallikreins also play a role in the regulation of inflammation and

immunity [29,58,59].

The activation of protein kinase C mediates the neuronal excitatory and heat-sensitizing

actions of bradykinin, while Ca2þ accumulation induces the formation of nitric oxide (NO)

within sensory neurons. NO is involved – together with receptor downregulation – in the

development of tachyphylaxis, a B2 receptor-mediated effect of bradykinin. Nitric oxide,

however, may also contribute to the excitatory and sensitizing actions of bradykinin. Cyclooxy-

genase metabolites of arachidonic acid (prostanoids) may also contribute to both the excitatory

and the sensitizing effects of bradykinin [58].

The gastrointestinal tract has several communication channels transmitting to the spinal cord and

brain, which include vagal afferent neurons, spinal afferent neurons, intestinofugal enteric neurons,

and endocrine mechanisms. The vagus nerves have long been thought to play a role in the

regulation of digestion by efferent reflex. Now it is clear that the majority of fibers in the vagus

are afferent and serve an unprecedented variety of physiological and pathophysiological roles.

Vagal afferents have a function in chemonociception and interoception (the sense of well-being),

modify affective-emotional processes in the brain, can cause nausea and vomiting, and carry

messages relevant to appetite and nutrition. Vagal afferents serve as a sensory interface between

the peripheral immune system and the central as well as autonomic nervous system. Vagal afferents

can respond to proinflammatory cytokines, such as interleukin-1beta, and contribute to the sickness

response to infection. The vagovagal anti-inflammatory reflex results in the stimulation of

cholinergic vagal efferents. In turn, acetylcholine activates alpha-7 subunit-containing nicotinic

receptors on immune cells, which inhibit further release of proinflammatory cytokines and suppress

inflammation. These advances in the understanding of vagal nerve function offer novel therapeutic

opportunities for the management of nociception and inflammation [60].

Clearly, there is ample redundancy in the regulation of immune function and of inflammation

at various levels, which interact, fine tune, compensate, and correct for each other during the

inflammatory process. Ultimately, the hypothalamus controls this fascinating interacting and

inter-dependent Neuroimmune Supersystem of Integrative regulation in higher animals and

humans, which is fundamental to the entire life cycle of these organisms [29,61,62]. NIF is yet

another example for the neural control of immune and inflammatory responses, which is

presented in detail in this volume.

István Berczi
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Preface

The participation of the nervous system in inflammatory reactions was suggested over a century

ago, yet nervous elements as potentially important contributors to inflammatory mechanisms

have been largely ignored for a long time. However, the discovery of the highly specific

pharmacological effects of capsaicin in the 1950s and the selective neurotoxic action of

vanilloid compounds in the 1970s on nociceptive sensory neurons have revived interest in

studying neurogenic inflammatory processes. Early observations furnished firm evidence for

the existence of an inflammatory response induced by a purely neurogenic route, resulting from

the activation of nociceptive afferents. Morphological studies utilizing the neurotoxic/neurode-

generative actions of capsaicin demonstrated a widespread system of peptidergic and nonpepti-

dergic capsaicin-sensitive afferent nerves which innervate the skin, mucous membranes, and

most visceral organs and tissues. From studies on different organs, tissues, and cells, a complex

system of primary sensory neurons has emerged, which parallels the autonomic nervous system

not only in its extent, but probably also in its significance. Afferent nerves, once believed to

serve merely as sensory receptors conveying impulses generated by noxious stimuli, have

evolved into key players in a complicated local regulatory system that participates in the

contractile, glandular, vascular, inflammatory, immune, protective, restorative and trophic

functions of somatic, and visceral tissues. Neuropeptides released from nociceptive afferents

in response to tissue injury or to a wide variety of chemical stimuli involving inflammatory

mediators and tissue and mast cell-derived agents play a pivotal role in these processes and are

potent modulators of inflammatory reactions. New facets of capsaicin-sensitive neuronal and

cellular responses were revealed following the cloning of the capsaicin/vanilloid receptor, now

known as the transient receptor potential vanilloid type 1 receptor (TRPV1) which is primarily

expressed in nociceptive primary sensory neurons but also in some other neurons and cells. A

number of contributions in this volume focus on the characterization and functional traits of

nociceptor neurons and on the mechanisms that activate them. Further chapters deal with the

parts played by primary sensory neurons in inflammatory reactions and in the regulation/

modulation of the functions of various organs and tissues under physiological and pathological

conditions. Certain chapters touch upon the therapeutic implications offered by the use of

vanilloids, novel nonpeptide antagonists of peptide and vanilloid receptors. It is the editor’s

hope that this volume will contribute to and initiate new interest in an understanding of the

diverse roles fulfilled by primary afferent neurons in the functioning of the body in health and

disease.

G. Jancsó

Szeged, May 26, 2008
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Gábor Petho0 (135)
Department of Pharmacology and Pharmacotherapy, Faculty of Medicine,

University of Pécs, Pécs, Hungary
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and JÓZSEF NAGY4
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ABSTRACT

Chemosensitive afferent nerves expressing the capsaicin/TRPV1 (transient receptor potential

vanilloid receptor-1) receptor are not only involved in the transmission of nociceptive impulses

toward the central nervous system, but also play pivotal roles in the initiation and modulation of

vascular, inflammatory, and immune reactions in a variety of organs, including the skin. These

sensory nerves exert their efferent/local regulatory functions primarily via the release of

vasoactive neuropeptides such as calcitonin gene-related peptide and substance P from their

terminals upon antidromic or orthodromic stimulation. The chemical changes induced in the

neural microenvironment by tissue injury or inflammation may promote the release of proin-

flammatory sensory neuropeptides and lead to augmentation of the inflammatory response. In

turn, the release of anti-inflammatory peptides from sensory nerves or from inflammatory cells

may result in an inhibition of cutaneous vascular reactions. The available experimental evidence

implicates capsaicin-sensitive sensory nerves in the pathogenesis of certain skin diseases and

maladies with cutaneous manifestations. The development of potent nonpeptide antagonists of

sensory neuropeptides, the capsaicin/TRPV1 receptor, and the proteinase-activated receptors

may offer new possibilities for the management of certain skin diseases and the itch and pain

associated with altered sensory nerve functions.

1. INFLAMMATION AND SENSORY NERVES

The possible contributions of neural elements to the mechanisms of inflammatory reactions

were largely ignored in early studies on inflammation, despite the fact that sensory nerve

stimulation and irritation had been shown to produce changes characteristic of inflammation.

As early as 1874, Goltz [1] observed that stimulation of the sciatic nerve induced vasodilatation.
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Shortly thereafter, in 1876, Stricker [2] demonstrated that antidromic electrical stimulation of

the peripheral end of transected sacral dorsal roots induced peripheral vasodilatation in tissues

served by those roots in the dog. Later studies by Bayliss [3,4] confirmed this finding (which

was in apparent contradiction with the Bell–Magendie law), by showing that the vasodilatatory

nerves responsible for antidromic vasodilatation are identical with sensory fibers originating

from dorsal root ganglia. It was suggested that vasodilatation develops in consequence of the

activation of collaterals of the stimulated sensory nerve fibers which terminate in the vicinity of

nearby arterioles and cause them to dilate (axon reflex theory). In the human skin, the devel-

opment of the flare component of Lewis’ triple response, which can be elicited by chemical

irritants or other noxious stimuli, was explained by a similar axon reflex mechanism [5]. The

studies by Spiess [6] showed that the application of irritant chemicals such as mustard oil

produced a cutaneous inflammatory reaction, which he attributed to a spinal reflex mechanism.

The experiments by Bruce [7,8] revealed that the inflammatory response elicited by mustard oil

was markedly reduced or abolished after chronic denervation. Accordingly, he suggested that

this phenomenon may be explained by an axon reflex mechanism of sensory nerves. However,

subsequent investigations into the mechanisms of inflammation largely ignored the possible

significance of sensory nerves in the development of inflammation. It was not until the 1950s

that the role of sensory nerves in inflammatory processes was beginning to be clarified. The

investigations by Jancsó and Jancsó [9] and N. Jancsó [10,11] demonstrated that capsaicin, the

pungent principle of red pepper (paprika), causes pain and inflammation, which can eventually

be completely prevented by prior repeated local or systemic administration of this agent, a

phenomenon termed “capsaicin desensitization.” Capsaicin desensitization or chronic sensory

denervation prevented the inflammatory effect of a variety of chemical irritants, including

capsaicin and mustard oil. It was concluded that many chemical irritants exert their phlogogenic

and pain-producing effects by the stimulation of capsaicin-sensitive sensory nerve endings.

These, in turn, release a vasoactive “neurohumor” which induces vasodilatation and an increase

in vascular permeability, collectively termed the neurogenic inflammatory response [9–13].

2. THE NATURE OF SENSORY NERVES INVOLVED IN VASCULAR RESPONSES

Although the chemical sensitivity of capsaicin-sensitive afferent nerves was characterized

pharmacologically [10], the nature of the postulated neurohumor released by these nerves

remained unknown [14]. Identification of this mediator seemed especially important in light

of the early suggestion by Dale [15] that the substance released from the peripheral sensory

nerve endings, which mediates the axon reflex flare, may be identical with the transmitter

released from the central terminals of these afferent fibers mediating pain.

The discovery of the rather selective neurotoxic action of capsaicin and related sensory

neurotoxins [16–18] permitted the direct morphological identification of capsaicin-sensitive

primary sensory neurons which mediate the neurogenic inflammatory response. Importantly,

these observations pointed to the possibility that they “may also promote investigations to

elucidate, for example, immunohistochemically, which of the putative transmitters may be

involved in mediation of chemogenic pain” and, consequently, neurogenic inflammatory

responses [16]. Hence, subsequent studies revealed populations of peptidergic capsaicin-sensitive

sensory neurons [19–21] and provided evidence for the functional role of some of the peptides

contained in these neurons in the mediation of nociceptive and neurogenic inflammatory

responses (for reviews, see Refs [22–31]). In addition to earlier observations, experiments on
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rats treated (neonatally) with capsaicin led to the finding that capsaicin-sensitive afferent nerves

are involved in the transmission of nociceptive impulses evoked not only by chemical irritants, but

also by heat [32–34]. Recent studies have clearly confirmed the significance of this observation:

experiments on the functional characteristics of the cloned capsaicin receptor disclosed that this

receptor may be activated by and involved in the transmission of impulses generated by noxious

heat under physiological conditions [35–37].

Making use of the neurotoxic action of capsaicin on a morphologically well-defined popula-

tion of primary sensory neurons permitted the identification and characterization of a distinct

division of the somatosensory system involved in the transmission of nociceptive information

and the mediation of local regulatory functions. Histological studies revealed that capsaicin-

sensitive sensory ganglion cells comprise about 50% of all primary sensory neurons, are mostly

to be found in the small-sized cell population, and give rise almost exclusively to unmyelinated

axons [16,24,38–40]. These capsaicin-sensitive primary afferents terminate predominantly in

the superficial (marginal layer and substantia gelatinosa) layers of the spinal and medullary

dorsal horn, in some well-defined deeper regions of the spinal cord (lamina V and intermedio-

medial region), and in visceral sensory nuclei of the solitary tract and the area postrema

[16,41,42]. These morphological studies supported the existence of both somatic and visceral

capsaicin-sensitive sensory nerves [38,41] and strongly suggested [38,41,43] that capsaicin-

sensitive afferents may have similar functions in somatic and visceral tissues. Immunohisto-

chemical investigations revealed the presence of capsaicin-sensitive afferent nerves in most

somatic and visceral organs and tissues (for reviews, see Refs [22–27,29,30,38,44–46]), includ-

ing the skin [28,47–53].

In the past few decades, a vast body of experimental evidence has accumulated in support of

and extending the original concept of N. Jancsó [10,11,14] and N. Jancsó et al. [54] on the dual

function of capsaicin-sensitive afferent nerves. First, via the transmission of nociceptive

information toward the central nervous system, these particular afferent nerves fulfill an

afferent function. Second, through the secretion of (vasoactive) peptides, they exert a local

regulatory or sensory-efferent function by the modulation of vascular and inflammatory reac-

tions [32,55,56], smooth muscle contractile activity [46,57,58], glandular secretion [59–61],

tissue repair processes [62], immune responses [63], and the cardiac function [43,46,64–66].

Experiments showing that selective chemical lesion of the central branches of (trigeminal)

nociceptive sensory ganglion neurons, leaving the soma and the peripheral branch intact,

resulted in a complete abolition of the transmission of nociceptive impulses but left the

neurogenic inflammatory response intact, clearly illustrated the special dual functional char-

acter of these sensory neurons [67–69], and it was proposed that they be termed “secreto-

sensory nociceptive neurons” [67,68]. These findings also suggest that enhanced dorsal root

reflexes may not play a decisive role in the development of neurogenic plasma extravasation

induced by (chemical) tissue injury (cf. Refs [70,71]).

As concerns the type(s) of afferent fibers involved in sensory neurogenic cutaneous vascular

responses, it is generally accepted that only capsaicin-sensitive C-fiber polymodal nociceptors

mediate plasma extravasation in the rat [72,73]. Neurogenic sensory vasodilatation is primarily

mediated by capsaicin-sensitive C-fibers, but the activation of Ad-afferent fibers may also

produce vasodilatation [73]. In the pig, cutaneous sensory neurogenic vasodilatation, i.e., the

axon reflex flare, is mediated by a specific population of C heat nociceptor afferents and not by

polymodal nociceptors [74]. In the human skin, the sensory fibers mediating the flare response are

known to be capsaicin-sensitive [10,11,54,55] and have been identified as mechano-insensitive

C-fiber afferents [75]. Neurogenic sensory vasodilatation, at least in the rat dura mater, may also
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be produced by the stimulation of C-fiber afferents which are not sensitive to capsaicin [76].

However, the direct chemical stimulation of C-fiber afferents with capsaicin at very low (nano-

molar) concentrations has also been found to induce a significant increase in dural blood flow in

rats [77].

3. MEDIATORS OF NEUROGENIC INFLAMMATORY RESPONSES

3.1 Sensory neuropeptides

Rats treated neonatally with capsaicin provided an excellent model for studies on the function of

peptidergic afferent neurons: the lack or impairment of sensory functions in these animals may

be attributed to the irreversible destruction of capsaicin-sensitive sensory ganglion neurons [16].

Experiments in this line indicated that substance P (SP) is a likely candidate as a mediator of

antidromic vasodilatation [78] and neurogenic plasma extravasation evoked by antidromic

electrical stimulation of the sensory nerves [20]. Although these reactions were practically

completely abolished in rats treated with capsaicin [16,20], this does not necessarily imply that

they are mediated by SP, for several other peptides are localized or colocalized in subpopula-

tions of capsaicin-sensitive sensory neurons [19,23,26,44]. The discovery and localization of the

potent vasodilatator calcitonin gene-related peptide (CGRP) in sensory neurons [79] led to a

reexamination of this issue. Several lines of evidence indicated that CGRP plays a decisive role

in antidromic and neurogenic sensory vasodilatation [28,30,31,77,80]. CGRP elicits marked

vasodilatation in various organs, and electrical or chemical stimulation of sensory nerves results

in release of the peptide [31,77]. SP and the related tachykinin neurokinin A (also localized in

sensory nerves) are now generally believed to mediate neurogenic plasma extravasation through

the activation of NK1 receptors [30,31,81–86] situated on the endothelial cells of postcapillary

venules [87,88].

Sensory neuropeptides released from sensory nerves may interact with each other or with

other mediators of inflammation, resulting in a complex modulation of cutaneous inflammatory

reactions. CGRP has been shown to increase plasma extravasation elicited by SP and histamine

[82,89], leaving the effects of serotonin (5-HT) and bradykinin unaffected [82].

An intriguing aspect relating to the role of sensory neuropeptides in cutaneous inflammation

is the indirect modulating role exerted by SP upon the vascular actions of CGRP. Hence, SP

released from sensory nerves triggers the release of mast cell mediators, including mast cell

proteases, which in turn, participate in the degradation of CGRP, leading to a shortening/

reduction of its vasodilatatory effect [90].

3.2 Histamine

Although histamine derived from mast cells has also been implicated in the mediation of this

response [50,91,92], it appears that histamine does not play a significant role in the initiation of

the neurogenic inflammatory reaction. Histamine is released from mast cells by SP in the human

skin [93], but it does not act as a final mediator of the axon reflex flare [94]. It has been

suggested, however, that histamine may contribute to the flare by initiation of the axon reflex

[93]. The possible role of histamine in the neurogenic inflammatory response has recently been

investigated in microdialysis experiments in the human skin. These studies clearly showed that

the development of the flare response is independent of histamine action irrespective of the
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chemical nature of the stimulants applied [95,96]. Hence, the cascade theory of neurogenic

inflammation cannot be confirmed in the human skin [97].

Studies on the mechanisms of neurogenic cutaneous plasma extravasation revealed vascular

responses of similar magnitude in wild-type and mast cell-deficient mice [98]. Similarly,

neurogenic plasma extravasation induced by mustard oil was not affected in mast cell-deficient

mice [86]. Pharmacological analysis of capsaicin-induced mouse ear edema disclosed that it is

primarily mediated by SP via NK1 receptors [99], although involvement of 5-HT through action

on 5-HT2 receptors cannot be excluded [100]. A possible contribution of histamine to the

neurogenic inflammatory responses of some tissues cannot be ruled out because there are

marked differences between different species and organs as regards the involvement of mast

cells [47].

3.3 Nitric oxide

The local control of the cutaneous circulation includes a vasodilator response to local, non-

painful pressure application [101]. This neurally mediated phenomenon was observed in

humans [101], rats [102], and mice [103]. This mechanism, termed pressure-induced vasodila-

tation, depends on the activation of capsaicin-sensitive nerve fibers leading to the release of

CGRP, vasoactive intestinal peptide, and/or pituitary adenylate cyclase-activating polypeptide

[101,102,104]. Neonatal treatment with capsaicin or inhibition of CGRP or nitric oxide synthase

(NOS) abolished pressure-induced vasodilatation [102]. These results empasize the role of nitric

oxide in the process but further investigations are necessary to evaluate the cellular mechanisms

underlying this phenomenon [105].

Nitric oxide is also implicated in the release of CGRP from the sensory nerves: in the rabbit

skin, administration of an NOS inhibitor significantly reduced the neurogenic vasodilator

response to capsaicin [106]. Studies utilizing nitric oxide donors indicate that nitric oxide

may act through a pathway which involves prostaglandins [107].

3.4 Proteinase-activated receptors

The proteinase-activated receptors (PARs) are new types of cellular signaling molecules which

are targeted by proteinases such as thrombin, trypsin, or human mast cell tryptase. PARs have

been localized on sensory ganglion neurons [108,109]. In particular, out of the four known

subtypes of PARs [110–112], PAR1 and PAR2 have been shown to be localized on sensory

neurons expressing the capsaicin/TRPV1 (transient receptor potential vanilloid receptor-1)

receptor [113,114], which also contain SP and/or CGRP [108]. PAR2 is highly expressed in

the skin [115] and its agonists induce many signs of inflammation [108,116]. PAR agonists have

been shown to release sensory neuropeptides in different peripheral tissues, presumably from

capsaicin-sensitive afferent nerve endings [108]. PAR2 agonists have been shown to release

these sensory neuropeptides in different peripheral tissues, presumably from capsaicin-sensitive

afferent nerve endings [108]. Further studies have shown that PAR2 may play a role in

neurogenic inflammatory responses; the inflammatory effect of PAR2 activation was inhibited

by capsaicin pretreatment and by NK1 receptor antagonists [109]. These findings indicate that

the activation of PARs may be involved in the initiation and/or modulation of neurogenically

mediated vascular reactions. Also, in an experimentally induced contact dermatitis model of

mice swelling responses, plasma extravasation and leukocyte adherence were significantly

attenuated in PAR2 null mutant (PAR2–/–), and PAR2 was capable of the regulation of
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inflammatory reactions of skin via neurogenic mechanisms [117]. PAR2 also participates in the

pathomechanism of pruritus in inflammatory diseases of the skin, so its modulation may

contribute to the treatment of pruritus [118,119]. However, other possible contributions of

PARs to the development of skin pathologies (like autoimmune diseases) and the significance

of these receptors as putative therapeutic targets await further investigations.

4. NEURONAL CAPSAICIN SENSITIVITY AND NEUROGENIC INFLAMMATION

The identification [27,120] and subsequent molecular cloning of the capsaicin/vanilloid recep-

tor type 1 (VR1 [35]; now generally referred to as the TRPV1) permitted the further functional

and pharmacological characterization of capsaicin-sensitive primary afferent neurons. It is

interesting to address the issue of whether the local regulatory, efferent functions of sensory

nerves may be linked with capsaicin sensitivity, i.e., the expression of the TRPV1 receptor.

Studies on avian species revealed that these are largely insensitive to the irritant action of

capsaicin [121] and lack the capsaicin/TRPV1 receptor [122]. However, the sensory ganglion

neurons of these species contain vasoactive peptides implicated in the mediation of sensory

nerve-mediated vascular reactions [123,124]. Furthermore, exogenous application of these

peptides has been shown to produce cutaneous vasodilatation, albeit of moderate extent in

these species [123]. Antidromic electrical stimulation of the afferent nerves, or the direct

application of mustard oil onto the skin, induced moderate, but significant neurogenic vasodi-

latation in the pigeon [125–127]. Moreover, histamine and bradykinin applied intracutaneously

through plasmapheresis capillaries produced neurogenic plasma extravasation [127]. The mag-

nitude of these responses is modulated by endogenous inhibitory peptide(s) including galanin

[125–128]. Taken together, these findings indicate that sensitivity to capsaicin, i.e., the expres-

sion of the TRPV1 receptor and the molecular mechanisms underlying the local regulatory

(efferent) function of sensory nerves are differentially regulated in sensory ganglion neurons.

The finding that mustard oil induces neurogenic plasma extravasation in birds [126,127], i.e., in

species lacking TRPV1 receptors [122], is especially interesting in light of the recent observa-

tion that mustard oil elicits neurogenic plasma extravasation in TRPV1 receptor knockout rats

[129,130]. The demonstration of the TRP channel TRPA1/ANKTM1 in sensory neurons

responding specifically to mustard oil provides the molecular basis of the irritant action of

this compound [131]. It has been demonstrated however that in the mouse and the rat the

TRPA1 protein is expressed in neurons which are also sensitve to capsaicin [132–134]. These

neurons may form a specific subpopulation of the capsaicin-sensitive primary nociceptors

responding not only to heat and capsaicin, but also to various exogenous (i.e., mustard oil,

acrolein, and unsaturated aldehydes) and endogenous (bradykinin) chemical irritants [132]. This

fact also explains previous findings showing the complete abolition of mustard oil-induced

cutaneous neurogenic inflammatory reaction following capsaicin-induced deletion of chemo-

sensitive sensory nerve fibers in rodents [16,34]. Although morphological data on the coex-

pression of TRPV1 and TRPA1 are lacking, functional observations indicate a similar overlap

of capsaicin- and mustard oil-sensitive populations of sensory neurons also in humans

[10,54,135,136].

Although the expression of the capsaicin receptor may not be a prerequisite for the develop-

ment of neurogenic sensory vascular reactions, these may be significantly modulated through

the activation of capsaicin receptors. Acidic conditions [137] and/or some mediators of inflam-

mation, e.g., bradykinin and prostaglandin E2 (PGE2) [138], interleukin-1 [139], neuropeptide Y

8 Gábor Jancsó et al.



[140], some growth factors like nerve growth factor (NGF), glial cell line-derived neurotrophic

factor (GDNF), and brain-derived neurotrophic factor (BDNF) [141], and activation of PARs

[108] have been shown to increase neuropeptide release from sensory ganglion neurons and

this, in turn, may result in an increased inflammatory response. The (patho)physiological

significance of these interactions as regards cutaneous vascular responses awaits further experi-

mentation, but it seems likely that metabolites produced by ischemic tissue are involved in the

mediation of reactive cutaneous hyperemia through the activation of capsaicin-sensitive affer-

ent nerves [142,143].

In chronic inflammatory conditions, increased local production of neurotrophic factors such

as NGF might produce long-term changes in the morphology (innervation density), chemical

phenotype, and excitability of capsaicin-sensitive cutaneous afferents, which finally results in

an augmentation of the neurogenic component of the inflammatory process. [144–150].

5. SPECIES AND ORGAN DIFFERENCES IN NEUROGENIC INFLAMMATORY

RESPONSES

The similarity of neurogenic sensory cutaneous vascular responses in different species may bear

of some relevance as regards the biological significance of these reactions. As yet, however, the

possible species and organ differences in neurogenic inflammatory responses have not been

dealt with in detail.

Interestingly, a clear-cut, visible axon reflex flare response can be evoked only in primates,

except for the pig. In this species, as in humans, local electrical, chemical (capsaicin), or heat

stimulation elicits a characteristic flare reaction [151–153]. Hence, the pig skin is an excellent

model of human neurogenic inflammatory responses. Similarly, as in humans, antidromic

stimulation of the sensory nerves or direct stimulation of the nerve endings with capsaicin

failed to produce plasma extravasation in the pig skin [151,152]. In contrast, the cutaneous

application of mustard oil, which is a specific chemical stimulus in rodents and which elicits

neurogenic plasma extravasation by the activation of afferent fibers, produced a marked flare

response and plasma extravasation in the pig. This latter response was confined to the area of

direct contact with the irritant; in particular, signs of increased vascular permeability, as

measured with the Evans blue or the vascular labeling technique utilizing colloidal silver,

were not observed in the zone of the flare [153]. These findings suggested that mustard oil

may produce a plasma extravasation response in the pig skin without the activation of capsaicin

receptors of sensory nerves. More recently, Caterina et al. [37] demonstrated that TRPV1

receptor knockout mice retain their sensitivity to mustard oil, which produces similar inflam-

matory responses in wild-type and TRPV1 knockout mice. In agreement with this finding, using

TRPV1 knockout animals, the existence of mustard oil-induced TRPV1-independent neuro-

genic inflammation in the mouse skin was demonstrated [129].

The most numerous and detailed studies on neurogenic inflammatory responses have been

performed on rodents, especially rats. In the rat skin, both direct chemical stimulation of the

sensory nerve endings and antidromic electrical stimulation of the sensory nerves result in

vasodilatation and plasma extravasation. These responses can also be elicited in the mucous

membranes and most visceral organs including, for example, the urogenital, respiratory, and

gastrointestinal systems (cf. Refs [10,11,14,22,23,26,43,46,54,57,154]).

Neurogenic sensory vascular responses have additionally been studied in some other mam-

malian species, including humans. In the cat, no extravasation could be observed in the skin in
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response to antidromic nerve stimulation or topical application of chemical irritants (mustard

oil). However, extravasation was noted in the trachea upon antidromic stimulation of the vagus

nerve (Jancsó, G. and Such, G., unpublished observations). In the rabbit, antidromic sensory

vasodilatation can be readily demonstrated; the response is mediated by peptidergic afferent

nerves sensitive to capsaicin [82,155,156].

In the guinea pig, neurogenic inflammatory responses have been detected in various visceral

organs [154], but not in the skin; the application of mustard oil, a chemical irritant which

produces neurogenic inflammation in the rat skin, failed to evoke a similar response in the

guinea pig (Jancsó G., unpublished observations).

In the pig, antidromic electrical stimulation of the afferent nerves and the topical application of

chemical irritants led to vasodilatation and flare. It is worth mentioning that the pig is one of the

few mammalian species which gives a visible cutaneous flare response resembling that seen in

humans [74,151,157]. The topical application of mustard oil in the pig also produced a marked

increase in cutaneous vascular permeability, as assessed quantitatively by measuring the amount

of extravasated Evans blue-labeled plasma albumin, or histologically by using the vascular

labeling technique [153]. However, neurogenic cutaneous plasma extravasation in the pig may

not be mediated by afferent nerves sensitive to capsaicin, since capsaicin failed to produce plasma

extravasation [151], and local desensitization of the skin with capsaicin (Jancsó, G. and Pierau,

Fr.-K., unpublished observations) did not inhibit mustard oil-induced extravasation.

Earlier studies on the human skin were focused mainly on the mechanisms of the flare

response, which is abolished after local capsaicin treatment [10,11,158]. Less attention has been

paid to the other component of the response, i.e., neurogenic plasma extravasation, which is so

predominant in the rodent skin. Although cutaneous vasodilatation and flare responses may

additionally be elicited by relatively mild chemical, physical, or electrical stimuli, the produc-

tion of neurogenic skin edema apparently requires excessive stimulation [10,55,159,160].

The available experimental data clearly indicate that orthodromic or antidromic stimulation

of the cutaneous sensory nerve endings readily induce neurogenic sensory vasodilatation in

mammalian species. In contrast, neurogenic plasma extravasation may not necessarily be

associated with the vasodilatatory reaction and may vary in the different organs, even in the

same species. Indeed, neurogenic cutaneous plasma extravasation seems to be a less widespread

phenomenon as compared with neurogenic cutaneous vasodilatation. It is unlikely that the

apparent lack of neurogenic sensory plasma extravasation in some species and organs reflects

methodological difficulties in the detection of modest increases in vascular permeability; the

vascular labeling method used in our experiments with colloidal silver is superior in sensitivity

to the commonly used Evans blue technique and permits an exact morphological demonstration

of small increases in vascular permeability [10,38,59,161,162]. These differences in the neuro-

genic sensory plasma extravasation response may rather be related to variations in skin type, the

density and pattern of cutaneous innervation, the amount(s) of the peptide(s) released, the

expression, localization, and density of vascular peptide receptors, and the presynaptic mechan-

isms modulating the release of vasoactive peptides from the sensory nerve endings.

6. MODULATION OF THE INFLAMMATORY PROCESS BY CHEMOSENSITIVE

AFFERENT NERVES

The discovery of the neurotoxic/neurodegenerative action of capsaicin [16] provided direct

evidence that the neurogenic inflammatory response is initiated by capsaicin-sensitive afferent
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nerves. Indeed, selective degeneration and consequent loss of small-diameter afferent nerve

fibers following neonatal capsaicin treatment resulted in a permanent, lifelong elimination of

neurogenic inflammation in the rat [16,38]. The utilization of this experimental paradigm

offered a unique approach to study inter alia the possible significance of these particular

afferents in inflammatory reactions.

6.2 Augmentation of inflammatory responses by the activation of sensory nerves

Early observations indicated that a variety of chemically different irritant compounds (e.g.,

capsaicin, mustard oil, xylene, or chloracetophenone) are capable of eliciting a neurogenic

inflammatory response, which can be inhibited or even completely abolished by pretreatment

with capsaicin or related pungent agents producing “capsaicin desensitization” [10]. It has been

suggested that certain chemical agents act exclusively through a neurogenic route involving

sensory nerves to evoke an inflammatory reaction, whereas other phlogogens bring about the

inflammatory reaction without the contribution of afferent nerves. Subsequent studies, however,

revealed that sensory nerves are intimately involved in the mechanism of inflammatory reac-

tions evoked by a variety of substances involving mediators of acute inflammatory responses.

Studies on adult rats treated with capsaicin as neonates disclosed that cutaneous inflammatory

reactions elicited by exogenously injected or endogenously released histamine were strongly

reduced. Similarly, the plasma extravasation evoked by intracutaneously injected bradykinin,

5-HT, or PGE2 was markedly inhibited by capsaicin pretreatment [32,38]. In the human skin,

wheal and flare responses evoked by cold in patients with cold urticaria were strongly reduced

in skin areas pretreated with capsaicin [135,159,160]. The flare, but not the wheal response of a

delayed hypersensitivity response was abolished in the capsaicin-treated human skin

[135,159,163].

These findings indicated that the functional significance of capsaicin-sensitive afferent

nerves is far beyond the initiation of the neurogenic inflammatory response. Indeed, this

particular class of afferent nerves possess a significant proinflammatory effect and contribute

to a variety of inflammatory reactions. Accordingly, it has been suggested that capsaicin-

sensitive sensory nerves are potent modulators of inflammatory responses and provide an

augmentation of the primary inflammatory reaction by secreting proinflammatory peptides,

such as SP, Neurokinin A (NKA), and/or CGRP [32,38,55,82,135]. These vasoactive peptides

may enhance the inflammatory reaction by (i) direct vasodilatatory and permeability-increasing

action on the blood vessels, (ii) an indirect action on mast cells, resulting in an additional release

of histamine and possibly other vasoactive mast cell mediators, (iii) by interfering with the

metabolism of the neurogenically released peptide(s), and (iv) local recruitment of circulating

leukocytes through the activation of endothelial cell adhesion molecules [164,165]. Hence,

sensory nerves, blood-borne leukocytes and tissue macrophages, and mast cells may form a

self-sustained inflammatory cycle. An important aspect of this amplification process

concerns the factors which trigger the release of vasoactive peptides from sensory nerve

endings. There is ample evidence that, in both animal and human skin, nociceptive nerve

endings can be stimulated by inflammatory mediators including vasoactive biogenic amines

(e.g., histamine, 5-HT, [166,167]), peptides (e.g., bradykinin [166–169]), eicosanoids (e.g.,

PGE2 [167]), and by acidic pH [170,171]. In turn, bradykinin, PGE2 [138], and acidic conditions

[137] have been shown to facilitate the release of neuropeptides from sensory neurons. Since a

variety of agents, including cytokines, prostaglandins, and leukotrienes, capable of stimulating

capsaicin-sensitive nociceptive nerve endings may be present in inflammed tissues (cf. Ref. [28]),
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this amplification mechanism may operate under a variety of pathophysiological conditions

(cf. Refs [32,55,82,135]).

Further studies have revealed that capsaicin-sensitive afferent nerves may also influence the

development and course of immune reactions [63,172] and chronic inflammatory reactions

involving arthritis [173,174], airway inflammation [47,58,61,175,176], and inflammatory reac-

tions of the gastrointestinal system [29,30,45,57,177].

6.3 Inhibitory modulation of inflammatory responses by sensory nerves

The efferent, local regulatory functions of cutaneous sensory nerves are generally considered to

be stimulatory, i.e., proinflammatory in nature. However, the presence of peptides which exert

inhibitory effects on inflammatory or other physiological/pathological processes in a variety of

tissues/organs suggested that cutaneous sensory nerves may exert efferent inhibitory actions in

addition to, or in parallel with their activatory effect. The most important candidates for the

mediation of such inhibitory regulatory functions of sensory neurons are the neuropeptides

galanin and somatostatin. Although both peptides are present in a relatively small population of

the sensory neurons in mammals, amounting to 5–10% of dorsal root ganglion cells in the rat

[178–182], the existence of galanin- and somatostatin-containing nerves has been demonstrated

in many organs, including the skin [179,183–185]. In the rat, a majority of the sensory ganglion

neurons which express galanin [178,186] or somatostatin [19,174,187–189] are sensitive to

capsaicin, indicating that functionally these cells correspond to chemosensitive nociceptors

which express the vanilloid/TRPV1 receptor [35].

Investigations into the possible functional significance of galanin in the mechanism of

inflammatory responses in the rat skin have demonstrated that the intracutaneous injection of

galanin strongly reduces the plasma extravasation induced by antidromic electrical stimulation

of the sensory nerves [190]. Furthermore, when galanin was applied in high concentrations, the

permeability-increasing effect of i.v. injected SP was reduced, suggesting that galanin might act

directly on cutaneous microvessels in the skin. Coperfusion of galanin with capsaicin, but not

with a combination of SP and CGRP, prevented the plasma protein leakage induced by selective

chemical stimulation of joint nociceptors [191]. It has been concluded that both exogenous

galanin and somatostatin (at 10 times higher concentration!) can effectively inhibit the capsaicin-

induced release of vasoactive neuropeptides from synovial afferents, acting prejunctionally on

their terminals [191]. Although these studies clearly proved that galanin may inhibit sensory

nerve-mediated responses, the involvement of endogenous galanin was not demonstrated.

The proportion of sensory ganglion cells exhibiting galanin immunoreactivity varies con-

siderably from species to species. It has been found immunohistochemically that in avian

species the numbers of small- and medium-sized galanin-containing dorsal root ganglion

neurons are considerably higher than in the rat, accounting for about 20% of the total cell

population in the sensory ganglia [124]. In avian species, neither direct chemical nor antidromic

electrical stimulation of the cutaneous sensory nerve endings produces significant plasma

protein extravasation or vasodilatation [121,123,192,193]. This cannot be attributed to a lack

of vasoactive sensory peptides in these species, since, similarly as in mammals, the existence of

SP and CGRP has been demonstrated in avian sensory ganglion cells [194,195] and cutaneous

nerves [192,196]. Furthermore, the responsiveness of cutaneous blood vessels to the vasodila-

tatory effects of SP and CGRP has been demonstrated in the avian skin [123].

Investigations using a high-affinity galanin receptor antagonist, M35 [197], revealed that the

close arterial injection of M35 significantly and dose-dependently enhanced the cutaneous
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vasodilatatory responses elicited by either the epicutaneous application of mustard oil or

antidromic electrical stimulation of the cutaneous nerves [125–127]. Similarly, pretreatment

with M35 enhanced the vasodilatation induced by the intracutaneous perfusion of histamine,

and to a lesser extent that of bradykinin [127]. The M35-induced augmentation of the vasodi-

latatory responses elicited by either bradykinin or histamine was completely abolished by prior

chronic denervation of the skin. Additionally, in the intact, but not in the chronically denervated

skin, the permeability-increasing effects of histamine and bradykinin were strongly augmented

when these inflammatory mediators were coadministered with the galanin antagonist M35

[127,128]. These findings indicated that endogenous galanin may exert a significant (tonic)

inhibitory local efferent action on sensory nerve-mediated vascular reactions, and that this

inhibition is of neural origin. These observations were corroborated by recent data which

showed a similar reduction in the mustard oil-induced cutaneous plasma extravasation in a

galanin-overexpressing mouse model [198]. In further studies, it has been demonstrated that

chronic denervation per se in the pigeon skin enhances the permeability-increasing effect of

histamine, as revealed by either using the microcapillary perfusion technique or the direct

histological visualization of leaky blood vessels with the vascular labeling technique. In the

denervated skin, the coadministration of galanin significantly reduced the histamine-induced

plasma protein extravasation, pointing to a possible postjunctional action of galanin in this

process [128]. Direct vascular actions (vasoconstriction and inhibition of the edema formation)

of galanin and galanin-like peptide have also been demonstrated recently in murine skin [199].

It should be mentioned that galanin expression was observed also in nonneuronal elements of

the skin, in particular in the keratinocytes of the rat [200], humans [201], pigeon (Jancsó and

Sántha, unpublished observations), and the epithelial layer of the rat gingiva [202]. The

biological significance of epithelial galanin, especially its role in the regulation of the sensory

efferent functions of afferent nerves remains to be elucidated.

These findings provided direct evidence for an endogenous galanin-mediated modulation of

cutaneous vascular reactions induced by either the antidromic or the orthodromic activation of

sensory nerves or by the application of inflammatory mediators. Since a large proportion of the

sensory neurons in the pigeon, including those innervating the skin, contain galanin, it has been

proposed that, at least in this species, cutaneous sensory nerves exert anti-inflammatory

(inhibitory) local regulatory (sensory-efferent) functions which may contribute to the maintenance

of the functional and structural integrity of the skin. Although studies in galanin-overexpressing

mice suggested the existence of a similar mechanism in mammals [198], the involvement of

endogenous galanin in the modulation of sensory efferent functions in mammals still remains to

be elucidated. Immunohistochemical findings showing that galanin-immunoreactive unmyeli-

nated axons constitute the largest population of peptidergic nerve fibers in the rat dorsal roots

suggest a significant role for galanin in the function of capsaicin-sensitive sensory nerves [203].

Recent observations resulting from the administration of high-affinity galanin receptor antago-

nists, indicated that endogenous galanin may inhibit the activation of joint receptors [204].

However, intracutaneous application of M35 did not influence the capsaicin-induced pain reaction

(flinching) in the rat hind paw [185]. Furthermore, it should be noted that galanin might exert not

only inhibitory, but also excitatory effects on a certain population of capsaicin-sensitve cutaneous

afferents, most probably on those expressing the type 2 but not of the type 1 and 3 galanin

receptors [185,205,206].

Another candidate for the transmission of sensory nerve-mediated inhibitory efferent func-

tions is somatostatin. This peptide has an inhibitory influence on a large variety of biological

processes and it is present in primary sensory neurons [181]. In the rat, somatostatin-containing
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neurons amount to 8–15% [179,181,207–209] of the lumbar dorsal root ganglion cells and are

capsaicin-sensitive [19,187,188,210]. This was confirmed by demonstration of the coexpression

of somatostatin and VR1 receptor RNAs in dorsal root ganglion cells [189]. The first observa-

tion of an inhibitory effect of somatostatin on sensory nerve-mediated vascular reactions (in the

dental pulp of the cat) was reported by Gazelius et al. [211]; the intra-arterial injection of

somatostatin strongly reduced the vasodilatation induced by antidromic electrical stimulation of

the alveolar nerve. Since somatostatin also prevented the depletion of the SP-like immunor-

eactivity from the dental pulp following long-lasting nerve stimulation, the authors concluded

that somatostatin might act prejunctionally on the release of SP from the stimulated sensory

nerve terminals. Lembeck et al. [212] reported that somatostatin can also inhibit the cutaneous

vasodilatation and plasma protein extravasation induced in the rat hind paw skin induced by

antidromic electrical stimulation of the saphenous nerve. Similarly, Green et al. [191] detected an

inhibitory effect of somatostatin on the capsaicin-induced plasma protein leakage in the perfused

knee joint of the rat. In both cases, the somatostatin-mediated inhibition appeared to be prejunc-

tional, since the coadministration of somatostatin with SP and a combination of SP and CGRP did

not produce any change in the vascular effects of these vasoactive sensory neuropeptides.

The phenomenon of “counterirritation,” i.e., the anti-inflammatory effect of a local inflam-

matory reaction (irritation) on an ongoing inflammation process in other parts of the body, has

been known for centuries [213]. The inhibition of the inflammatory reactions caused by the

primary local irritation was earlier accounted for by the activation of nociceptive reflexes

eliciting an increased sympathetic activity or the release of glucocorticoids from the adrenal

cortex [214]. The possibility of cross-activation of the contralateral nociceptors through an

unidentified intrasegmental (spinal) neural pathway was also postulated [174]. An alternative

explanation emerged from the observation that a neurogenic inflammatory reaction in the rat

hind paw strongly reduced the permeability-increasing effect of subsequent stimulation on the

contralateral side. This inhibition can be elicited even after dorsal root transection [215] or an

acute bilateral denervation of both hind paws [216]. It was therefore concluded that the

observed inhibition is not mediated through a central reflex pathway, but is transmitted by a

humoral factor released upon stimulation of the nociceptive nerve endings. It was suggested that

the systemic anti-inflammatory effect was mediated by somatostatin, released from a subset of

chemosensitive sensory nerve endings into the circulation. Indeed, the authors reported an up to

fourfold increase in the plasma somatostatin-like immunoreactivity 2 min after bilateral anti-

dromic electrical stimulation of both sciatic nerves [217] and a 40% increase 10 min after the

epicutaneous application of mustard oil to the hind paw skin [216].

However, there is some degree of controversy as regards the somatostatin-mediated systemic

anti-inflammatory functions of primary afferents. If somatostatin is released because of the

activation of peptidergic afferents, the first site of action (where it also reaches the highest

concentration) should be the site of the release, i.e., in the inflammed skin region served by the

stimulated nerve. Nevertheless, a reduction of the primary response is not observed after

pretreatment of the animals with somatostatin antagonists/chelators [217]. The antinociceptive

and anti-inflammatory effects evoked by the first stimulation of sciatic afferents lasted for about

1 h and 20 min, respectively. These time intervals seem too long if it is considered that the

plasma half-life of the circulating somatostatin is only a few minutes [218,219]. Furthermore,

antidromic vasodilatation evoked by sciatic nerve stimulation was not affected either by

somatostatin or by prior contralateral sciatic nerve stimulation [217], which is at variance

with the earlier findings that antidromic vasodilatation was inhibited by somatostatin in both

the cat dental pulp and rat skin [211,212].
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7. CUTANEOUS NEUROGENIC SENSORY VASCULAR REACTIONS

IN PATHOLOGIES AFFECTING THE SKIN

Cutaneous sensory nerves may be implicated in pathologies involving the skin in essentially

two ways: diseases of the skin may affect cutaneous sensory nerves, resulting in an impaired

sensory function, while perturbations of sensory neuron functions, e.g., by systemic diseases,

may interfere with the mechanisms involved in the maintenance of the structural and functional

integrity of the skin.

7.1 Diseases affecting cutaneous sensory nerves

Diabetes mellitus is a common metabolic disorder which is often associated with neuropathic

alterations. In a rat model of experimental diabetes, a marked reduction of cutaneous neurogenic

plasma extravasation has been revealed [82,220]. Subsequent studies demonstrated that this

may be accounted for by decreases in the levels of sensory neuropeptides such as CGRP and

tachykinins, which mediate neurogenic vascular responses [221–223]. Assessment of the flare

response has been shown to be a reliable measure of the structural and functional integrity of

cutaneous nociceptive afferent nerves in humans [224]. Hence, analysis of the neurogenic

vascular reactions elicited by chemical agents, heat, or electrical stimulation has become a

technique that is widely used to evaluate the functional condition of nociceptive afferent nerves

[55,135,160,225–228]. Studies in diabetic patients disclosed a significant diminution of the

axon reflex flare in diabetic patients [228–230]. This observation indicated that capsaicin-

sensitive afferent nerves are impaired in diabetes, and this might contribute to the development

of the trophic disturbances, neuropathic changes, and smooth muscle dysfunction characteristic

of diabetes.

Reductions of axon reflex flare responses elicited by histamine have also been observed in

uremic patients with or without pruritus. Interestingly, the itch responses to histamine were

greater in patients with pruritus [231], suggesting that itch and flare responses are mediated by

different populations of afferent nerves.

7.2 Involvement of capsaicin-sensitive sensory nerves in the pathogenesis of some skin

diseases and maladies with cutaneous manifestations

Congenital insensitivity to pain has been found to be associated with a loss of the cutaneous

flare responses elicited by mustard oil or histamine [135,232]. Electron microscopy revealed a

substantial loss of unmyelinated axons from cutaneous nerves [135]. These findings provided

further evidence that capsaicin-sensitive C-fiber afferent nerves are responsible for mediation of

the axon reflex flare of the human skin. The results also imply that a lack of the capsaicin

receptor, which is normally expressed in human sensory ganglion neurons [120,233,234], may

explain some of the symptoms of congenital analgesia.

Sensory denervation of the skin in humans or in experimental animals results in the devel-

opment of cutaneous lesions [38,235], impaired hair growth [235,236], and affected wound

healing [62], indicating an important trophic role of capsaicin-sensitive sensory nerves in the

skin.

Herpes zoster has long been known to be associated with the degeneration of cutaneous

nerves and impaired cutaneous sensation [236]. The demonstration of reduced cutaneous flare
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responses to mustard oil, histamine [225,237], and capsaicin [238] indicated a severe dysfunc-

tion of the afferent nerves after herpes zoster infection.

A diminution of the neurogenic inflammatory response has also been demonstrated in

patients with psoriasis [226,239]. This is in line with observations of a reduction in the number

of epidermal nerve fibers in both involved and uninvolved psoriatic skin. Moreover, the extent

of fiber loss correlated with the severity of the disease. It has been suggested that epidermal

nerve fiber degeneration and the consequent loss of contact between the afferent nerves and the

immunocompetent cells of the skin may play important roles in the self-maintenance of the

disease [240]. However, reports on the density of epidermal nerve fibers in psoriatic skin are

controversial. A significant increase in nerve fiber density was found in psoriatic skin, with a

particular increase in the proportion of SP- and CGRP-containing nerves [241]. In further

elegant studies, in which the severe combined immunodeficient mouse–human skin model

was used, an increased production of NGF by keratinocytes was revealed, and it was suggested

that this induced the hyperinnervation of the psoriatic skin. Additionally, a marked upregulation

of SP and CGRP has been revealed in cutaneous nerves. It has been postulated that the NGF

present in keratinocytes and peptidergic cutaneous nerves contributes significantly to the

development of psoriatic lesions by promoting chemokine production, the recruitment of

inflammatory cells, and the stimulation of keratinocyte proliferation [242,243]. The role of

(sensory) nerves in the pathomechanism of psoriasis is also supported by the observation that

cutaneous denervation results in a diminution or even the complete disappearance of the

psoriatic lesions [244]. Furthermore, the topical application of capsaicin-containing prepara-

tions proved beneficial for the treatment of pruritic psoriasis and resulted in a significant

reduction in combined psoriasis severity scores presumably by depleting sensory neuropeptides

from cutaneous nerves [158,245,246]. Obviously, neurogenic inflammatory mechanisms are

implicated in the pathogenesis of psoriasis, but further studies are needed to clarify the

apparently contrasting findings and the exact roles played by sensory nerves in the pathogenesis

of this disease.

The proliferation of dermal peptidergic afferent nerves and an elevated number of mast cells

apparently innervated by these nerves have been demonstrated in prurigo nodularis [247,248].

An increase in the number of NGF-immunoreactive, possibly inflammatory cells has also been

seen in the dermis, and this may contribute to the neurohyperplasia observed in prurigo

nodularis [248,249].

Studies on patients with acquired cold and heat urticaria revealed that capsaicin-sensitive

afferent nerves play a fundamental role in the initiation of whealing; neither flare nor urtication

developed in response to a thermal challenge in skin areas pretreated with capsaicin

[55,135,160,250]. Since histamine-induced whealing is unaffected in capsaicin-treated skin

[159,160], the failure of thermal stimulation to produce whealing in capsaicin-treated skin

may possibly be attributed to the failure of SP and/or CGRP to release mast cell histamine

due to the depletion of these potent mast cell activators from the sensory nerves. This is

supported by the finding that capsaicin-induced mast cell degranulation is effected through

SP and/or CGRP released from sensory nerves [93]. These results suggest that an increased

chemosensitivity of sensory nerves and/or mast cells in acquired cold and heat urticaria may

contribute significantly to the pathogenesis of the disease.

Peptidergic sensory nerves and neurogenic inflammation have also been implicated in the

pathomechanism of a variety of other diseases affecting the skin, including atopic dermatitis

[226,227,251], alopecia areata [252], cutaneous herpesvirus infection [253], and notalgia

paresthetica [254,255].
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8. THERAPEUTIC POTENTIAL OF VANILLOIDS

The potential therapeutic use of capsaicin-type compounds has not been considered for a long

time after the discovery of its selective activating and subsequent desensitizing effect on

nociceptive nerve endings. The demonstration of a selective and long-lasting chemical and

thermal analgesia resulting from a single application of capsaicin onto peripheral nerves has led

to the suggestion that capsaicin may be considered as a promising tool in relieving certain pains

of peripheral origins [34,136,256]. Studies on cutaneous sensation in humans

[54,55,159,160,228,257,258] and animals [259–262] showed that repeated application of cap-

saicin onto the skin resulted in a significant and selective increase in heat pain threshold and a

decrease in neurogenic vascular reactions. These studies indicated that the effect of topical

application of capsaicin in inhibiting nociceptive functions is transient; recovery of the noci-

ceptive afferent and the local regulatory, efferent functions of sensory nerve endings occurs

within a few days or weeks after cessation of the treatment [55,159,258,260,262,263]. Impor-

tantly, trophic lesions of the skin, which may occur after neonatal capsaicin treatment in rats

[38,235,264,265], were not observed after topical capsaicin neither in animal [259,260] nor in

the human skin [55,159,160,258,263]. Based on these findings, capsaicin-containing creams

and ointments have become widely used in a number of pathological conditions associated with

pain and inflammation. Preparations containing 0.025–0.075% capsaicin have been used in the

treatment of herpes zoster [266–269], neck pain [270,271], postthoracotomy and postmastect-

omy pain [272,273], amputation stump pain [274,275], diabetic neuropathy [276–282], notalgia

paresthetica [283], and pain caused by skin tumor [284]. Capsaicin and its derivates may be

used also in the treatment of pruritus [159,285,286]. The rationale of the therapeutic use of

capsaicin in painful neuropathies is further supported by findings showing the presence of

TRPV1 receptors on dermal and intraepidermal nerve fibers in pathologies associated with

pain [49].

Although permanent elimination of C-fiber afferent nerves by various methods utilizing

capsaicin has become a routine approach in the study of sensory mechanisms, for a long

time, except for neonatal treatment with capsaicin, degeneration of sensory ganglion neurons

and/or their axons has not been seriously considered as a significant mechanism of the

pharmacological effects of capsaicin. Systemic capsaicin treatment of newborn animals, includ-

ing small laboratory rodents and dogs results in a permanent elimination of capsaicin-sensitive

spinal and cranial sensory ganglion neurons [16,24,43,287]. The exact mechanism of capsaicin-

induced cell death and permanent sensory neuron loss is still unclear. Systemic administration

of capsaicin [16,43,288–291] or resiniferatoxin [17,292–295] to rodents or to cultures of dorsal

root ganglion cells results in a clear-cut degeneration and/or apoptosis of many sensory gang-

lion neurons. This is evidenced not only by the electron microscopic findings but also by the

radiochemically and histochemically detectable massive intracellular accumulation of ionic

calcium indicative of neuronal degeneration and/or apoptosis [287,289,296]. However, a sub-

stantial population of primary sensory neurons may be lost as a consequence of a delayed

degeneration process most probably due to an impaired retrograde intraneural transport of

trophic factors, in particular, NGF [24,297–299]. In vivo and in vitro studies revealed that

direct application of capsaicin to the skin and some visceral tissues resulted in an extensive

degeneration of peptidergic and nonpeptidergic cutaneous dermal and epidermal afferent nerves

[50,51,259,300], as well as sensory axons of the ureter [301], the uterus [302], and the dura

mater [77]. The loss of epidermal nerve fibers after topical [50,51,259,300] or perineural [53]

application of capsaicin has been suggested to be causally related to the development of
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cutaneous hypoalgesia to noxious mechanical, heat, and chemical stimuli [50,51,53,259,300].

This is supported by the findings demonstrating a parallel loss and recovery of cutaneous nerve

fibers and pain sensation after topical treatment of the skin with capsaicin [50]. The reduction of

epidermal axonal numbers is transient after topical [50], but apparently permanent after

perineural [53] treatment with capsaicin. Interestingly, nerve fiber degeneration was not

observed 24 h after intravesical administration of vanilloid compounds [303]. Therefore, these

authors suggest that vanilloid compounds may exert their effects also by alternative mechan-

isms involving inhibition of the retrograde axonal transport of trophic factors, e.g., NGF and

consequent depletion of sensory peptides such as SP and CGRP, which participate in the

transmission of noxious stimuli. In addition, downregulation of the TRPV1 receptor and

consequent loss of neuronal capsaicin sensitivity which have been observed after peripheral

nerve injury [189,304,305] may also contribute to the effects of intravesical application of

vanilloids. It should be noted, however, that capsaicin’s neurotoxic action may develop within

minutes after the application and degenerated structures may disappear within 24 h

[16,18,41,287,289,296,306].

An apparent common difficulty in controlled trials of the analgesic actions of capsaicin and

related pungent agents is the lack of appropriate placebo with similar irritant properties.

Obviously, the introduction of preparations containing capsaicin and a local anesthetic with a

controlled release sequence to reduce irritation and/or the development of stable vanilloid

analogs with reduced irritancy would greatly promote the topical use of vanilloid-like com-

pounds in the treatment of various painful conditions. A recent report on the critical evaluation

of the therapeutic effectiveness of topically applied capsaicin suggests that it may be a useful

adjunct or even sole therapy for patients with musculoskeletal or neuropathic pain who are

unresponsive to or intolerant of other treatments [307].

Modulation and/or inhibition of vanilloid receptor function through an interaction with the

molecular mechanisms of TRPV1 channel activation by the development of vanilloid analogs of

reduced irritancy, improved metabolic profile, and increased potency may represent a possible

future direction in achieving antinociception involving vanilloid action. In addition, investiga-

tions into the mechanisms of nociceptive signaling via vanilloid receptors and endovanilloids

[308] point to novel perspectives in pain management involving the development of competitive

[309] and noncompetitive [310] antagonists of TRPV1 or drugs affecting mechanisms which

may modulate the activity of TRPV1 by, for example, phosphorylation of the receptor

[311,312]. A common feature of these new types of TRPV1 antagonists is their ability to

attenuate both neuropathic and inflammatory pain. The data demonstrating the high potency and

oral bioavailability of some of these compounds indicate that these antagonists are not only

promising experimental tools for the study of TRPV1 in nociceptive mechanisms but may bear

significant therapeutic potential [309].

9. CONCLUSIONS AND PERSPECTIVES

Investigations into the morphology, biochemistry, and function of cutaneous sensory nerves

have revealed new facets of the biology of the skin. Cutaneous sensory nerves, once believed to

serve merely as sensory receptors conveying impulses generated by innocuous and noxious

environmental stimuli, have emerged as key players in a complicated local regulatory system

involved in the vascular, inflammatory, immune, protective, restorative, and trophic functions

of the skin. Neuropeptides released from a subpopulation of nociceptive afferents in response to
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tissue injury or to a wide variety of chemical stimuli involving inflammatory mediators and

tissue and mast cell-derived agents fulfill pivotal roles in these processes and are potent

modulators of inflammatory reactions. They may augment the primary inflammatory reaction

by the release of proinflammatory peptides such as SP and CGRP, which act either directly on

blood vessels or indirectly by the activation of mast cells and immune cells. Additionally, by the

release of anti-inflammatory peptides such as galanin or somatostatin, they may reduce inflam-

mation by prejunctional and/or postjunctional mechanisms. Neurally released peptides also play

important roles in the leukocyte, keratinocyte, fibrocyte, and immune cell functions. Rapidly

accumulating evidence from clinical data indicates that sensory nerves are intimately involved

in the pathomechanisms of a variety of skin diseases. The development of potent nonpeptide

antagonists of sensory neuropeptides, the capsaicin/vanilloid, and the PARs, may offer new

possibilities in the management of certain skin diseases and the itch and pain associated with

perturbations of the sensory nerve functions.
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2. Stricker S. Untersuchungen über die Gefässwurzeln des Ischiadicus. Sitz Kaiserl Akad

Wiss 1876;3:173–185.

3. Bayliss WM. On the origin from the spinal cord of the vasodilator fibres of the hind limb

and on the nature of these fibres. J Physiol (Lond) 1901;26:173–209.

4. Bayliss WM. The Vasomotor System. London: Longmans, Green and Co Inc., 1923.

5. Lewis T, Marvin HM. Observations relating to vasodilatation arising from antidromic

impulses to herpes zoster and trophic effects. Heart 1927;14:27–42.

6. Spiess G. Die Bedeutungder Anasthäsie in der Entzündungstherapie. Münch med Wschr

1906;8:345–351.
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77. Dux M, Sántha P, Jancsó G. Capsaicin-sensitive neurogenic sensory vasodilatation in the

dura mater of the rat. J Physiol 2003;552:859–867.

78. Lembeck F, Holzer P. Substance P as neurogenic mediator of antidromic vasodilation and

neurogenic plasma extravasation. Naunyn Schmiedebergs Arch Pharmacol

1979;310:175–183.

79. Brain SD, Williams TJ, Tippins JR, Morris HR, MacIntyre I. Calcitonin gene-related

peptide is a potent vasodilator. Nature 1985;313:54–56.

80. Louis SM, Jamieson A, Russell NJ, Dockray GJ. The role of substance P and calcitonin

gene-related peptide in neurogenic plasma extravasation and vasodilatation in the rat.

Neuroscience 1989;32:581–586.

81. Lembeck F, Donnerer J, Tsuchiya M, Nagahisa A. The non-peptide tachykinin antagonist,

CP-96,345, is a potent inhibitor of neurogenic inflammation. Br J Pharmacol

1992;105:527–530.
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120. Szállási Á, Blumberg PM, Nilsson S, Hökfelt T, Lundberg JM. Visualization by [3H]resi-

niferatoxin autoradiography of capsaicin-sensitive neurons in the rat, pig and man. Eur J

Pharmacol 1994;264:217–221.

121. Sann H, Harti G, Pierau FK, Simon E. Effect of capsaicin upon afferent and efferent

mechanisms of nociception and temperature regulation in birds. Can J Physiol Pharmacol

1987;65:1347–1354.

122. Jordt SE, Julius D. Molecular basis for species-specific sensitivity to “hot” chili peppers.

Cell 2002;108:421–430.

123. Sann H, Friedrich R, Pierau FK. Substance P and calcitonin gene-related peptide in the

chicken skin: distribution and cardiovascular effects. Neuropeptides 1986;30:273–281.
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skin: involvement of sensory nerves. In: Chahl LA, Szolcsányi J, Lembeck F,
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293. Jancsó G, Ambrus A, Török T. Neurotoxic effects of resiniferatoxin on rodent and avian

primary sensory neurones. Neuropeptides 1992;22:34.

294. Pan HL, Khan GM, Alloway KD, Chen SR. Resiniferatoxin induces paradoxical changes

in thermal and mechanical sensitivities in rats: mechanism of action. J Neurosci

2003;23:2911–2919.
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Neurons Involved in Neurogenic Inflammation in the Skin
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ABSTRACT

In all species studied so far, neurogenic inflammation is generated by subclasses of C-fiber

nociceptor, although the particular subclass varies between species. In pig and human skin, the

key neurons are mechanically insensitive (heat nociceptors and/or silent nociceptors) and

polymodal nociceptors are not involved. In the rat and rabbit, a proportion of polymodal

nociceptors produce antidromic vasodilatation (ADV) and, in the rat, also plasma extravasation.

It is likely that the neurogenic inflammation-producing neurons are from the population that

contains the peptides substance P and/or calcitonin gene-related peptide. In the pig, the heat

nociceptors that are the only group causing ADV have relatively long duration axonal action

potentials. In other species, nociceptive dorsal root ganglion (DRG) neurons all tend to have

long duration action potentials, involving significant tetrodotoxin-resistant sodium currents and

possibly calcium currents. There is no information on the specific electrophysiological proper-

ties of the subpopulation of nociceptive DRG neurons involved in neurogenic inflammation.

1. INTRODUCTION

It has been known for more than 100 years that some dorsal root fibers can cause peripheral

vasodilatation [1,2] and the dependence of cutaneous flare on intact sensory – not autonomic –

innervation was demonstrated in the 1920s (see Ref. [3]). Lewis in fact thought that the dorsal

root fibers involved in flare were not truly sensory, designating them instead “nocifensor” [4],

and this idea has had its advocates subsequently [5]. However, the general view has been that

neurogenic inflammatory responses represent release of proinflammatory mediators from some

sensory neurons. Thus, this group of neurons have a dual function – they act as afferents

signaling about the state of the tissue and at the same time act as efferents with neurogenic

inflammatory actions.

The response properties of the relevant afferents can be deduced in broad terms from the

types of stimuli that generate neurogenic inflammation. Light tactile stimuli and innocuous

warming or cooling do not cause inflammatory responses. Therefore, the large numbers of

sensitive, specialized mechanoreceptors and thermoreceptors are not involved. Strong heating

or mechanical stress are needed to produce neurogenic inflammation. Thus, the relevant afferent

group must be the nociceptors. The sections 1-5 of this chapter will consider which subclasses of
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nociceptor are involved. The section 6 will consider what we know about the electrophysiolo-

gical properties of these neurons.

2. SUBCLASSES OF NOCICEPTOR

On the basis of their transduction profile, nociceptors can be subdivided into four main classes

(Table 1). Note, however, that in any given species or tissue they may not all be present.

Mechanical nociceptors were the first to be characterized [6] and were called at that time “high-

threshold mechanoreceptors” or HTM, a designation still sometimes used. As their name

indicates, these afferents respond to strong mechanical stimuli, notably punctate pressure, at

levels well above those that excite specialized mechanoreceptors, although still usually well

below levels that cause immediate tissue injury. These afferents typically have small myelinated

A-delta (Ad) axons, although a few mechanical nociceptors with unmyelinated (C) axons are

found.

Next to be described were polymodal nociceptors [7]. These respond to a range of noxious

stimuli including strong pressure, to heat approaching the noxious range, and to irritant

chemicals such as capsaicin or bradykinin. Polymodal nociceptors mostly have C-axons, but

significant numbers of nociceptors with Ad axons that are responsive to pressure and heat have

been found in primate skin [8,9].

Two further categories of C-fiber nociceptor both share the characteristic of mechanical

insensitivity. One class responds to noxious heating and has been designated heat nociceptor

[10–12]. A second class responds only to irritant chemicals and not to physical stimuli. Their

lack of response to physical stimuli led to the designation silent nociceptors. Such afferents

were first clearly described in joint nerves [13], but similar afferents are found, in variable

numbers, in most tissues including the skin. A key feature of these insensitive afferents is that

they become much more responsive if the tissues are injured or inflamed. Hence another

designation is sleeping nociceptor, indicating that they can be wakened given the correct

circumstances. When awake, these afferents have polymodal response properties, developing

both heat and pressure sensitivity. Note also that heat nociceptors have a comparable develop-

ment of pressure responses in inflamed skin and that polymodal nociceptors undergo sensitiza-

tion, becoming more responsive especially to heat.

Table 1 Classification of cutaneous nociceptors

Class Alternative designation Fiber caliber Responsive to

Pressure Heat Irritant chemicals

Mechanical HTM (high-threshold mechanoreceptor) Ad (Ab, C*) + 0 0

Polymodal Mechanoheat C (Ad†) + + +

Heat C 0‡ + +

Sleeping Silent; CMiHi C 0‡ 0‡ +

*A small number of both Ab and C-fibers have mechanical nociceptor properties.
† Some A-fibres have polymodal properties, notably in primate skin.
‡ In presence of inflammation, respond to pressure and heat.
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3. WHICH CUTANEOUS NOCICEPTORS MEDIATE THE FLARE AND

ANTIDROMIC VASODILATATION COMPONENTS OF NEUROGENIC

INFLAMMATION?

The first clue comes from experiments using graded stimulation of nerve trunks to produce

antidromic vasodilatation (ADV). Excitation of Ad fibers alone can produce a small, relatively

short-lasting, vasodilatation in some species [14,15]. However, to get large, prolonged, ADV it

is necessary to excite C-fibers. So the mechanical nociceptors with Ad axons are probably not

involved to any significant extent in producing flare or ADV.

To establish the identity of the afferent neurons involved in ADV, it is necessary to stimulate

identified single axons while scanning the skin to map increases in blood flow. Results from such

experiments in pig skin are shown in Fig. 1. In the pig, only stimulation of C-heat nociceptors

gave local blood flow responses [16]. Stimulation of polymodal nociceptors, the other major class

of nociceptor in the pig, did not elicit blood flow responses. In the pig there are few C-mechanical

nociceptors or silent nociceptors, but of the small number tested, none gave a detectable increase

in skin blood flow. Note that the single fiber stimulation gave small zones of vasodilatation that

matched closely the extent of afferent receptive fields. This indicates that efferent properties are

coextensive with afferent ones, presumably because all terminals play a part in both transduction

and secretion. The extent of heat nociceptor receptive fields also matched closely the spread of

flare in the same skin area, giving direct confirmation of the axon reflex model.

40–80

1cm

P

80–120 120–160 >160<40

Figure 1. Blood flow images during stimulation of fine nerve filaments containing C-heat nociceptor axons in the pig.

Upper field: filament contained three identified heat nociceptors – afferent receptive fields outlined in red and one

polymodal nociceptor (P) receptive field outlined in green. Note that only the heat nociceptors gave vasodilator

responses. Lower two fields: filaments with one heat nociceptor axon. Note the good relation between afferent receptive

field and area of vasodilatation. Images have been scaled so that color levels represent fixed percentages above the

average baseline level and have been oriented so that proximal is to the right and anterior at the top. Scans took 1–3 min.

Stimulation was 1–2Hz for the duration of the scans (from Ref. [16]). (See color plate 1).
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In smaller animals (rat and rabbit), there are few heat nociceptors in the skin. In these species,

a proportion of polymodal nociceptors gave clear blood flow increases on antidromic stimula-

tion (50% in rabbit; 20% in rat) [17]. The two heat nociceptors tested in the rat both also gave

increases in skin blood flow within their receptive fields on stimulation. The small numbers of

mechanical and silent nociceptors gave no detectable blood flow response, as had been found in

the pig. The only distinctive feature of those polymodal nociceptors that gave blood flow

responses was a tendency for them to have relatively high mechanical thresholds [17].

In human skin the direct experiment of single fiber stimulation has not been attempted, although

it might be possible since intraneural stimulation via tungsten microelectrodes has been used for

studies of sensation in humans. However, some indirect evidence has emerged from a comparison

of cutaneous stimuli of different area [18]. Polymodal and mechanical nociceptors can be excited

readily (<14mA for 0.2ms current pulses) by large area (30mm2) stimulating electrodes, while

mechanically insensitive afferents (heat or sleeping nociceptors) require at least twice as much

current. On the other hand, all nociceptors, including the heat and sleeping ones, respond to

10–25mA stimuli applied via a pointed electrode. As shown in Fig. 2, flare is readily produced by

stimulation with the small electrode, but is not produced by stimuli from the 30mm2 electrode at

intensities sufficient to excite most polymodal nociceptors [18]. It therefore appears that in
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Figure 2. Flare responses in human skin during transcutaneous electrical stimulation of all nociceptors (A) or only

mechanoheat (polymodal) nociceptors (B). Only when the mechanically insensitive nociceptors (heat and silent

nociceptors) were stimulated did flare appear. Blood flow was monitored by laser Doppler flowmetry 10mm from

the stimulating electrodes. A, point stimulation; B, stimulation via 30mm2 electrode (from Ref. [18]).
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humans, as in pigs, mechanically insensitive nociceptors play the sole role in producing flare.

What cannot be deduced from these experiments is whether only the heat nociceptors are involved,

as in pigs, or if the sleeping nociceptors are responsible, either wholly or in part.

4. FIBERS INVOLVED IN NEUROGENIC EDEMA AND CELL INFILTRATION

Plasma extravasation (edema) in response to afferent C-fiber stimulation is readily observed in

rats, although it does not appear to occur in humans. In rats, single fiber antidromic stimulation

revealed that many polymodal nociceptors could produce plasma extravasation [19]. Thus, the

same group of afferents, which are the predominant nociceptor class in this species, produced

both vasodilatation and edema.

Afferent nerve stimulation can also trigger inflammatory cell infiltration [20,21]. Because

cell infiltration is rather slow (typically experiments look over several hours), no one appears to

have attempted the difficult experiment of relating this process to the activity of single

nociceptors or single subgroups of nociceptors.

5. EVIDENCE CONCERNING THE ROLE OF BIOCHEMICALLY IDENTIFIED

SENSORY AFFERENTS IN NEUROGENIC INFLAMMATION

How far can the work described above on afferent characterization of the neurons involved in

neurogenic inflammation be related to the large amount of recent work that has characterized

somatosensory afferents in terms of their biochemistry? One obvious correlation is with peptide

content. Approximately 50% of DRG neurons innervating the skin of the rat contain calcitonin

gene-related peptide (CGRP) [22] and around half of these, 25% overall, also contain substance

P (see the review by Lawson [23]). In other species and tissues, the proportions of CGRP and

substance P-containing DRG neurons vary, as does the degree of colocalization (see, e.g., Refs

[23,24]). These peptidergic neurons are predominantly, but by no means entirely, small neurons

with C-fiber axons. Substance P and CGRP both have proinflammatory actions, CGRP mostly

acting as a vasodilator, while substance P additionally can increase microvascular permeability

[25] and is an attractant for inflammatory cells [21,26]. It is therefore likely that this peptide-

containing subpopulation of neurons is the one primarily involved in neurogenic inflammation.

This view is reinforced by the finding that neonatal capsaicin treatment, causing loss of this

class of neuron (but also many of the nonpeptide-containing neurons), abolishes neurogenic

inflammation (see the review by Holzer [27]). Also, antagonists to CGRP can reduce flare or

ADV [28,29] while NK1 (substance P receptor) antagonists can greatly reduce neurogenic

plasma extravasation [30].

There is an interesting mismatch in the rat between numbers of peptidergic C-afferent

neurons (approximately 50%) and the much smaller proportion (<20%) of C-afferents that

generated vasodilator responses [17]. It may be a mistake to read too much into negative results

from single fiber antidromic experiments. However, this mismatch may relate to another

observation on the peptidergic innervation of the skin. This is that many of the terminals of

peptidergic sensory neurons are in the epidermis where there are no blood vessels [31–33].

Perhaps some peptidergic afferents act on keratinocytes or immune system cells locally in the

epidermis (e.g., Langherans cells) [32,34,35] and do not have short-term vascular actions. These
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afferents could still be involved in neurogenic inflammation, but would not be detected by

methods looking only at immediate microvascular reactions (edema or vasodilatation).

6. ELECTROPHYSIOLOGICAL PROPERTIES OF NEURONS INVOLVED

IN NEUROGENIC INFLAMMATION

6.1 Axonal properties

Pig heat nociceptors have action potentials of relatively long duration (Fig. 3) [36]. It is not known

what currents underlie the later parts of the spike, but by comparison with cell body spikes, one

might suspect the involvement of slow sodium currents and/or calcium currents. Presence of

calcium currents in some C-fiber axons has been reported [37]. The presence of a large calcium

current might be related to the efferent function since such currents are presumably present in the

terminals to trigger peptide release and so might be also found to some extent in the axon.

The recovery of excitability following an action potential, which also shows itself as a

slowing of conduction during repetitive firing, is quite different in different functional classes

of C-fiber. In rats and humans, the polymodal nociceptors and the sleeping nociceptors – some

of which are involved in neurogenic inflammation – have much slower recovery cycles than

mechanoreceptor or thermoreceptor C-fibers [38–40]. Recovery cycles for heat nociceptors

have not been investigated.

6.2 DRG neuron properties associated with subpopulations likely to be involved

in neurogenic inflammation

As discussed above, it is likely that small neurons containing substance P or CGRP will be

involved in neurogenic inflammation. Unfortunately, not much is known about the differences
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Figure 3. Axonal action potentials for two major classes of nociceptor innervating the pig skin. (A) Examples of three

spikes recorded from the same filament. Note that the heat nociceptor has a spike of longer duration than either of the

polymodal nociceptors. (B) Average duration of the main peak of the action potential and half-maximum amplitude for

different types of C-fiber (mean – SE). Class abbreviations: inex, unit with no afferent receptive field to pressure or heat;

mech, sensitive C-mechanoreceptor; PMN, polymodal nociceptor; heat, heat nociceptor (from Ref. [36]).
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in electrophysiological properties of these neurons compared with nonpeptide containing ones.

A recent study of the properties of DRG neurons that bind the lectin IB4 showed that these have

relatively long duration spikes and that this is due at least in part to the presence of relatively

slow tetrodotoxin (TTX)-resistant sodium currents [41]. The IB4 marker has been thought to

largely mark the nonpeptide-containing population of DRG neurons [42]. Thus, one might be

tempted to conclude that the neurons most likely involved in neurogenic inflammation actually

had the spikes with a relatively short duration, thus going against the trend shown by axonal

spikes (see above). However, there are a number of complications. In particular recent work has

shown that many CGRP-positive DRG neurons do in fact express the IB4 marker, although

often at relatively low intensity [43], so it is possible that many of the IB4+ neurons studied by

Stucky and Lewin [41] contained inflammatory peptides.

Another approach is to compare the electrophysiological properties of nociceptive DRG

neurons with those of nonnociceptive ones. We know that the nonnociceptive neurons are

definitely not involved in neurogenic inflammation. What we cannot tell from this type of study

is whether particular nociceptor neurons are from the subset that are involved in neurogenic

inflammation. Another problem is that the only extensive study has been in the guinea pig and

we do not have any data for this species on which classes of nociceptor are actually involved in

neurogenic inflammation. There are clear differences in the electrophysiological properties of

DRG neurons of different afferent subclasses. Overall, the nociceptive neurons have wider

spikes with longer duration after hyperpolarizations [44]. The spikes also overshoot further, i.e.,

are larger, in nociceptive neurons [45]. Interestingly, the C-nociceptor spikes become shorter in

duration if the skin is inflamed for 2–4 days (using a nonneurogenic method, injection of

complete Freund’s adjuvant) [46].

7. CONCLUSIONS

Neurogenic inflammation is generated by subclasses of C-fiber nociceptor. In the pig skin, the

key neurons are heat nociceptors; in the human skin, it appears that heat nociceptors and/or

silent nociceptors may be involved. In the rat and rabbit, a proportion of polymodal nociceptors

produce ADV and, in the rat, plasma extravasation. Many nociceptors contain CGRP and some

also substance P. It is likely that the neurogenic inflammation-producing neurons are from this

population. In the pig, the heat nociceptors have relatively long duration axonal action poten-

tials. In other species, nociceptive DRG neurons all tend to have long duration action potentials,

involving significant TTX-resistant sodium currents and possibly calcium currents. There is no

information on the specific electrophysiological properties of nociceptive DRG neurons

involved in neurogenic inflammation.
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ABSTRACT

The vasculature has been shown to be innervated not solely by sympathetic nerve fibers

containing catecholamine as was once thought but by nerve fibers containing a variety of

peptides. In general, peptidergic perivascular nerve fibers are found in the adventitia of blood

vessels with a concentration at the adventitial–medial border. The distribution of nerve fibers

varies across species and in different vascular beds. The source of these nerve fibers varies

according to the peptides present. Development of perivascular innervation begins before birth,

with nerve fiber density and functioning axon terminals being fully established early. In some

vascular beds, the perivascular innervation is significantly involved both in the control of the

circulation and in disease processes. Perivascular peptidergic innervation is a prime target for

therapeutic intervention in hypertension, myocardial infarction, atherosclerosis, migraine,

arthritis, and skin disease.

1. INTRODUCTION

The vasculature has been shown to be innervated not solely by sympathetic nerve

fibers containing catecholamine as was once thought but by nerve fibers containing a variety

of peptides [1]. Such peptidergic perivascular nerve fibers may be important contributors

to conditions such as neurogenic inflammation, migraine, hypertension, and coronary vascu-

lar disease through release of peptides such as calcitonin gene-related peptide (CGRP),

substance P (SP), neurokinin A (NKA), neuropeptide Y (NPY), and vasoactive intestinal

polypeptide (VIP), which have profound effects on the vasculature and on the vascularized

tissues.

2. THE PERIVASCULAR NEUROPEPTIDES

The neuropeptides are a group of proteins that are widely distributed in the central and

peripheral nervous system and that act as neurotransmitters and/or neuromodulators. The first
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neuropeptide to be discovered was found by von Euler and Gaddum [2] in 1931 when they

reported that extracts of equine brain and intestine contained a hypotensive and spasmogenic

factor, later determined to be SP. Among the perivascular nerve neuropeptides studied, SP,

CGRP, NPY, and VIP are the most widely characterized.

3. THE TACHYKININS

The tachykinins in perivascular nerves are small peptides of 10–13 amino acids with a

conserved COOH-terminal sequence and different ionic charges at the NH2 terminus, critical

for receptor binding and affinity. Included in this group are SP, NKA, and neurokinin B (NKB).

The C-terminal region is important in the activation of each of the three known mammalian

G-protein-coupled tachykinin receptors – NK1, NK2, and NK3 [3,4]. The affinity of

these receptors for each tachykinin ligand varies as follows: NK1, SP ‡NKA > NKB; NK2,

NKA > NKB > SP; and NK3, NKB > NKA > SP [5,6]. The identification of further tachy-

kinins and expansion of the receptor class have been the subjects of recent reviews [7,8].

The activation of the tachykinin receptors has been implicated in a wide variety of biological

actions from smooth muscle contraction, emotional behavior, vasodilation, pain transmission,

neurogenic inflammation, hematopoiesis, activation of the immune system, and stimulation of

endocrine gland secretion [9]. For example, in the vasculature, SP generally acts as a vasodi-

lator, binding to NK-1 receptors localized on endothelial cells to cause release of nitric oxide

and other vasodilator substances [10]. In some circumstances, SP has been shown to constrict

mesenteric veins via action at NK3 receptors [11,12]. The importance of NK-1 receptor-

mediated neurogenic vasodilation was further demonstrated in mice null for NK-1. Measure-

ment of mouse ear blood flow showed that capsaicin, which acts as an exogenous ligand at the

transient receptor potential vanilloid receptor to produce substantial vasodilation, is altered in

the absence of NK-1 signaling [13].

4. CGRP

CGRP exists in two forms, as alpha-CGRP generated from a transcript that also encodes

calcitonin along with two other small peptides and beta-CGRP, a highly similar peptide

transcribed from an independent gene locus [14,15]. Both alpha- and beta-CGRP activate a

heteromeric G-protein-coupled receptor [16]. CGRP was demonstrated by Brain et al. [17] to be

a potent vasodilator, leading to the suggestion that local extravascular release of CGRP may be

involved in the physiological control of blood flow and that circulating CGRP may contribute to

hyperemia in certain pathological conditions. CGRP released from perivascular sensory nerve

fibers acts on arteriolar smooth muscle to produce profound dilation. Mechanisms of action

include both endothelium-dependent and endothelium-independent relaxation of vascular

smooth muscle. The vasodilator actions of CGRP have been described in a wide range of

arterial beds from coronary [18,19] to cranial blood vessels [20]. In the microcirculation, CGRP

is one of the most potent vasodilator substances identified [17]. In keeping with this, the highest

density of CGRP binding sites are present in the heart and in blood vessels [21]. In the heart,

high-affinity binding sites for CGRP are found in the atria and ventricles [22]. Regardless of the

species, the density of the CGRP binding sites in atria invariably exceeds that of ventricles [22].

Autoradiographic studies in the hearts of rats [22], guinea pigs, and humans [23] have shown the
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highest density of CGRP binding sites in the coronary arteries, coronary veins, and heart valves,

whereas a lower density is found in the coronary arterioles and endocardium [21]. These

findings attest to the relevance of the CGRP receptor in regulating blood flow as well as

inotropic and chronotropic effects in the heart [24,25]. Interestingly, overlapping expression

of both alpha- and beta-CGRP suggests a redundancy in CGRP signaling [15]. However, there

is conflicting data on the ability of beta-CGRP to compensate for the loss of alpha-CGRP in the

induction of vasodilation. Although deletion of the alpha-CGRP/calcitonin transcript resulted in

a significant increase in coronary flow rate and basal blood pressure [26], specific deletion of

the alpha-CGRP component of the gene locus, leaving calcitonin intact, had no effect on these

parameters [27].

5. NPY

NPY has generally been regarded as a vasoconstrictor peptide [28–30] signaling through a

variety of G-protein-coupled receptors, designated Y1,2,4,5 (reviewed in Ref. [31]), although

there is some suggestion that in certain coronary arteries it fails to cause constriction [32]. In

isolated ring segments of human middle meningeal and cerebral arteries, NPY caused vaso-

constriction but did not potentiate the contractile response of noradrenaline (NA). In the

temporal artery, NPY did not induce contraction but potentiated the vasoconstrictor response

to NA [33]. Thus, in certain vascular beds, NPY may act in parallel with NA, whereas in other

select locations, it may directly affect the release of NA or signaling through adrenergic

receptors. Furthermore, NPY may also have a role in modulating the actions of other vasoactive

agents [34,35].

Deletion of NPY receptors has allowed for further description of the interaction between NA

and NPY in mediating vasoconstriction. Y1 deletion completely abolished the ability of NPY to

potentiate NA-dependent vasoconstriction in isolated aorta preparations, leaving basal blood

pressure and heart rate unaltered [36]. Deletion of the Y4 receptor subtype revealed the

importance of NPY in regulating noradrenergic sympathetic tone, producing a substantial

decrease in resting blood pressure and heart rate [37]. Similarly, Y2 deletion was observed to

lower basal heart rate while maintaining blood pressure [38].

6. VIP

VIP is a 28 amino acid cleavage product of prepro-VIP, which is the parent molecule also

for peptide histidine methionine (PHM), pituitary adenylate cyclase-activating polypeptide

(PACAP), and peptide histidine valine (PHV-42), acting at G-protein-coupled VPAC(1) and

VPAC(2) receptors (reviewed in Ref. [39]). VIP, found mainly in parasympathetic nerves, is

a vasodilator of arteries in various species [32,40–43]. The mechanism of vasodilation

includes both endothelium-dependent and endothelium-independent actions [44]. Recently,

deletion of the prepro-VIP transcript encoding VIP and peptide histamine (PH) peptides

highlighted the role of these molecules in maintaining appropriate pulmonary blood pressure.

In the absence of VIP/PH signaling, marked pulmonary arterial hypertension (PAH) is

observed, leading to a thickening of the pulmonary arteries and reduced lumen diameter.

As expected, treatment with VIP significantly decreased the degree of PAH and associated

arterial pathology [45].
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7. THE SOURCE OF PERIVASCULAR PEPTIDERGIC NERVE FIBERS

7.1 The ganglia and methods of study

In general, peptidergic perivascular nerve fibers are found in the adventitia of blood vessels with

a concentration at the adventitial–medial border. The source of these nerve fibers varies

according to the peptides present. Sources include neurons of the dorsal root and trigeminal

ganglia (TG), the sympathetic paravertebral ganglia such as the stellate ganglia and the

parasympathetic ganglia. Typically, sources have been identified by methods such as immuno-

histochemical staining, retrograde labeling, and through ganglionectomy. The investigation of

peptidergic perivascular innervation of the head and neck will serve as an illustration. Tracing

studies of the monkey middle–cerebral artery innervation [46] confirmed earlier studies in rats

[47] and cats, showing the superior cervical (SCG) and TG as the primary sources with

contralateral involvement in the SCG and TG. In the parasympathetic sphenopalatine ganglion,

immunostaining was scarce [46]. The source of cerebrovascular innervation in the gerbil

was examined using fluorescence histochemistry and SCG ganglionectomy [48]. Bilateral

ganglionectomy resulted in a complete loss of NA-, 5-hydroxytryptamine (5-HT)-, and NPY-

containing perivascular nerve fibers in the anterior circulation, whereas a few fibers still

persisted in the posterior circulatory bed. Both 5-HT- and NPY-positive cell bodies were

shown to be present in the SCG of adult gerbils. The SCG is the primary source of adrenergic

fibers for the head and neck and represents the cranial extension of the paravertebral sympa-

thetic chain. In addition to the catecholamines, the most abundant and best characterized

neuropeptide in the SCG is NPY. Many sympathetic neurons contain high levels of NPY that

also functions as a transmitter or neuromodulator in this system [49–51]. The TG, the main

ganglion of the sensory system for cranial structures, is immunopositive for several peptides

including SP, CGRP, PACAP, cholecystokinin, SOM, opioid peptides, VIP, galanin, NPY, and

nitric oxide synthase [52].

8. THE PEPTIDES AND THEIR SOURCES

8.1 SP and CGRP

Myelinated and unmyelinated small caliber neurons in dorsal root and TG supply most blood

vessels with SP- and CGRP-immunoreactive nerve fibers. Many immunohistochemical

studies have shown that CGRP and SP are often found together in afferent nerve fibers

supplying the mammalian cardiovascular system [53–57]. It has also been demonstrated that

the peptides are colocalized in the same secretory vesicles in some perivascular nerve

varicosities [58].

8.2 NPY

Most NPY-containing perivascular nerves are derived from sympathetic neurons in the para-

vertebral ganglia, where numerous NPY-immunoreactive cell bodies have been identified

[50,51]. NPY-immunoreactive perivascular fibers innervating the cerebral vasculature are

thought to arise from the SCG [59–61].
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8.3 VIP

Parasympathetic nerve fibers containing acetylcholinesterase (AChE) and VIP arise mainly

from cell bodies located in the sphenopalatine and otic ganglia [35,62–65] for head and neck

vasculature and from other parasympathetic ganglia such as those of the vagus nerve for the rest

of the body.

9. DEVELOPMENT OF PEPTIDERGIC PERIVASCULAR INNERVATION

Development of perivascular innervation begins before birth, with nerve fiber density and

functioning axon terminals being fully established early. Under normal circumstances there is

no change once the adult innervation pattern and density have been established. Perivascular

innervation is present early during development and is available to contribute to further

development of the vasculature, to normal functioning of the tissues and to the response to

injury and disease. However, in certain pathological conditions development continues, either

as a result of the condition or as a contributor to its cause. Hypertrophy of the perivascular

plexus is thought to play a role in the development of hypertension in spontaneously hyperten-

sive rats [66,67]. Furthermore, it has been shown recently that following vascular denervation,

perivascular nerves are able to regrow [68]. Treatment with adrenomedullin (1000 ng/h) or

Nerve Growth Factor (NGF) restored adrenergic nerve-mediated vasoconstriction and CGRP

nerve-mediated vasodilation in the perfused mesenteric artery treated topically with phenol.

These results suggest that adrenomedullin, like NGF, has a facilitatory effect on the reinnervation

of perivascular nerves. Using immunohistochemistry, it has been shown [69] that adrenomedullin

is present in perivascular nerves, colocalized with CGRP in the rat mesenteric artery and that

adrenomedullin immunoreactivity and adrenomedullin messenger RNA (mRNA) expression is

present in the rat dorsal root ganglia [69]. It is not known to what extent adrenomedullin

contributes to normal growth, maintenance, or regrowth following disease or injury.

Scott et al. [70] have followed the development of peptidergic perivascular innervation in the

mesenteric arterial bed of the rat. At birth, fibers positive for SP, NPY, and CGRP by

immunohistochemistry could be demonstrated although fibers positive for anti-VIP were

absent. By 1 week of age, it was found that the jejunal arteries had a higher density of

innervation by SP-, NPY-, and CGRP-positive fibers than the superior mesenteric arteries.

The fibers showing immunoreactivity to an anti-VIP antibody formed an innervation pattern

that was different from that of the other peptides in that an irregular and highly variable plexus

was seen on the superior mesenteric artery and vein and on the jejunal artery. The plexus,

however, was more regular on the distal jejunal and second- and third-order branches of the

jejunal arteries. As development proceeded, the density of innervation as seen at 1 week of age

changed little for SP and CGRP although an increase in the density of NPY innervation of

jejunal arteries occurred up to 4 weeks of age. It was not clear whether increased branching

from existing nerve fibers caused the increase in NPY innervation. At 4 weeks of age, the

density of perivascular fibers was not different from that at 8 or 12 weeks of age.

At birth, the innervation of the mesenteric vascular bed was by means of individual fibers,

which passed along the length of the vessel giving off occasional branches (Fig. 1). By 1 week

of age, SP (Fig. 2), NPY, and CGRP fibers had formed a plexus that changed its form little

between 1 and 12 weeks of age. The form of the fiber plexus was similar in the case of SP and

CGRP. The fibers forming a superficial plexus in the outer adventitia were smooth-surfaced
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Figure 1. The SP-like immunoreactive nerve fibers (arrow) of a jejunal artery from a 1-day-old rat. Calibration= 20mm.

Figure 2. The SP-like immunoreactive nerve plexus (arrow) of a jejunal artery from a 1-week-old rat. Calibration= 20mm.
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fiber bundles that branched to run more deeply. The deep plexus at the adventitial/medial border

was formed of beaded fibers, which seemed to run in all directions in the walls of the superior

mesenteric and jejunal arteries but with a circular orientation in superior mesenteric veins. No

distinguishing features of either the mesh size or shape of the SP or CGRP networks were

observed. No particular accumulation of fibers occurred at branch points either in the superior

mesenteric artery or in the jejunal arteries. The NPY network was easily identifiable since

the mesh was more consistent in both its size and shape particularly in the jejunal arteries. The

distribution of NPY fibers in the superior mesenteric artery was more sparse but dense in the

superior mesenteric vein. The fibers appeared to be considerably more coarse than those of

the SP/CGRP plexus. The change in density of innervation from the superior mesenteric to the

jejunal arteries was obvious at the root of the jejunal arteries although again no clear concen-

tration of fibers occurred at the branch point. The VIP plexus on the distal jejunal artery and its

branches was somewhat regular but was much less regular on the proximal jejunal and superior

mesenteric arteries and on the superior mesenteric vein. Development of a stable density of

innervation of the mesenteric vasculature occurs before 1 week of age, and this is maintained

during further growth of the tissues although quite dramatic increases in vessel diameter and

wall thickness occur.

Luff [71] has carried out an ultrastructural study on the development of the innervation of

second-order mesenteric arteries from the ileum region of the rat intestine. It was found that the

formation of neuromuscular junctions with mature structural characteristics occurred by 2

weeks postnatal. The plexus of varicose axons developed predominantly between days 4 and

13, which agrees with previous light microscopy studies of catecholaminergic and peptidergic

nerves around similar vessels. Before day 4, the axons lacked varicosities and were mainly

contained in large bundles located in the outer region of the adventitia. By day 8, there were

more axons and most were distributed in smaller bundles. Some had grown through the

adventitia to lie at the medial–adventitial border and axon varicosities were also observed.

Some varicosities had formed rudimentary neuromuscular contacts. By day 13, there were

significantly more contacting varicosities compared to day 8. The ultrastructural study confirms

the general pattern of growth of mesenteric perivascular innervation [70] and suggests that

functional innervation of the muscle may begin early in postnatal development.

Development of perivascular innervation of the cerebral circulation parallels that of the

mesenteric vascular bed. The pre- and postnatal development of trigeminal CGRP [72], AChE

[73], NA [72,73], NPY [73], and VIP [73]-containing nerves supplying the cerebral arteries

has been studied by immunohistochemistry in rats. It was reported that before birth (embryo-

nic day (E) 18–19), CGRP fibers were present only as one or two longitudinal bundles

zigzagging along the anterior cerebral artery and anterior communicating artery. Growth

cone-like swellings were found at the terminals of individual fibers [72]. In contrast, at this

same prenatal age, NA fibers were present as a meshwork on all cerebral arteries. The density

of NA fibers was higher in the rostral than in the caudal parts of the circle of Willis; growth

cones were present on individual fibers at the middle segment of the basilar artery and distal

parts of major cerebral arteries. At postnatal day 1–2, the outgrowth of CGRP axons extended

along the walls of the middle cerebral and internal carotid arteries. These axons were

relatively straight and unbranched. At the same time, NA fibers increased in number and

density and continued to form the meshwork pattern on all cerebral arteries. At the end of the

first postnatal week, all the longitudinal NA bundles on the rostral part of the circle of Willis

began to form circular arborizations. At the end of the second postnatal week, the pattern of

NA innervation had completely changed, consisting almost entirely of circumferential rather
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than tangential fibers. Beginning in the first postnatal week, CGRP fibers increased greatly in

number and density and began to form a meshwork pattern. At the second postnatal week, the

pattern of CGRP innervation, compared to the pattern at fetal and neonatal stages, had

changed significantly, consisting predominantly of a meshwork pattern [72]. AChE-positive

and VIP-immunoreactive nerves from the internal ethmoidal artery covered the whole internal

carotid system during the first postnatal week and projected to the upper basilar artery after

the second week, whereas those from the cerebral carotid artery remained limited to the

middle cerebral artery throughout development [73]. By 4 weeks after birth, all fiber systems

achieved adult densities and patterns. All these nerves entered the cranial cavity along the

cerebral, carotid, internal ethmoidal, and vertebral arteries during the early stages of devel-

opment [73].

Although the timing is different, a similar pattern has been shown in the development of

human cerebrovascular perivascular innervation [74]. The development of cerebrovascular

nerves containing NA, AChE, NPY, and VIP in the basilar artery was histochemically or

immunohistochemically studied in human fetuses of various gestational ages. At the 12th

week of gestation, nerve fibers containing NA and AChE appeared. Both types of nerve fibers

consisted exclusively of the longitudinal nerve fibers running along the basilar arteries. Subse-

quently, the circular nerve fibers gradually increased and development was then completed by

the 20th week of gestation. NPY- and VIP-containing nerve fibers were detected in human fetal

cerebral arteries in the 16th week of gestation with development being completed by the 24th

week of gestation.

In conclusion, the development of peptidergic perivascular innervation clearly precedes full

development of the vascularized tissues, allowing for a possible role for perivascular innerva-

tion in morphological development and functional development of the vasculature and vascu-

larized tissues.

10. DISTRIBUTION OF PEPTIDERGIC PERIVASCULAR INNERVATION

The adult distribution of the peptides appears to vary from bed to bed and from one species to

another. The types of fiber present and the density of innervation varies according to vessel

diameter and location, with local function playing a role. While in the skin, preterminal

arterioles are densely innervated, controlling perfusion [75,76], the pulmonary circulation has

a low density of perivascular innervation [77–79], presumably reflecting that local perfusion is

determined by alveolar oxygen tension [80]. The range of distribution of the various types of

perivascular fiber was outlined in the early eighties in the guinea pig, where practically in

every vascular bed peptidergic fibers could be demonstrated. The presence of peptidergic

perivascular innervation was, for example, noted in the heart [81], in blood vessels of the

urinary and reproductive systems [82], and in the cerebral vascular bed [83]. About this time,

many of the noradrenergic nerves supplying the guinea pig cardiovascular system were found

also to contain NPY [84]. The literature has since then blossomed with attention being paid to

an increasing number of peptides, animal models, and to human vasculature. In some vascular

beds, the perivascular innervation is significantly involved in both the control of the circulation

and in disease processes. In this light, the perivascular innervation of the cranial/cerebral,

coronary, mesenteric and cutaneous vascular beds, and the vasculature of joints will be

reviewed further.
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11. CRANIAL AND CEREBRAL VASCULAR BEDS

The peptidergic perivascular innervation of cranial and cerebral blood vessels has been studied

using morphological, physiological, and pharmacological tools. The early studies mapped out

the distribution of the various fiber types in the branches of the external carotid arteries, in

particular the superficial temporal artery [85], and the intracranial branches of the internal

carotid and basilar. The source and distribution of the cerebral perivascular innervation has been

reviewed [86].

11.1 Branches of the external carotid

A sparse to moderate supply of nerve fibers immunoreactive for NPY, VIP, SP, and CGRP was

demonstrated in the walls of human middle meningeal arteries [87]. Comparison with similar

studies on human cerebral and temporal arteries indicated a similar distribution and density. The

peptidergic innervation of the human superficial temporal artery has been investigated by means

of immunohistochemical, ultrastructural, and in vitro pharmacological techniques [88]. A dense

network of nerve fibers was shown to be present in the adventitia. The majority of the nerve

fibers displayed immunoreactivity for tyrosine hydroxylase (TH) and NPY. A moderate supply

of perivascular nerve fibers showed either AChE activity or immunoreactivity for VIP, PHM, or

CGRP. Only a few nerve fibers were SP-, NKA-, and neuropeptide K (NPK)-immunoreactive.

In double immunostained preparations, SP immunoreactivity was shown to be colocalized with

NPK and CGRP in the same nerve fibers. Ultrastructural studies revealed the presence of

numerous axon varicosities at the adventitial–medial border. NPY, VIP, and CGRP immunor-

eactivities occurred in the same type of large granular vesicles, but in morphologically distinct

nerve profiles [88].

11.2 Branches of the internal carotid and basilar arteries

The peptidergic innervation of the guinea pig basilar artery and the posterior, middle, and

anterior cerebral arteries was studied by means of immunohistochemical and image analysis

techniques using whole mount preparations [89]. In all four cerebral arteries, the majority of

nerve fibers possessed NPY and TH immunoreactivity, with VIP, SP, and CGRP detected at

lower densities. A pharmacological study performed on small circular segments with an intact

endothelium revealed that, in all four cerebral arteries, NPY was a more potent constrictor than

NA. The rank order of potency for relaxant agents was CGRP= SP > VIP > ACh in the

posterior and middle cerebral arteries, and SP=CGRP > VIP > ACh in the basilar and

anterior cerebral arteries [89].

Although the brain has been the target of most studies of the perivascular innervation of the

internal carotid artery, the eye is also supplied by branches of the internal carotid artery. The

considerable peptidergic innervation of this organ, including the contribution from perivascular

nerve fibers, has been reviewed by Troger et al. [90].

A recent emphasis has been on the possible involvement of perivascular innervation in

disease processes such as migraine [88] and the value of peptidergic innervation as a target

for therapy [91,92]. The significant involvement of CGRP-immunoreactive perivascular nerve

fibers in cerebrovascular disease will be discussed later.
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12. THE CORONARY VASCULAR BED

The main peptides identified in nerves associated with coronary blood vessels are NPY, VIP,

CGRP, and the tachykinins SP and NK [93,94]. Perivascular innervation of the coronary vascular

bed has been shown to be important in the function of coronary arteries and veins and may be

important in cardiac ischemia and reperfusion and in coronary vasospasm. The peptidergic

innervation of proximal and distal regions of human epicardial coronary arteries has been

investigated by means of immunohistochemical, chromatographic, radioimmunological, and

in vitro pharmacological techniques [95]. The use of an antiserum to the general neuronal marker

protein gene product 9.5 revealed that the proximal part of epicardial arteries possessed a

relatively sparse supply of nerve fibers forming a loose network in the adventitia. In common

with most vascular beds, the perivascular network increased in density as the vessels were

followed distally. In both proximal and distal regions, the majority of nerve fibers possessed

NPY and TH immunoreactivity. VIP, AChE, CGRP-, and SP-immunoreactive nerve fibers

were very sparse in the proximal region of the arteries and increased in number distally. Only

a few scattered VIP-immunoreactive nerve fibers were detected in both arterial regions. An

isolated tissue method demonstrated that NPY did not produce a response in either proximal or

distal arterial segments [95,96]. In contrast, CGRP, SP, and VIP all produced a concentration-

dependent relaxation of both arterial regions. CGRP and SP were stronger and more potent than

VIP. CGRP and SP induced a more potent response in distal compared with proximal regions of

the arteries. A recent investigation of perivascular innervation in the rat heart also found a

differential distribution of nerve fiber types. While CGRP-immunoreactive perivascular fibers

were distributed fairly evenly in the atria and ventricles, NPY-positive fibers were found mostly

in the atria, with the most dense innervation being present on smaller diameter vessels [97].

13. THE MESENTERIC VASCULAR BED

The mesenteric vascular bed was an early subject for the investigation of perivascular innerva-

tion, probably due to its easy access and extensive vasculature in experimental animals. The bed

has acted as a model for various human disease states, such as hypertension, allowing thorough

characterization of the peptidergic perivascular innervation.

The mesenteric vascular bed in the rat has been shown to be densely innervated by

peptidergic perivascular nerve fibers [70]. SP- and CGRP-immunoreactive fibers are present

in high density in the mesenteric artery and mesenteric vein, whereas NPY-immunoreactive

fibers show a lower density. In jejunal arteries, SP-, CGRP-, and NPY-immunoreactive

fibers are more dense than in the mesenteric artery, with NPY-immunoreactive fibers

having the highest density. The fibers showing immunoreactivity to anti-VIP antibody

formed an innervation pattern that was different from that of the other peptides in that an

irregular and highly variable plexus was seen on the superior mesenteric artery and vein

and on the jejunal artery. The form of the fiber plexus was similar in the case of SP and

CGRP. The fibers forming a superficial plexus in the outer adventitia were smooth-surfaced

fiber bundles that branched to run more deeply. The deep plexus at the adventitial/medial

border was formed of beaded fibers, which seemed to run in all directions in the walls of

the superior mesenteric and jejunal arteries (Fig. 3), but with a circular orientation in

superior mesenteric veins (Fig. 4). No distinguishing features of either the mesh size or
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Figure 3. The beaded fibers of the CGRP-like immunoreactive plexus on a jejunal artery of an 8-week-old rat.

Calibration= 20mm.

Figure 4. The parallel circular SP-like immunoreactive fibers of a superior mesenteric vein from a 12-week-old rat.

Calibration= 20mm.



shape of the SP or CGRP networks were observed. No particular accumulation of fibers

occurred at branch points either in the superior mesenteric artery or the jejunal arteries. The

NPY network, however, was easily identifiable. The mesh was more consistent in both its

size and shape particularly in the jejunal arteries (Fig. 5). The distribution of NPY fibers in

the superior mesenteric artery was more sparse but dense in the superior mesenteric vein

(Fig. 6). The fibers appeared to be considerably more coarse than those of the SP/CGRP

plexus. The change in density of innervation from the superior mesenteric to the jejunal

arteries was obvious at the root of the jejunal arteries although again no clear concentration

of fibers occurred at the branch point. The VIP plexus on the distal jejunal artery and its

branches was somewhat regular (Fig. 7) but was much less regular on the proximal jejunal

and superior mesenteric arteries and on the superior mesenteric vein.

Most of the reports on the mesenteric vasculature have concerned its value as a model for

study of the cardiovascular system. The peptidergic innervation of the mesenteric vascular bed

has also been implicated in other disease states. Accumulating evidence indicates that the SP-

NK-1 receptor system represents a major immunoregulatory circuit involved in several physio-

logical and pathophysiological gut responses and disease [98].

14. THE SKIN

The skin has an extensive blood supply, reflective of its many functions. The perivascular

innervation is involved in both control of the vasculature and in the response of the skin to

Figure 5. The coarse fibers of the NPY-like immunoreactive plexus of a jejunal artery from an 8-week-old rat.

Calibration = 50mm.
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Figure 6. The parallel fibers of the NPY plexus of a vein from a 12-week-old rat. Calibration= 50mm.

Figure 7. The deep fibers of the VIP-like immunoreactive plexus of a branch from a jejunal artery from a 12-week-old

rat. Calibration= 25mm.



injury and disease. The innervation of cutaneous arterioles is different in smooth (glabrous) or

hairy (nonglabrous) areas of human skin. In the glabrous areas such as the palms and soles,

the arterioles are innervated only by noradrenergic fibers [99–103]. In nonglabrous areas,

cholinergic perivascular nerve fibers are also present [90–104]. Both the catecholaminergic

and cholinergic innervation of the cutaneous vasculature appear to be cotransmitter sys-

tems [105–107], with NPY being present in catecholaminergic nerve fibers and VIP being

released by cholinergic fibers. While the involvement of NPY in vasoconstriction in the skin has

been confirmed, there is still discussion on the agent acting with acetylcholine to cause

vasodilation [108]. The vasculature is also under local control by a wide range of factors

including cutaneous sensory nerves that release vasoactive peptides. The peptidergic innerva-

tion of the skin and neuronal skin function have recently been reviewed [109] and will not be

considered further.

15. THE JOINTS

The synovial membrane of joints is a highly vascular tissue lining the inner surface of the

joint capsule. The high vascularity of the synovium is thought to be responsible for the

turnover of synovial fluid [110], nutrition of chondrocytes, and provision of a source of

fresh monocytes to replace macrophages in the synovium [111,112]. The synovium is also

reported to be richly innervated [113], and many clinical and experimental findings have

suggested a contribution to neurogenic inflammation in rheumatoid arthritis (RA) [114,115].

Early studies of human joints suggested a decrease of peptidergic innervation in human

synovium in RA [116,117]. Immunohistochemical studies have demonstrated nerve fibers

containing neuropeptides, such as SP, CGRP, VIP, NPY, and enkephalin in the synovium of

human patients with arthritis [118,119] and of normal as well as adjuvant arthritic rats

[120–122]. In the dog immunohistochemical investigations with the general neuronal mar-

ker, PGP 9.5 revealed that almost all neuronal structures in the synovium were associated

with the arterial tree [123]. The perivascular innervation extended from the main artery to

the precapillary arteriole, suggesting an intimate relationship between neuronal regulation

and arterial function. Immunostaining for neuropeptides and TH showed the occurrence of

SP, CGRP, VIP, NPY and TH immunoreactivities in these synovial nerve fibers. All of

these peptides and TH immunoreactivities were demonstrated in varicose nerve fibers

around the main artery, primary branches, and secondary or tertiary branches. Around

more distal small arteries, SP-, CGRP-, NPY-, and TH-immunoreactive fibers were found,

whereas VIP-immunoreactive fibers were no longer seen. At the most peripheral precapil-

lary arterioles, only SP- and CGRP-immunoreactive fibers were found. Based on these

findings, Nakayama et al. [123] suggest that the arterial tree receives input from different

types of nerve fibers and that the neuronal effects vary according to the branching pattern.

It appears that blood flow in the synovial fold in the dog wrist joint is regulated by at least

three different nerve systems with regional differences. The proximal parts of the arterial

tree are regulated by one vasoconstrictive system of NPY-containing noradrenergic sympa-

thetic fibers and two vasodilative systems of VIP-containing noncatecholaminergic sympa-

thetic fibers and of SP- and CGRP-containing sensory fibers. The more distal parts of the

arterial branches are controlled by a vasoconstrictive NPY/noradrenergic sympathetic sys-

tem and by vasodilatory SP/CGRP perivascular nerve fibers. The most peripheral sublining

arterioles appear to be under the influence of SP/CGRP perivascular fibers alone.
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The role of perivascular peptidergic innervation in neurogenic inflammation has a long

history. Neurogenic inflammation is a process in which capsaicin-sensitive, afferent nerves

fire in an antidromic direction to cause the peripheral release of sensory neuropeptides from

nerve terminals [124]. In joints, antidromic electrical stimulation of sensory nerves results in

protein extravasation and vasodilation of articular blood vessels [125,126], whereas chemical

activation of these nerves by local capsaicin treatment causes obvious synovial hyperemia

[127,128]. Sensory neuropeptides, which have been shown to be vasodilatory in joints and

are therefore considered neurogenic inflammatory mediators, include SP [129–131], CGRP

[132,133], and VIP [134]. In acutely inflamed rat knee joints, stimulation of mast cells and

leukocytes leading to the secondary release of proinflammatory mediators into the joint subse-

quently stimulates sensory neuropeptide release from capsaicin-sensitive nerves culminating in

vasodilation and increased articular blood flow [135].

16. CLINICAL SIGNIFICANCE AND FUTURE RESEARCH DIRECTIONS

Peptidergic perivascular innervation has been shown to be involved in growth, maintenance,

and disease in most tissues and organs in the body. As such it is a prime target for therapeutic

intervention. Although the nerves, their peptides, and receptors are well described, further work

is still necessary before a full description and understanding is achieved. At this time, however,

knowledge of this system forms the basis for many approaches, particularly in the case of the

following important conditions.

16.1 Myocardial infarction

An extensive series of studies has shown that CGRP is not only an important mediator in early

protection of cardiac ischemic preconditioning [136,137] but also participates in mediation of

delayed cardioprotection afforded by other stimuli, such as heat stress [138], intestinal ischemia

[139], and some drugs [140,141]. In the cardioprotection of preconditioning, early protection is

ascribed to stimulation of CGRP release, whereas delayed protection is related to elevation of

the synthesis and release of CGRP. Li and coworkers [142] have shown that cardiac ischemic

preconditioning remarkably reduced infarct size and decreased creatine kinase release during

ischemia–reperfusion, concomitantly with an increase in concentration of CGRP in plasma and

the level of CGRP mRNA in dorsal root ganglion, a major site of CGRP synthesis. The effects

of preconditioning were abolished by capsaicin. All indications suggest that delayed cardiopro-

tection induced by various factors is related to the synthesis and release of CGRP.

16.2 Hypertension

Peptidergic perivascular innervation is an important contributor to the development, mainte-

nance, and control of the cardiovascular system. As such it is an important therapeutic target in

cardiovascular disease. There is some evidence that changes in peptidergic innervation con-

tribute to the development of hypertension. The sympathetic innervation of the mesenteric

vascular bed has been shown to be hypertrophied in the spontaneously hypertensive rat (SHR)

[66,67]. Although CGRP and SP have been reported to be involved in hypertension, the

experimental results are ambiguous. In addition to its involvement in normal vascular tone,

CGRP has been proposed as an antihypertensive agent in that a loss of CGRP-immunoreactive
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perivascular nerves occurs as hypertension develops in the SHR [143–145]. A reduction in loss

of CGRP-immunoreactive perivascular fibers and an increase in the expression of CGRP

mRNA in the SHR has been shown as a result of angiotensin II type-I receptor blockade and

angiotensin converting enzyme inhibition [145–148]. Lind and Edvinsson [149] have reported

enhanced CGRP-induced vasodilation in human subcutaneous arteries in hypertension.

The increased relaxant response was present in essential hypertension and renovascular

hypertension subgroups. SP-induced vasodilation was not altered by human hypertension.

Kawasaki et al. [150] also reported a change in CGRP innervation in hypertension, suggesting

that the decreased vasodilator mechanism by CGRP-containing nerves contributes to the

development and maintenance of hypertension. Perivascular nerve stimulation of the perfused

mesenteric vascular bed evoked an increased release of CGRP-like immunoreactive substance

in the perfusate, which was significantly less in 15-week-old SHR than in age-matched Wistar–

Kyoto (WKY) rats. Immunohistochemical studies [150] showed an age-related decrease in

CGRP-like immunoreactive fibers in the SHR but not in WKY rats. These results suggest that

CGRP-containing vasodilator innervation is greatly decreased when the SHR develop and

maintain hypertension. The role of SP in hypertension has not been fully determined although

increased SP content has been shown in nerve fibers associated with mesenteric veins from

deoxycorticosterone acetate-salt hypertensive rats [8].

16.3 Atherosclerosis

The peptides of coronary perivascular nerve fibers may play a role in atherosclerosis. Early

models of atherosclerosis revealed loss of perivascular innervation [151]. Subsequent studies

showed that perivascular denervation was not responsible for atherogenesis [152,153]. It has

been shown that mast cells in the adventitia of coronary arteries are closely related to pepti-

dergic perivascular nerves staining positive for the peptide neurotransmitters SP, VIP, and

CGRP, all potentially capable of stimulating mast cells. Contacts between adventitial mast cells

and peptidergic sensory fibers were more frequent in atherosclerotic segments of coronary

vessels than in the control segments [154]. It is possible that this relationship is the basis for

neurogenic inflammation in the heart.

16.4 Migraine

Although the involvement of peptidergic perivascular innervation in migraine has been sus-

pected for many years, recent studies have confirmed the involvement of the trigeminal system

[155,156]. As described earlier, the intracranial vessels are innervated by SP, CGRP, and NKA

immunopositive fibers [20], but it appears that only the CGRP fibers are involved in migraine

[20,157,158]. Migraine research is now focused, among other avenues [150], on prevention

through interference with CGRP synthesis, release, and receptor binding.

16.5 Cutaneous disease

There is significant evidence that the cutaneous peripheral nervous system, including the

peptidergic perivascular innervation, plays an important role in the extensive catalog of normal

skin function and the wide range of skin diseases. Arterial sections of arteriovenous anasto-

moses, precapillary sphincters of metarterioles, arteries, and capillaries appear to be the most

intensely innervated regions. Although sensory nerves are important for vasodilation,

64 Thomas M. Scott and Michael M. Scott



neuropeptides from sympathetic neurons such as NPY mediate vasoconstriction supporting an

important role for neuropeptides in vascular regulation. Both endothelial cells and smooth

muscle cells respond to neuronal modulation during processes such as inflammation, cellular

immune responses, neovascularization, wound healing [109], and heating and cooling [108]. A

recent review by Roosterman et al. [109] considers the role of innervation in urticaria, psoriasis,

atopic dermatitis, immediate and delayed-type hypersensitivity, wound healing, and pruritus,

confirming the important role played by peptides in cutaneous disease. Hendrix and Peters [159]

have reviewed key studies on bilateral neuroimmune interactions in the skin under both healthy

and disease conditions providing a basis for future research. In the skin, “itch” (pruritus),

“excessive sweating” (hyperhidrosis), and “flushing” (facial erythema) and many dermatoses

such as atopic dermatitis, psoriasis, seborrheic eczema, prurigo nodularis, lichen planus, chronic

urticaria, and alopecia areata, can be triggered or aggravated by stress [160], working through the

central and peripheral nervous systems. Thus, the peptidergic innervation of the skin can be seen

as a novel therapeutic target in the prevention of cutaneous disease in response to stress [161].

16.6 Arthritis

Classical symptoms of both inflammatory and degenerative arthritis may contribute to neuro-

genic responses like wheal, flare, edema, and pain. RA is an autoimmune disease with a

significant immunogenetic component. Neurogenic inflammation has been considered to play

an essential role in RA, in part because of the symmetrical and predominant involvement of the

most heavily innervated small joints of the hands and the feet. It is possible that the age-related

degeneration of the proprioceptive, kinesthetic, and vasoregulatory nerves represents the pri-

mary pathogenic events, leading to progressive damage of tissue with extremely poor capacity

for self-regeneration [162]. The peptides of the perivascular innervation are involved in the

process of RA and represent a target for the development of new therapeutic approaches.

17. CONCLUSION

Peptidergic perivascular innervation is one component of a complex control system that

influences the vasculature and the tissues supplied by blood vessels. The system acts both

under the control of the central nervous system and independent of it, responding to local

conditions through the release of peptides. Peptides released by perivascular nerves not only act

on local vascular tissues to alter blood flow but also interact with the components of other body

systems resulting in an integrated response. Conversely, dysregulation of peptidergic innerva-

tion may be seen as an important contributor to the pathology of a variety of common medical

conditions.

REFERENCES

1. Furness JB, Costa M, Papka RE, Della NG, Murphy R. Neuropeptides contained in

peripheral cardiovascular nerves. Clin Exp Hypertens A 1984;6(1–2):91–106.

2. von Euler US, Gaddum JH. An unidentified depressor substance in certain tissue extracts.

J Physiol (Lond) 1931;72:74–87.

Peptidergic Innervation of Blood Vessels 65



3. Cascieri MA, Huang RR, Fong TM, Cheung AH, Sadowski S, Ber E et al. Determination

of the amino acid residues in substance P conferring selectivity and specificity for the rat

neurokinin receptors. Mol Pharmacol 1992;41:1096–1099.

4. Maggi CA. The mammalian tachykinin receptors. Gen Pharmacol 1995;26:911–944.

5. Hastrup H, Schwartz TW. Septide neurokinin A are high-affinity ligands on the NK-1

receptor: evidence from homologous versus heterologous binding analysis. FEBS Lett

1996;399:264–266.

6. Lecci A, Maggi CA. Peripheral tachykinin receptors as potential therapeutic targets in

visceral diseases. Expert Opin Ther Targets 2003;7:343–362.

7. Page NM. New challenges in the study of the mammalian tachykinins. Peptides

2005;26:1356–1368.

8. Pennefather JN, Leccib A, Candenasc ML, Patakd E, Pintoc FM, Maggi CA. Tachykinins

and tachykinin receptors: a growing family. Life Sci 2004;74:1445–1463.

9. Kim HR, Lavielle S, Sagan S. The two NK-1 binding sites are distinguished by

one radiolabelled substance P analogue. Biochem Biophys Res Commun 2003;306:

725–729.

10. Brain SD, Grant AD. Vascular actions of calcitonin gene-related peptide and adrenome-

dullin. Physiol Rev 2004;84:903–934.

11. Galligan JJ, Miller SB, Katki K, Supowit S, DiPette D, Fink GD. Increased substance P

content in nerve fibers associated with mesenteric veins from deoxycorticosterone acetate

(DOCA)-salt hypertensive rats. Regul Pept 2006;133:97–104.

12. D’Orleans-Juste P, Claing A, Telemaque S, Warner TD, Regoli D. Neurokinins produce

selective venocontriction via NK-3 receptors in the rat mesenteric vascular bed. Eur J

Pharmacol 1991;204:329–334.

13. Grant AD, Gerard NP, Brain SD. Evidence of a role for NK-1 and CGRP receptors in

mediating neurogenic vasodilation in the mouse ear. Br J Pharmacol 2002;135:356–362.

14. Burns DM, Howard GA, Roos BA. An assessment of the anabolic skeletal actions of the

common-region peptides derived from the CGRP and calcitonin prohormones. Ann N Y

Acad Sci 1992;657:50–62.

15. Amara SG, Arriza JL, Leff SE, Swanson LW, Evans RM, Rosenfeld MG. Expression in

brain of a messenger RNA encoding a novel neuropeptide homologous to calcitonin gene-

related peptide. Science 1985;229:1094–1097.

16. Mclatchie LM, Fraser NJ, Main MJ, Wise A, Brown J, Thompson N et al. RAMPs

regulate the transport and ligand specificity of the calcitonin-receptor-like-receptor. Nat-

ure 1998;393:333–339.

17. Brain SD, Williams TJ, Tippins JR, Morris HR, MacIntyre I. Calcitonin gene-related

peptide is a potent vasodilator. Nature 1985;313:54–56.

18. Saetrum Opgaard O, Gulbenkian S, Bergdahl A, Barroso CP, Costa Andrade N, Polak JM

et al. Innervation of human epicardial coronary veins: immunohistochemistry and vaso-

motility. Cardiovasc Res 1995;29:463–468.

19. Gulbenkian S, Saetrum Opgaard O, Ekman R, Costa Andrade N, Wharton J, Polak JM

et al. Peptidergic innervation of human epicardial coronary arteries. Circ Res

1993;73:579–588.

20. Edvinsson L. Blockade of CGRP receptors in the intracranial vasculature: a new target in

the treatment of headache. Cephalalgia 2004;24:611–622.

21. Wimalawansa SJ. Blood pressure and cardiovascular tone: role of CGRP family of

peptides. Scientific World 2001;1:32.

66 Thomas M. Scott and Michael M. Scott



22. Chang Y, Stover SR, Hoover DB. Regional localization and abundance of calcitonin gene-

related peptide receptors in guinea pig heart. J Mol Cell Cardiol 2001;33:745–754.

23. Coupe MO, Mak JC, Yacoub M, Oldershaw PJ, Barnes PJ. Autoradiographic mapping of

calcitonin gene-related peptide receptors in human and guinea pig hearts. Circulation

1990;81:741–747.

24. Poyner DR, Sexton PM, Marshall I, Smith DM, Quirion R, Born W et al. International

Union of Pharmacology: XXXII. The mammalian calcitonin gene-related peptides, adre-

nomedullin, amylin, and calcitonin receptors. Pharmacol Rev 2002;54:233–246.

25. Saetrum Opgaard O, Hasbak P, de Vries R, Saxena PR, Edvinsson L. Positive inotropy

mediated via CGRP receptors in isolated human myocardial trabeculae. Eur J Pharmacol

2000;397:373–382.

26. Gangula PRR, Zhao H, Supowit SC, Wimalawansa SJ, Dipette DJ, Westlund KN

et al. Increased blood pressure in alpha-calcitonin gene-related peptide/calcitonin gene

knockout mice. Hypertension 2000;35:470–475.

27. Lu JT, Son Y-J, Lee J, Jetton TJ, Shiota M, Moscoso L et al. Mice lacking alpha-calcitonin

gene-related peptide exhibit normal cardiovascular regulation and neuromuscular devel-

opment. Mol Cell Neurosci 1999;14:99–120.

28. Edvinsson L, Hfakanson R, Wahlestedt C, Uddman R. Effects of neuropeptide Y on the

cardiovascular system. Trends Pharmacol Sci 1987;8:231–235.

29. Edvinsson L, Ekman R, Hedner P, Valdermarsson S. Congestive heart failure: involve-

ment of perivascular peptides reflecting activity in sympathetic, parasympathetic and

afferent fibres. Eur J Clin Invest 1990;20:85–89.

30. Tseng C-J, Robertson D, Light RT, Atkinson JR, Robertson RM. Neuropeptide Y is a

vasoconstrictor of human coronary arteries. Am J Med Sci 1988;296:11–16.

31. Brain SD, Cox HM. Neuropeptides and their receptors: innovative science providing

novel therapeutic targets. Br J Pharmacol 2006;147:S202–S211.

32. Gulbenkian S, Saetrum Opgaard O, Ekman R, Costa Andrade N, Wharton J, Polak JM

et al. Peptidergic innervation of human epicardial coronary arteries. Circ Res

1993;73:579–588.

33. Jansen I, Uddman R, Ekman R, Olesen J, Ottosson A, Edvinsson L. Distribution and

effects of neuropeptide Y, vasoactive intestinal peptide, substance P, and calcitonin gene-

related peptide in human middle meningeal arteries: comparison with cerebral and

temporal arteries. Peptides 1992;13(3):527–536.

34. Fallgren B, Ekblad E, Edvinsson L. Co-existence of neuropeptides and differential

inhibition of vasodilator responses by neuropeptide Y in guinea pig uterine arteries.

Neurosci Lett 1989;100:71–76.

35. Gulbenkian S, Edvinsson L, Saetrum Opgaard O, Valenqa A, Wharton J, Polak

JM. Neuropeptide Y modulates the action of vasodilator agents in guinea pig epicardial

coronary arteries. Regul Pept 1992;40:351–362.

36. Pedrazzini T, Seydoux J, Kunster P, Aubert J-F, Grouzmann E, Beermann F

et al. Cardiovascular response, feeding behavior and locomotor activity in mice lacking

the NPY Y1 receptor. Nature 1998;4(6):722–726.

37. Smith-White MA, Herzog H, Potter EK. Cardiac function in neuropeptide Y Y4 receptor-

knockout mice. Regul Pept 2002;110:47–54.

38. Naveilhan P, Hassani H, Canals JM, Ekstrand AJ, Larefalk A, Chhajlani V et al. Normal

feeding behavior, body weight and leptin response require the neuropeptide Y Y2 receptor.

Nature 1999;5(10):1188–1193.

Peptidergic Innervation of Blood Vessels 67



39. Laburthe M, Couvineau A, Marie JC. VPAC receptors for VIP and PACAP. Recept

Channels 2002;8(3–4):137–153.

40. Franco-Cereceda A, Rudehill A. Capsaicin-induced vasodilation of human coronary

arteries in vitro is mediated by calcitonin gene-related peptide rather than substance P

or neurokinin. Acta Physiol Scand 1989;136:575–580.

41. Popma JJ, Smitherman TC, Bedotto JB, Eichhorn EJ, Said SI, Dehmer GJ. Direct coronary

vasodilation induced by intracoronary vasoactive intestinal peptide. J Cardiovasc Phar-

macol 1990;16:1000–1006.

42. Ignarro LJ, Byrns RE, Buga GM, Wood KS. Mechanisms of endothelium-dependent

vascular smooth muscle relaxation elicited by bradykinin and VIP. Am J Physiol

1987;253:H1074–H1082.

43. Sata T, Linden J, Liu L-W, Kubota E, Said SI. Vasoactive intestinal peptide evokes

endothelium-dependent relaxation and cyclic AMP accumulation in rat aorta. Peptides

1988;9:853–858.

44. Pernow J, Lundberg JM. Neuropeptide Y induces potent contraction of arterial vascular

smooth muscle via an endothelium independent mechanism. Acta Physiol Scand

1988;134:157–158.

45. Said SI, Hamidi A, Dickman KG, Szema AM, Lyubsky S, Lin RZ et al. Moderate

pulmonary arterial hypertension in male mice lacking the vasoactive intestinal peptide

gene. Circulation 2007;115:1260–1268.

46. Edvinsson L, Uddman R, Juul R. Peptidergic innervation of the cerebral circulation. Role

in subarachnoid hemorrhage in man. Neurosurg Rev 1990;13(4):265–272.

47. Edvinsson L, Hara H, Uddman R. Retrograde tracing of nerve fibers to the rat middle

cerebral artery with true blue: colocalization with different peptides. J Cereb Blood Flow

Metab 1989;9(2):212–218.

48. Alafaci C, Tomasello F, Burnstock G. Histochemical and immunohistochemical study of

noradrenergic, serotonergic and peptidergic innervation of the cerebral circulation. Funct

Neurol 1987;2(4):417–420.

49. Hökfelt T, Johansson O, Ljungdahl A, Lundberg JM, Schultzberg M. Peptidergic neurons.

Nature 1980;284:515–521.

50. Lundberg JM, Terenius L, Hökfelt T, Martling CR, Tatemoto K, Mutt V

et al. Neuropeptide Y (NPY)-like immunoreactivity in peripheral noradrenergic

neurons and effects of NPY on sympathetic function. Acta Physiol Scand 1982;116:

477–480.

51. Lundberg JM, Franco-Cereceda A, Hokfelt T, Terenius L, Goldstein M. Differential

effects of reserpine and 6-hydroxydopamine on neuropeptide Y (NPY) and noradrenaline

in peripheral neurones. Naunyn Schmiedebergs Arch Pharmacol 1985;328:331–340.

52. Lazarov NE. Comparative analysis of the chemical neuroanatomy of the mammalian

trigeminal ganglion and mesencephalic trigeminal nucleus. Prog Neurobiol

2002;66:19–59.

53. Gulbenkian S, Edvinsson L, Saetrum Opgaard O, Wharton J, Polak JM et al. Peptide-

containing nerve fibres in guinea-pig coronary arteries: immunohistochemistry, ultrastruc-

ture and vasomotility. J Auton Nerv Syst 1990;31:153–168.

54. Wharton J, Gulbenkian S, Mulderry PK, Ghatei MA, MacGregor GP, Bloom SR

et al. Capsaicin induces a depletion of calcitonin gene-related peptide (CGRP)-

immunoreactive nerves in the cardiovascular system of the guinea pig and rat.

J Auton Nerv Syst 1986;16:289–309.

68 Thomas M. Scott and Michael M. Scott



55. Franco-Cereceda A, Henke H, Lundberg JM, Petermann JB, Hökfelt T, Fischer

JA. Calcitonin gene-related peptide (CGRP) in capsaicin-sensitive substance P-immu-

noreactive sensory neurons in animals and man: distribution and release by capsaicin.

Peptides 1987;8:399–410.

56. Lundberg JM, Franco-Cereceda A, Hua X, Hökfelt T, Fischer JA. Co-existence of sub-

stance P and calcitonin gene-related peptide-like immunoreactivities in sensory nerves in

relation to cardiovascular and bronchoconstrictor effects of capsaicin. Eur J Pharmacol

1985;108:315–319.

57. Scott T M, Robinson J, Foote J. Two fibre plexuses of the rat mesenteric vascular bed. J

Anat 1987;152:262.

58. Gulbenkian S, Merighi A, Wharton J, Varndell IM, Polak JM. Ultrastructural evidence for

the coexistence of calcitonin gene-related peptide and substance P in secretory vesicles of

peripheral nerves in the guinea pig. J Neurocytol 1986;15: 535–542.

59. Edvinsson L, Emson P, McCulloch J, Tatemoto K, Uddman R., Neuropeptide

Y. Cerebrovascular innervation and vasomotor effects in the cat. Neurosci Lett

1983;43:79–84.

60. Edvinsson L, Copeland JR, Emson PC, McCulloch J, Uddman R. Nerve fibres containing

neuropeptide Y in the cerebrovascular bed: immunocytochemistry, radioimmunoassay,

and vasomotor effects. J Cereb Blood Flow Metab 1987;7:45–57.

61. Nielsen KC, Owman C. Adrenergic innervation of pial arteries related to the circle of

Willis in the cat. Brain Res 1967;6:773–776.

62. Edvinsson L, Hara H, Uddman R. Retrograde tracing of nerve fibres to the rat middle

cerebral artery with True Blue. Colocalization with different peptides. J Cereb Blood Flow

Metabol 1989;9:212–228.

63. Edvinsson L, Nielsen KC, Owman C, Sporrong B. Cholinergic mechanisms in pial vessels.

Histochemistry, electron microscopy and pharmacology. Z Zellforsch 1972;311:311–325.

64. Hamel E, Edvinsson L, MacKenzie ET. Heterogeneous vasomotor responses of anatomi-

cally distinct feline cerebral arteries. Br J Pharmacol 1988;94:423–436.

65. Larsson LI, Edvinsson L, Fahrenkrug J, Hanson R, Owman C, Schaffalitzky D

et al. Immunohistochemical localization of a vasodilatory polypeptide (VIP) in cerebro-

vascular nerves. Brain Res 1976;113:400–404.

66. Luff SE, Young SB, McLachlan EM. Hyperinnervation of mesenteric arteries in sponta-

neously hypertensive rats by sympathetic but not primary afferent axons. J Vasc Res

2005;42(4):348–358.

67. Scott TM, Pang SC. The correlation between the development of sympathetic innervation

and the development of medial hypertrophy in jejunal arteries in normotensive and

spontaneously hypertensive rats. J Auton Nerv Syst 1983;8:25–32.

68. Hobara N, Goda AM, Kitamura AY, Sendou BT, Gomitac C, Kawasakia H.

Adrenomedullin facilitates reinnervation of phenol-injured perivascular nerves in the rat

mesenteric resistance artery. Neuroscience 2007;144:721–730.

69. Hobara N, Nakamura A, Ohtsuka A, Narasaki M, Shibata K, Gomoita Y et al. Distribution

of adrenomedullin-containing perivascular nerves in the rat mesenteric artery. Peptides

2004;25:589–599.

70. Scott TM, Robinson J, Foote J. The peptidergic innervation of the developing mesenteric

vascular bed in the rat. J Anat 1989;62:177–183.

71. Luff SE. Development of neuromuscular junctions on small mesenteric arteries of the rat.

J Neurocytol 1999;28(1):47–62.

Peptidergic Innervation of Blood Vessels 69



72. Tsai SH, Tew JM, Shipley MT. Cerebral arterial innervation: II. Development of calcitonin-

gene-related peptide and norepinephrine in the rat. J Comp Neurol 1989;279(1):1–12.

73. Ando K, Ishikawa A, Kawakami H, Sakuma Y. Development of AChE-positive, NA-

containing and VIP- and NPY-immunoreactive nerves in the major cerebral arteries of the

rat. Anat Embryol (Berl) 1991;184(1):25–32.

74. Kawamura K, Takebayashi S. The development of noradrenaline acetylcholinesterase-,

neuropeptide Y- and vasoactive intestinal polypeptide-containing nerves in human cere-

bral arteries. Neurosci Lett 1994;175(1–2):1–4.

75. Gibbins IL, Morris JL. Sympathetic noradrenergic neurons containing dynorphin but not

neuropeptide Y innervate small cutaneous blood vessels of guinea-pigs. J Auton Nerv Syst

1990;29:137–150.

76. Janig W, Baron R. Complex regional pain syndrome is a disease of the central nervous

system. Clin Auton Res 2002;12:150–164.

77. Cech S. Adrenergic innervation of blood vessels in the lung of some mammals. Acta Anat

1969;74:169–182.

78. O’Donnell SR, Saar N, Wood LJ. The density of adrenergic nerves at various levels in the

guinea pig lung. Clin Exp Pharmacol Physiol 1978;5:325–332.

79. Haberberger R, Schemann M, Sann H, Kummer W. Innervation pattern of guinea pig

pulmonary vasculature depends on vascular diameter. J Appl Physiol 1997;82:426–434.

80. West JB. Blood flow to the lung and gas exchange. Anesthesiology 1974;41:124–138.

81. Wharton J, Polak JM, Mcgregor GP, Bishop AE, Bloom SR. The distribution of substance

P-like immunoreactive nerves in the guinea-pig heart. Neuroscience 1981;6:2193–2204.

82. Wharton J, Polak JM, Probert J, De May GP, Mcgregor GP, Bryant MG et al. Peptide

containing nerves in the ureter of the guinea-pig and cat. Neuroscience 1981;6:969–982.

83. Wanaka A, Matsuyama T, Yoneda S, Kimura K, Kamada T, Girgis S et al. Origins and

distribution of calcitonin gene-related peptide-containing nerves in the walls of the

cerebral arteries of the guinea-pig with special reference to the coexistence with substance

P. Brain Res 1986;369:185–192.

84. Uddman R, Ekblad E, Edvinsson L, Hakanson R, Sundler F. Neuropeptide Y-like

immunoreactivity in perivascular nerve fibres of the guinea-pig. Regul Pept

1985;10:243–257.

85. Uddman R, Edvinsson L, Hara H. Axonal tracing of autonomic nerve fibers to the

superficial temporal artery in the rat. Cell Tissue Res 1989;256:559–565.

86. Edvinsson L, Hamel E. Perivascular nerves in brain vessels. In: Edvinsson L, Krause DN,

eds. Cerebral Blood Flow and Metabolism 2nd ed. Philadelphia, PA: Lippincott

Williams & Wilkins, 2002; pp. 43–67.

87. Jansen I, Uddman R, Ekman R, Olesen J, Ottosson A, Edvinsson L. Distribution and

effects of neuropeptide Y, vasoactive intestinal peptide, substance P, and calcitonin gene-

related peptide in human middle meningeal arteries: comparison with cerebral and

temporal arteries. Peptides 1992;13(3):527–536.

88. Olesen IJ, Gulbenkian S, Valenca A, Antunes JL, Wharton J, Polak JM et al. The

peptidergic innervation of the human superficial temporal artery: immunocytochemistry,

ultrastructure, and vasomotilin. Peptides 1995;16(2):275–287.

89. You J, Gulbenkian S, Jansen Olesen I, Marron K, Wharton J, Barroso CP et al. Peptidergic

innervation of guinea-pig brain vessels: comparison with immunohistochemistry and in

vitro pharmacology in rostrally and caudally located arteries. J Auton Nerv Syst

1995;55(3):179–188.

70 Thomas M. Scott and Michael M. Scott



90. Troger J, Kieselbach G, Teuchner B, Kralinger M, Nguyen OA, Haas G et al. Peptidergic

nerves in the eye, their source and potential pathophysiological relevance. Brain Res Rev

2007;53:39–62.

91. Edvinsson L. Calcitonin gene-related peptide (CGRP) in cerebrovascular disease. Sci

World J 2002;30(2):1484–1490.

92. Geppetti P, Trevisani M, Nicoletti P, Capone JG. Cephalic pain. Neurol Sci

2006;27:S111–S114.

93. Nobin A, Owman C, Arenklo-Nobin B eds. Neuronal Messengers in Vascular Function.

Amsterdam: Elsevier Science Publishing Co, Inc, 1987; p. 570.

94. Wharton J, Gulbenkian S. Peptides in the mammalian cardiovascular system. Experientia

1987;43:821–832.

95. Gulbenkian S, Saetrum Opgaard O, Ekman R, Costa Andrade N, Wharton J, Polak JM

et al. peptidergic innervation of human epicardial coronary arteries. Circ Res

1993;73:579–588.

96. Saetrum Opgaard O, Gulbenkian S, Bergdahl A, Barroso CP, Costa Andrade N, Polak JM

et al. Innervation of human epicardial coronary veins: immunohistochemistry and vaso-

motility. Cardiovasc Res 1995;29:463–468.

97. Sequeiraa IM, Haberbergera RV, Kummera W. Atrial and ventricular rat coronary arteries

are differently supplied by noradrenergic, cholinergic and nitrergic, but not sensory nerve

fibres. Ann Anat 2005;187:345–355.

98. Koon HW, Pothoulakisi C. Immunomodulatory properties of substance P: the gastroin-

testinal system as a model. Ann NY Acad Sci 2006;1088:23–40.

99. Fox RH, Edholm OG. Nervous control of the cutaneous circulation. Br Med Bull

1963;19:110–114.

100. Johnson JM. Nonthermoregulatory control of human skin blood flow. J Appl Physiol

1986;61:1613–1622.

101. Johnson JM, Brengelmann GL, Hales JRS, Vanhoutte PM, Wenger CB. Regulation of the

cutaneous circulation. Fed Proc 1986;45:2841–2850.

102. Johnson JM, Proppe DW. Cardiovascular adjustments to heat stress. In: Fregley MJ,

Blatteis CM, eds. Handbook of Physiology. Environmental Physiology. Bethesda, MD:

Am. Physiol Soc., 1996; pp. 215–243.

103. Rowell LB. Reflex control of the cutaneous vasculature. J Invest Dermatol

1977;69:154–166.

104. Charkoudian N, Johnson JM. Reflex control of cutaneous vasoconstrictor system is reset

by exogenous female reproductive hormones. J Appl Physiol 1999;87:381–385.

105. Stephens DP, Aoki K, Kosiba WA, Johnson JM. Nonnoradrenergic mechanism of

reflex cutaneous vasoconstriction in men. Am J Physiol Heart Circ Physiol

2001;280:H1496–H1504.

106. Thompson CS, Kenney WL. Altered neurotransmitter control of reflex vasoconstriction in

aged human skin. J Physiol 2004;558:697–704.

107. Kellogg DL, Pergola PE, Kosiba WA, Grossmann M, Johnson JM. Cutaneous active

vasodilation in humans is mediated by cholinergic nerve co-transmission. Circ Res

1995;77:1222–1228.

108. Kellogg DL. In vivo mechanisms of cutaneous vasodilation and vasoconstriction in

humans during thermoregulatory challenges. J Appl Physiol 2006;100:1709–1718.

109. Roosterman D, Goerge T, Schneider SW, Bunnett NW, Steinhoff M. Neuronal control of

skin function: the skin as a neuroimmunoendocrine organ. Physiol Rev 2006;86: 1309–1379.

Peptidergic Innervation of Blood Vessels 71



110. Levick JR. An investigation into the validity of subatmospheric pressure recordings from

synovial fluid and their dependence on joint angle. J Physiol 1979;289:55–67.

111. Edwards JCW. Functions of synovial lining. In: Henderson B, Edwards JCW, eds. The

Synovial Lining in Health and Disease. London: Chapmann & Hall, 1987; 41–74.

112. Wilkinson LS, Edwards JCW. Microvascular distribution in normal human synovium.

J Anat 1989;167:129–136.

113. Kennedy JC, Alexander J, Hayer KC. Nerve supply of the human knee and its functional

importance. Am J Sports Med 1982;10:329–335.

114. Levine JD, Moskowitz MA, Basbaum AT. The contribution of neurogenic inflammation

in experimental arthritis. J Immunol 1985;135:843–847.

115. Kidd BL, Mapp PI, Gibson SJ, Polak JM, O’Higgins F, Buckland-Wright, JC. Hypothesis.

A neurogenic mechanism for symmetrical arthritis. Lancet 1989;2:1128–1130.

116. Pereira da Silva JA, Carmo-Fonseca M. Peptide containing nerves in human synovium:

immunohistochemical evidence for decreased innervation in rheumatoid arthritis.

J Rheumatol 1990;17(12):1592–1599.

117. Mapp PI, Kidd BL, Gibson SJ, Terry JM, Revell PA, Ibrahim NB et al. Substance P-,

calcitonin gene-related peptide- and C-flanking peptide of neuropeptide Y-immunoreactive

fibres are present in normal synovium but depleted in patients with rheumatoid arthritis.

Neuroscience 1990;37(1):143–153.

118. Gronblad R, Konttinen YT, Korkala O, Liesi P, Hukkanen M, Polak JM. Neuropeptides in

synovium of patients with rheumatoid arthritis and osteoarthritis. J Rheum

1988;16:1807–1810.

119. Silva JAP, Carmo-Fonseca M. Peptide containing nerves in human synovium: Immuno-

histochemical evidence for decreased innervation in rheumatoid arthritis. J Rheum

1990;17:1592–1599.

120. Bjurholm A, Kreicbergs A, Ahmed M, Schultzberg M. Noradrenergic and peptidergic

nerves in the synovial membrane of the Sprague-Dawley rat. Arthritis Rheum

1990;33:859–865.

121. Konttinen YT, Rees R, Hukkanen M, Gronblad M, Tolvanen E, Gibson SJ et al. Nerves in

inflammatory synovium: immunohistochemical observations on the adjuvant arthritic rat

model. J Rheum 1990;17:1586–1591.

122. Hukkanen M, Konttinen YT, Rees RG, Santavirta S, Terenghi G, Polak JM. Distribution

of nerve endings and sensory neuropeptides in rat synovium, meniscus and bone. Int J

Tissue React 1992;14:1–10.

123. Nakayama K, Masuko S, Tsuruta T, Kutsuna T, Watanabe H. Vascularization and innerva-

tion of the canine wrist Joint synovial membrane. Tohoku J Exp Med 1995;175:195–209.

124. Jancso G, Jancso-Gabor A, Szolcsanyi J. Direct evidence for neurogenic inflammation and

its prevention by denervation and pretreatment with capsaicin. Br J Pharmacol Chemother

1967;31:138–151.

125. Ferrell WR, Russell NJW. Extravasation in the knee induced by antidromic stimulation of

articular C fibre afferents of the anaesthetised cat. J Physiol 1986;379:407–416.

126. Ferrell WR, Cant R. Vasodilation of articular blood vessels induced by antidromic electrical

stimulation of joint C fibres. In: Schmidt RF, Schaible H-G, Vahle-Hinz C. eds. Fine Afferent

Nerve Fibres and Pain. Weinheim: VCH Verlagsgesellschaft, 1987; 187–192.

127. Karimian SM, Mcdougall JJ, Ferrell WR. Neuropeptidergic and autonomic control of the

vasculature of the rat knee joint revealed by laser Doppler perfusion imaging. Exp Physiol

1995;80:341–348.

72 Thomas M. Scott and Michael M. Scott



128. Varga A, Nemeth J, Szabo A, Mcdougall JJ, Zhang C, Elekes K et al. Effects of the novel

TRPV1 receptor antagonist SB366791 in vitro and in vivo in the rat. Neurosci Lett

2005;398:135–138.

129. Lam FY, Ferrell WR. Specific neurokinin receptors mediate plasma extravasation in the

rat knee joint. Br J Pharmacol 1991;103:1263–1267.

130. Lam FY, Ferrell WR. Effects of interactions of naturally-occurring neuropeptides on

blood flow in the rat knee joint. Br J Pharmacol 1993;8:694–699.

131. Mcdougall JJ, Karimian SM, Ferrell WR. Prolonged alteration of sympathetic vasocon-

strictor and peptidergic vasodilator responses in rat knee joints by adjuvant-induced

arthritis. Exp Physiol 1995;80:349–357.

132. Ferrell WR, Mcdougall JJ, Bray RC. Spatial heterogeneity in the effects of calcitonin

gene-related peptide (CGRP) on the microvasculature of ligaments in the rabbit knee joint.

Br J Pharmacol 1997;121:1397–1405.

133. Mcmurdo L, Lockhart JC, Ferrell WR. Modulation of synovial blood flow by the

calcitonin gene-related peptide (CGRP) receptor antagonist, CGRP(8–37). Br. J Pharmacol

1997;121:1075–1080.

134. Mcdougall JJ, Barin AK. The role of joint nerves and mast cells in the alteration of

vasoactive intestinal peptide (VIP) sensitivity during inflammation progression in rats. Br

J Pharmacol 2005;145:104–113.

135. Zhang C, McDougall JJ. Stimulation of sensory neuropeptide release by nociceptin/

orphanin FQ leads to hyperaemia in acutely inflamed rat knees. Br J Pharm

2006;148:938–946.

136. Ouyang W, Qian XX, Li ZL, Fu XY, Wang SH. The roles of endogenous calcitonin gene-

related peptide on myocardial ischemic preconditioning in intact rat. China J Arterioscler

1999;7:24–26.

137. Lu R, Li YJ, Deng HW. Evidence for calcitonin gene-related peptide-mediated ischemic

preconditioning in the rat heart. Regul Pept 1999;30:53–57.

138. Song QJ, Li YJ, Deng HW. Early and delayed cardioprotection by heat stress is mediated

by calcitonin gene-related peptide. Naunyn Schmiedeberg’s Arch Pharmacol

1999;359:477–483.

139. Tang ZL, Dai W, Li YJ, Deng HW. Involvement of capsaicin sensitive sensory nerves in

early and delayed cardioprotection induced by a brief ischaemia of the small intestine.

Naunyn Schmiedeberg’s Arch Pharmacol 1999;359:243–247.

140. He SY, Deng HW, Li YJ. Monophosphoryl lipid A-induced delayed preconditioning is

mediated by calcitonin gene-related peptide. Eur J Pharmacol 2001;420:143–149.

141. Zhou ZH, Peng J, Ye F, Li NS, Deng HW, Li YJ. Delayed cardioprotection induced by

nitroglycerin is mediated by alphacalcitonin gene-related peptide. Naunyn Schmiede-

berg’s Arch Pharmacol 2002;365:253–259.

142. Luo D, Deng PY, Ye F, Peng WJ, Deng HW, Li YJ. Delayed preconditioning by cardiac

ischemia involves endogenous calcitonin gene-related peptide via the nitric oxide path-

way. Eur J Pharm 2004;502:135–141.

143. Kawasaki H, Saito A, Takasaki K. Age-related decrease of calcitonin gene-related pep-

tide-containing vasodilator innervation in the mesenteric resistance vessel of the sponta-

neously hypertensive rat. Circ Res 1990;67:733–743.

144. Kawasaki H, Takasaki K. Age-related decrease of neurogenic release of calcitonin gene-

related peptide from perivascular nerves in spontaneously hypertensive rats. Clin Exp

Hypertens 1992;14:989–1001.

Peptidergic Innervation of Blood Vessels 73



145. Kawasaki H, Nuki Y, Yamaga N, Kurosaki Y, Taguchi T. Decreased depressor response

mediated by calcitonin gene-related peptide (CGRP)-containing vasodilator nerves to

spinal cord stimulation and levels of CGRP mRNA of the dorsal root ganglia in sponta-

neously hypertensive rats. Hypertens Res 2001;23:693–699.

146. Kawasaki H, Okazaki M, Nakatsuma A, Mimaki Y, Araki H, Gomita Y. Long-term

treatment with angiotensin converting enzyme inhibitor restores reduced calcitonin

gene-related peptide-containing vasodilator nerve function in mesenteric artery of spon-

taneously hypertensive rats. Jpn J Pharmacol 1999;79:221–229.

147. Kawasaki H, Inaizumi K, Nakamura A, Hobara N, Kurosaki Y. Chronic angiotensin II

inhibition increases level of calcitonin gene related peptide mRNA of the dorsal root

ganglia in spontaneously hypertensive rats. Hypertens Res 2003;26:257–263.

148. Hobara N, Goda M, Kitamura Y, Takayama F, Kawasaki H. Innervation and functional

changes in mesenteric perivascular calcitonin gene-related peptide- and neuropeptide

Y-containing nerves following topical phenol treatment. Neuroscience

2006;141:1087–1099.

149. Lind H, Edvinsson L. Enhanced vasodilator responses to calcitonin gene-related peptide

(CGRP) in subcutaneous arteries in human hypertension. J Human Hyp 2002;16:53–59.

150. Kawasaki H, Saito A, Takasaki K. Age-related decrease of neurogenic release of calcito-

nin gene-related peptide from perivascular nerves in spontaneously hypertensive rats. Clin

Exp Hypertens A 1992;14(6):989–1001.

151. Scott TM, Honey AC, Martin JF, Booth RF. Perivascular innervation is lost in experi-

mental atherosclerosis. Cardioscience 1992;3(3):145–153.

152. Butt RD, Scott TM. Vascular innervation in atherogenesis. Artery 1997;22(6):336–345.

153. De Meyer GR, Van Put DJ, Kockx MM, Van Schil P, Bosmans R, Bult H et al. Possible

mechanisms of collar-induced intimal thickening. Arterioscler Thromb Vasc Biol

1997;17(10):1924–1930.

154. Laine P, Naukkarinen A, Heikkilä L, Penttilä A, Kovanen PT. Adventitial mast cells

connect with sensory nerve fibers in atherosclerotic coronary arteries. Circulation

2000;101:1665–1669.

155. De Vries P, Villalón CM, Saxena PR. Pharmacological aspects of experimental headache

models in relation to acute antimigraine therapy. Eur J Pharmacol 1999;375:61–74.

156. Villalón CM, Centurion D, Valdivia LF, De Vries P, Saxena PR. An introduction to

migraine: from ancient treatment to functional pharmacology and antimigraine therapy.

Proc West Pharmacol Soc 2002;45:199–210.

157. Goadsby PJ, Lipton RB, Ferrari MD. Migraine – current understanding and treatment.

N Engl J Med 2002;346:257–270.

158. Arulmania U, VanDenBrinka AM, Villalon CM, Saxenaa PR. Calcitonin gene-related

peptide and its role in migraine pathophysiology. Eur J Pharm 2004;500:315–330.

159. Hendrix S, Peters EMJ. Neuronal plasticity and neuroregeneration in the skin: the role of

inflammation. J Neuroimmunol 2007;184(1–2):113–126.

160. Webster EL, Barrientos RM, Contoreggi C, Isaac MG, Ligier S, Gabry KE

et al. Corticotropin releasing hormone (CRH) antagonist attenuates adjuvant induced

arthritis: role of CRH in peripheral inflammation. J Rheumatol 2002;29:1252–1261.

161. Paus R, Theoharides TC, Arck PC. Neuroimmunoendocrine circuitry of the “brain-skin

connection”. Trends Immunol 2006;27:32–39.

162. Niissalo S, Hukkanen M, Imai S, Törnwall J, Konttinen YT. Neuropeptides in experi-

mental and degenerative arthritis. Ann NY Acad Sci 2002;966:384–399.

74 Thomas M. Scott and Michael M. Scott



Molecular Mechanisms of TRPV1-Mediated Pain
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ABSTRACT

The transient receptor potential vanilloid type 1 receptor ion channel (TRPV1) (formerly known

as the “capsaicin receptor”) plays a crucial role in the excitation of the large subpopulation of

nociceptive primary sensory neurons which are sensitive to noxious heat and to a large variety

of other pain-inducing stimuli. These ion channels are the important principal mediators of the

pain sensations associated with peripheral inflammation which is by far the most important

source of pathological pain in humans. Since the cloning of TRPV1, numerous investigations

have resulted in the accumulation of substantial amounts of data concerning this ion channel’s

molecular, biophysical, and pharmacological properties. Moreover, the mechanisms through

which TRPV1 activity may initiate the perception of pain are also beginning to be elucidated.

This chapter offers a summary of developments in the rapidly evolving field of TRPV1

research, and considers how TRPV1 activity may contribute to the development of various

acute and chronic pain sensations.

1. INTRODUCTION

Certain plants and animals produce substances which either deter their predators or help them to

catch their prey. The identification of some of these agents has assisted in the discovery of

several receptors and ion channels in different tissues, especially in the nervous system.

Capsaicin is one of the best known deterrent compounds produced by plants. It is also one of

the most widely used experimental tools of plant origin.

Capsaicin is a highly lipophilic molecule. Its synthesis in different quantities is responsible

for the varying burning hot sensations associated with ingestion of different peppers [1].

Chemically, capsaicin belongs to the vanilloids [2]. Capsaicin acts as a deterrent to its

ingestion by animals by inducing a burning pain sensation when it comes into contact with

mucous membranes or gains entry into tissues. Remarkably, capsaicin induces these effects

only in mammals, and not in birds. The evolutionary advantage for hot chili plants in

capsaicin production appears to reside in this burning hot flavor which discourages mammals

from consuming the chilies and thereby prevents an inefficient method of seed dispersal by

those animals, while favoring seed dispersal by more effective methods, such as dispersal by

birds [3].
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Systemic application of capsaicin induces acute effects only in mammals, which is consistent

with the finding that topical application of capsaicin serves only as a deterrent to mammals.

These acute effects include the Bezold–Jarisch reflex (hypotension, bradycardia), bronchocon-

striction, apnea, increased bladder motility, hypothermia, heat loss, increased O2 consumption,

and pain-related behavior [4–15]. The majority of the chronic effects induced by systemic

capsaicin application are the opposite of those evoked acutely. For example, acute hypothermia

is followed by hyperthermia; or acute pain-related behavior is followed by reduced responses to

noxious stimuli [5,13–18].

That capsaicin mediates its effects through a specific receptor was suggested by the early

findings that (i) capsaicin activates and induces degeneration in a well-defined group of neurons

[16,17]; (ii) the inorganic dye, ruthenium red, and the synthetic compound, capsazepine,

selectively block capsaicin-induced responses [19–20]; and (iii) the ultrapotent capsaicin

analog, resiniferatoxin (RTX), specifically binds to the cytoplasmic membranes of a subpopula-

tion of neurons [21]. Electrophysiological recordings from capsaicin-responsive primary sen-

sory neurons indicated that the receptor for capsaicin must be a ligand-gated, nonselective,

cationic channel with a high permeability for Ca2+ [22,23].

In 1997, David Julius and his coworkers announced the cloning of a rat protein, denominated

vanilloid receptor 1 (VR1), which responded to capsaicin [24]. This receptor was subsequently

identified as belonging to the transient receptor potential (TRP) family of ion channels and it is

now denominated “transient receptor potential vanilloid type 1 receptor (TRPV1)” [25].

A number of homologs, as well as TRPV1 in other species, including humans, have now

been cloned [26–33]. However, TRPV1 remains the only molecule thus far identified that

displays sensitivity to capsaicin and other vanilloids.

About 40% of the total neuronal population of primary sensory neurons express TRPV1 [34].

TRPV1 is expressed in the perikarya, as well as in both the central and peripheral terminals, of

primary sensory neurons. In peripheral tissues, TRPV1-expressing sensory fibers can be found

in the dermis, along the epidermal/dermal junction, epidermis, and also in Meissner’s corpus-

cles in the skin [34,35]. In the viscera, TRPV1 immunopositive fibers are found in the mucous

membrane, submucous, and muscular layers [36,37]. TRPV1-expressing fibers also innervate

the pancreas [38,39]. They are also found in the synovial membrane of certain joints [40]. Many

neurons in the central nervous system also express TRPV1 [41–43]. Moreover, some nonneur-

onal cells have also been shown to express TRPV1 [44,45].

The central terminals of TRPV1-expressing primary sensory neurons terminate primarily in

the superficial dorsal horn of the spinal cord, which is involved in nociceptive processing [46].

In addition, some TRPV1-expressing fibers can also be found in the deep dorsal horn and

around the central canal [47]. Thus, TRPV1 is expressed in cells and locations which are highly

relevant for detecting, transducing, transmitting, and processing noxious stimuli in the periph-

eral nervous system and in the spinal cord. This expression pattern of TRPV1 is coupled with its

capacity to respond to a range of noxious stimuli, including heat above approximately 43�C,
protons, and pain-inducing exogenous and endogenous agents [24]. In consequence, TRPV1 is

regarded as being one of the most important molecules responsible for initiating and maintain-

ing pain-related behavior in animals and pain experience in humans [24,30,46].

The molecular basis of this TRPV1-mediated nociception is the subject of this chapter. The

rat and mouse receptors, on which the majority of the data has been obtained, will be described

to introduce the mechanism involved in capsaicin receptor-mediated nociception, as the basic

characteristics of TRPV1 in different mammalian species are the same. Significant differences

between TRPV1 in humans and these animals will then be noted.
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2. THE STRUCTURE OF TRPV1

The term “TRPV1” is generally applied to describe the TRPV1 ion channel. That ion channel is

believed to be comprised of four TRPV1 molecules, referred to as “subunits.” In this chapter,

the term, “TRPV1” is employed to refer to the ion channel, while the term “TRPV1 molecule”

is used to refer to channel subunits.

2.1 TRPV1 is a member of the transient receptor potential family of ion channels

The TPRV1 molecule is an approximately 95 kDa protein consisting of 838 (human: 839)

amino acids. The amino acids are arranged in six transmembrane domains and in an additional

short hydrophobic loop connecting the fifth and sixth transmembrane domains (Fig. 1). It is

thought that this additional loop is involved in the formation of the channel pore. Both the

N- and C-termini of TRPV1 are intracellular. The N-terminus is rich in proline and has three

ankaryn repeat domains. The molecule has several phosphorylation, glycosylation, and

nucleotide-binding sites [24,30]. The human TRPV1 ion channel (hTRPV1) expresses several

naturally occurring polymorphisms (mutations). P91S, I315M, T469I, T505A, and V585I are

missense single nucleotide polymorphisms which result in a change in the amino acid [30,48].

The I315M and P91S variants elicit a greater response to capsaicin than do wild-type hTRPV1

receptors [49]. The TRPV1 gene is localized on chromosome 17, p13 in humans [30].

The amino acid sequence of individual TRPV1 molecules, and the structure of the TRPV1

ion channel, are related to the TRP family of cationic channels [50,51]. These channels

represent a major route for Ca2+ entry into many cell types, including neurons. Thus, the

TRPV1 ion channel has been classified as a member of the TRP family and, within that family,

it is a member of the vanilloid (TRPV) subfamily [25]. The structure of TRP channel proteins

suggests that several TRPV1 molecules must coassemble to form a functioning ion channel.

Indeed, the functional TPRV1 channel is a multimer both in dorsal root ganglion neurons and in

heterologous expression systems, with a tetramer as the predominant form [52,53].

TRPV1 molecules, in addition to being able to form homomers, may also be assembled in

heteromers, with other members of the TRPV subfamily and with TRPV1 splice variants. The
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Figure 1. Predicted membrane topology of the TRPV1 molecule. TRPV1, like other members of the TRP family, has six

transmembrane domains. Both the N- and C-termini are intracellular. The hydrophobic loop connecting transmembrane

domains five and six is believed to be part of the channel. o, extracellular; i, intracellular (reprinted by permission from

Ref. [24]).
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assembly of TRPV1 with TRPV3 may be of importance in relation to nociception, because

TRPV3 is coexpressed with TRPV1 in primary sensory neurons. TRPV3 responds to noxious

heat with a threshold of about 39�C without being responsive to capsaicin or other vanilloids.

When expressed heterologously, TRPV3 is able to assemble with TRPV1 and may modulate its

responses [28].

The assembly of TRPV1 with a recently identified splice variant – the dominant negative

TRPV1beta – may also be of importance in relation to nociception [54]. The TRPV1beta protein,

which is expressed in mouse, lacks 10 amino acids, which are coded by a portion of exon 7 of the

TRPV1 gene. TRPV1beta is not functional when expressed alone. However, when coexpressed

with the TRPV1 molecule it has an inhibitory effect on TRPV1 channel function. A similar splice

variant – called TRPV1b – has been found in humans [55]. The TRPV1b molecule lacks all the

60 amino acids coded by exon 7. When expressed alone, TRPV1b is functional. It responds to

heat with a threshold of approximately 47�C. However, it does not respond to capsaicin. Like the

TRPV1beta molecule, the TRPV1b molecule also has an inhibitory effect on TRPV1 when they

are coexpressed. Our unpublished data show that the expression of the TRPV1 and TRPV1b

molecules may be differentially regulated in inflammatory conditions. These findings raise the

possibility that changes in the composition of the TRPV1 ion channel may also contribute to the

sensitivity and degree of activation of this ion channel.

2.2 The TRPV1 ion channel is linked to other proteins in transducisomes

TRP channels, such as those involved in the phototransduction cascade in Drosophila, form

molecular complexes called transducisomes or signalplexes [51]. These complexes contain a TRP

channel, a scaffolding protein, and several othermolecules, including phospholipase C (PLC) and

protein kinase C (PKC) [51]. Chuang and colleagues [56] demonstrated that the capsaicin

receptor is also a transducisome containing TRPV1 molecules and probably several other

molecules (Fig. 2). Some of the auxiliary proteins in the TRPV1 signalplex may contribute to

TRPV1TrkA

Scaffolding
protein 

PLC-γ

PtdIns(4,5)2

PKA
(RI)

PKC-ε

TRPV1
TRPV1

TRPV1

Figure 2. Putative members of the capsaicin receptor transducisome. Like other members of the TRP family, the

capsaicin receptor is thought to be a transducisome, containing TRPV1 molecules, a scaffolding protein, tyrosine kinase

A (TrkA), phospholipase C-g (PLC-g), phosphatidylinositol-4,5-biphosphate (PtdIns(4,5)P2), protein kinase C-e (PKC-e),
and the regulatory subunit (RI) of protein kinase A (PKA).
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TRPV1-mediated responses of nociceptive primary sensory neurons. Of these proteins,

snapin and synaptotagmin IX may be important in the regulation of the membrane expression

of TRPV1. These proteins have been shown to associate and colocalize with TRPV1 in

cytoplasmic vesicles. While they do not affect the channel function of TRPV1, they inhibit

TRPV1 translocation from the cytoplasm to the plasma membrane [57]. Regulation of the

expression of these proteins may affect TRPV1-mediated cellular responses since pathological

conditions induce upregulation of TRPV1 expression and translocation from the cytoplasm to the

membrane [57–59].

Unlike snapin and synaptotagmin IX, the PLC-g molecule, as a member of the TRPV1

signaling complex, does modulate TRPV1 channel function. PLC-g , together with TRPV1,

is precipitated from lysates of nonneuronal cells transfected with TRPV1 cDNA. PLC-g
hydrolyzes phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) that binds to, and has an

inhibitory effect on, TRPV1. PLC-g is activated by at least two receptors, which are coex-

pressed with TRPV1 in primary sensory neurons, namely: the tyrosine receptor kinase A

(TrkA), which is the high-affinity receptor for nerve growth factor (NGF); and the bradykinin

B2 receptor [56]. Both NGF and bradykinin are inflammatory mediators, which are released

during inflammation or tissue injury.

Protein kinases may also form part of the TRPV1 signaling complex, at least transiently.

Rathee and coworkers (2002) reported that, following protein kinase A (PKA) activation, the

catalytic subunits of this protein kinase translocate to the membrane [59A]. Similar transloca-

tion has been found following the activation of PKC [60]. Both PKA and PKC mediate TRPV1

phosphorylation which results in increased channel activity. These protein kinases can be

activated by receptors of inflammatory mediators, including bradykinin and prostaglandin E2

(PGE2) [61–63].

3. TRPV1 ACTIVATORS

TRPV1 is responsive to a variety of activators. These include, in addition to capsaicin, and

related vanilloids, protons and some other positive charge carriers, heat above approximately

43�C, and depolarization [24,46,64]. The sensitivity of TRPV1 to protons, heat, and capsaicin is
consistent with the common experience that hot chilies and acids induce a similar sensation to

that induced by moderately hot temperatures. These activators interact with TRPV1 itself and

may, therefore, be referred as direct activators of this ion channel.

3.1 Ligands

Capsaicin, and other vanilloids, such as the ultrapotent RTX, directly activate TRPV1 by

binding to the channel’s ligand-binding site. Capsaicin binding induces conformational changes

in the TRPV1 ion channel, which differ from the conformational changes which are induced by

proton binding or by thermal activation. The fact that this difference exists is consistent with

there being independent activating pathways of TRPV1 for capsaicin, protons, and heat [65].

Some of the agents released from inflamed or injured tissues, can also directly activate TRPV1.

Quite incongruously, these agents are known as “endogenous vanilloids” or “endovanilloids.”

These endogenous agonists include anandamide [66], N-arachidonoyl-dopamine (NADA) [67],

N-oleoyldopamine (OLDA) [68], lipoxygenase products, such as 12-or 15-(S)-HPETE [69], and

unsaturated C18 N-acylethanolamines (NAEs) [70]. All of these agonists have been shown to
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compete for the same binding site [71,72]. Of major interest is the finding that anandamide and

NADA, in addition to being agonists at the TRPV1 ion channel, also activate the cannabinoid 1

(CB1) receptor [66,73].

Anandamide is the best characterized of the endogenous ligands of TRPV1. Anandamide is a

member of the group of bioactive lipids known as “long-chain C18 NAEs.” Several endogenous

NAEs, many of which are more abundant than anandamide in rat tissues, are capable

of activating TRPV1 and may therefore play a role as endogenous TRPV1 modulators

[70]. While other exogenous and endogenous TRPV1 activators induce desensitization and

tachyphylaxis [74,75], i.e., reduction in the response evoked by long-lasting or repeated

application, anandamide has been found not to induce these effects in any conditions thus far

investigated [76].

The ability of anandamide to activate TRPV1 in normal physiological conditions is very

limited. However, when TRPV1 is activated by other stimuli, such as inflammatory mediators,

anandamide becomes a powerful activator of TRPV1 [77]. Its limited capacity to activate

TRPV1 in physiological conditions is essential to prevent unwarranted activation of TRPV1

which would result in signaling pain in the absence of a relevant pain-inducing stimulus. Since

anandamide, and the other endogenous activators, only activate TRPV1 in certain conditions,

these agents are appropriately described as “conditional activators” of TRPV1.

3.2 Heat

Sensitivity to noxious heat is the most distinctive feature of TRPV1. Heat contributes to TRPV1

activation in two distinct ways. First, heat reduces the threshold for the activation of TRPV1

by all other TRPV1 activators. Second, heat above approximately 43�C independently

activates TRPV1 [46]. At less than 43�C, TRPV1 openings are few and brief. However, raising

the ambient temperature rapidly increases the frequency of channel openings [78]. There is

also some evidence from studies on heterologously expressed human TRPV1 that the presence

of either reducing or oxidizing agents results in an increased response to heat by TRPV1

channels [79].

3.3 Protons

The pH threshold for proton-evoked TRPV1 activation is approximately 6.5. At lower pH

values, protons can themselves activate TRPV1. Capsaicin binding, the temperature threshold,

and channel gating are all affected by pH. Lowering pH enhances the apparent binding affinity

of capsaicin, and lowers the heat threshold for activation of the channel. It also promotes the

occurrence of long openings and short closures, and stabilizes at least one of the open

conformations of the channel. Moreover, capsaicin binding and protonation of the channel

interact allosterically, where each of these agonists can alter the effect of the other [80].

3.4 Depolarization

TRPV1 is a voltage-gated ion channel [64,81]. The voltage-activity curve of TRPV1 is much

wider than that of other voltage-activated channels, including voltage-gated Na+, K+, or Ca2+

channels [64]. Thus, while voltage-activated Na+, K+, or Ca2+ channels reach their maximal

opening probability from zero within a narrow voltage range (�50mV), full TRPV1 activation

occurs within a much wider voltage range (�150mV) [64].
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3.5 Cations

In addition to protons, excess extracellular positive charges carried by various ions are also able

to activate TRPV1. Ahern and colleagues [82] showed that extracellular Na+, Mg2+, and Ca2+

can directly gate the TPRV1 ion channel under extreme or pathophysiological concentrations.

However, even discrete pathology may result in the generation of extracellular microenviron-

ments which readily achieve concentrations of cations which are sufficient to directly gate

TRPV1. For example, in bone, the Ca2+ concentration surrounding resorbing osteoclasts

approaches 20mM [83]. A yet more significant effect of extracellular cations may occur

under normal physiological conditions where millimolar increases in cation concentrations

(1–5mM) are sufficient to sensitize TRPV1 to various ligands, including capsaicin, ananda-

mide, and NADA [82].

3.6 Indirect activators of TRPV1

While ligands, heat, protons, and depolarization induce TRPV1 opening directly, gating of this

ion channel can also be evoked indirectly. The indirect activators include various inflammatory

mediators, which are produced and released during inflammation in tissues. These agents,

through activating their own target receptors, which are also expressed on the nociceptive

primary sensory neuron expressing TRPV1, induce activity in the neuron’s intracellular second

messenger system. That, in turn, results in posttranslational modification of TRPV1. Hydrolysis

of phosphotidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) in the cytoplasmic membrane, and

PKA- and PKC-mediated phosphorylation of the capsaicin receptor, have been shown to induce

opening of the TRPV1 ion channel [56,84]. Hydrolysis of PtdIns(4,5)P2 can be initiated by the

activity of either TrkA or bradykinin B2 receptors, while PKC-mediated phosphorylation can be

induced by activating the bradykinin B2 receptor [56]. Activation of PGE2 receptors induces

PKA-mediated phosphorylation of TRPV1. TrkA, bradykinin B2, and EP receptors are all

expressed on capsaicin-sensitive primary sensory neurons [85–87].

4. MOLECULAR BASIS FOR TRPV1 ACTIVATION

4.1 Different domains of TRPV1 are responsible for the sensitivity of the receptor to the

different activators

The evidence from functional studies suggests that all of the individual activators each mediate

their respective effects independently of the others. Thus, ligand binding, protonation, electrical

energy, thermal energy, and posttranslational changes can each control the gating of the

channel. Results of mutagenesis studies confirm that different TRPV1 activators activate the

molecule at different activation sites. Studies by Jordt and Julius [27] suggest that a segment of

rat TRPV1 in, and adjacent to, the third transmembrane domain is responsible for the capsaicin

sensitivity of the ion channel. Mutations of amino acids in this region indicate that tyrosine at

position 511 is specifically responsible for capsaicin binding. According to the predicted

membrane topology of TRPV1, residue 511 is located intracellularly, which is in agreement

with previous assumptions that capsaicin binds to the cytoplasmic side of the receptor [88].

Interestingly, binding of RTX depends on residues tyrosine 550 and methionine 547 [71].

However, the capsaicin binding site is also the locus for binding of competitive
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antagonists, such as capsazepine [19,27]. Recent data suggest that extracellular sites may also

be involved in vanilloid binding to TRPV1 [89,90]. Moreover, data from several sources

support the suggestion that TRPV1 may bind capsaicin at multiple sites [91–93].

Unlike capsaicin, protons interact with TRPV1 at the extracellular side of the receptor [46].

Mutations generated at residues of the extracellular loops reveal that the charge of the

amino acid at position 600 determines the proton-induced increase in responses to capsaicin

or heat, while the amino acid at position 648 seems to be responsible for proton-induced

opening [94].

A series of other thermo-sensitive ion channels have been identified more recently [95]. As

expected, the main structure of these ion channels is very similar, and they appear to exhibit a

“modular” C-terminus [96]. Brauchi and colleagues [96] prepared chimera from TRPV1 and

the cold-sensing TRP channel, TRPM8, by altering their respective C-termini. They found

that the TRPV1, when altered to have the C-terminus of TRPM8, became cold-sensitive,

while the TRPM8 with the C-terminus of TRPV1 became sensitive to heat. These findings

suggest that the thermosensor resides in the C-terminus. However, the amino acids which

govern the sensitivity of the channel to heat remain unknown.

There are several sites in TRPV1 which are targets for transcriptional changes. PKA and PKC

phosphorylate serine and threonine residues at S116, T144, T370, S502, S774, S800 [97–99]

and at S502, T704, S744, S800, S820 [100,101], respectively. Tyrosine kinase-mediated

phosphorylation by Src at Y199 (Y200 in humans) controls TRPV1 trafficking [102]. The

segment of the C-terminus cytoplasmic domain of TRPV1 comprising residues from 777 to 820

has been identified as the PtdIns(4,5)P2 binding site [103].

There are no data on the voltage sensor for TRPV1, although the voltage sensor of various

other voltage-gated ion channels, and of the thermo-sensitive TRP channel, TRPM8, have been

mapped [104–107]. However, since the voltage sensor seems to be highly conserved in all

voltage-gated ion channels, including TRPM8, it is anticipated that this sensor in TRPV1 will

also be found to be localized around the fourth transmembrane segment.

4.2 TRPV1 is a stimulus integrator for different exogenous stimuli

Various activators of TRPV1 can increase the effect evoked by another, or others, of its

activators. For example, a dish made with chili pepper produces a more intense burning

sensation when it is warm than when it is cold. It seems that this “cooperation” of various

ligands is synergistic, rather than additive, in activating TRPV1 [24,46,108]. The findings that

various ligands potentiate each other’s effect on TRPV1 indicate that the different activator sites

are coupled in TRPV1. It has been suggested that the TRPV1 ion channel acts as a “stimulus

integrator” given the polymodal nature of its activation, and the potentiating effect of each of

the activating stimuli on the effect produced by another activator of TRPV1 [46].

The mechanism of stimulus integration remains unknown. However, the evidence available

suggests that the heat sensor may play a central role in stimulus integration and channel gating.

Tominaga and coworkers [46,109] found that protons reduce the heat threshold for activation of

TRPV1. Vyklicky and his team [110] reported that capsaicin also significantly reduces the heat

threshold. Liang and colleagues [111] proposed that a reduced heat threshold is responsible for

bradykinin-evoked TRPV1 activation. Subsequently, Sugiura and coworkers [62] have provided

evidence that bradykinin indeed reduces the heat threshold of TRPV1 well below body

temperature. If indeed temperature is crucial in TRPV1 activation, then neither capsaicin nor

protons, nor any other TRPV1 activator should open the channel at low temperatures. Indeed,
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Babes and colleagues [112] reported that cooling the superfusate to approximately 10�C inhibits

capsaicin-induced currents in primary sensory neurons. However, more recently, Voets and

colleagues [64] have suggested that all activators mediate their effects through changing the

voltage-evoked activation properties of TRPV1. This proposal is based on the finding, first, that

temperature sensitivity is modulated by the transmembrane voltage, and, second, that changes

in ambient temperature result in graded shifts of the voltage dependence of channel activation

[64]. These investigators have also suggested that the heat and voltage sensors are directly

coupled. However, Brauchi and colleagues [113] proposed a model in which the voltage- and

temperature-dependent activation of the channel can occur independently, although the sensors

are coupled allosterically. A definitive identification of the mechanisms involved in stimulus

integration is important because the integration of different stimuli seems to be pivotal in the

regulation of channel activity.

5. ROLE OF TRPV1 IN PHYSIOLOGICAL AND PATHOLOGICAL PAIN SENSATION

The first evidence suggesting a significant role for the capsaicin receptor in nociception was

provided by Porszasz and Jancso [17] who found that capsaicin selectively activates nociceptive

primary sensory neurons. Many years later, the elucidation of the expression pattern and

responsiveness of cloned TRPV1 provided increased support for the putative role of TRPV1

in nociception. The most compelling evidence, however, of the involvement of TRPV1 in

mediating certain physiological and pathological pain conditions, has been provided by studies

performed in TRPV1 “knockout” mice (TRPV1–/–), i.e., in mice in which the transcription and

translation of the TRPV1 gene has been disrupted [114,115].

Acute application of capsaicin to TRPV1–/– animals, or to primary sensory neurons obtained

from TRPV1–/– mice, does not induce pain-related behavior or membrane responses in either

case [116], indicating that TRPV1 is the only receptor on primary sensory neurons that responds

to capsaicin, and the only receptor which, when activated by capsaicin, results in pain sensation

[115]. Noxious heat below approximately 50�C also fails to produce heat-induced currents in

primary sensory neurons of the TRPV1 knockout animals. However, noxious heat below 50�C
does induce pain-related behavior in TRPV1–/– mice in vivo, indicating that another, capsaicin-

insensitive, receptor may also be involved in the detection of heat between approximately 42�C
and 50�C [114–115]. Experiments in TRPV1–/– animals also show that TRPV1 is not the only

ion channel which responds to protons. The proton-activated responses in neurons of TRPV1–/–

mice are reduced but are not completely eliminated, indicating the existence of acid-sensing ion

channels on capsaicin-sensitive primary sensory neurons [116].

Studies on TRPV1 knockout mice have also confirmed that TRPV1 plays an important role in

the development of pathological pain sensations, such as enhanced pain to noxious heat stimuli

(known as heat hyperalgesia), and pain produced by otherwise innocuous thermal stimuli

(known as heat allodynia) [24,114]. Pathological responses to thermal stimuli usually develop

after prolonged, or chronic, inflammation of peripheral tissues, or, after physical, or metabolic,

injury to peripheral nerves. Inflammatory heat hyperalgesia substantially fails to develop in

TRPV1 knockout mice, but pathological thermal sensations after peripheral nerve injury remain

the same in both wild-type and TRPV1–/– animals [114,115]. Both Caterina and colleagues

[114] and Davis and colleagues [115] concluded that these findings demonstrate that TRPV1 is

an essential component in the development of pathological responses to thermal stimuli, but

probably limited to pain sensations of inflammatory origin.
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There is, however, evidence that TRPV1 could be involved in the development of heat

hyperalgesia and allodynia in certain forms of neuropathy. Michael and Priestley [86] found

that axotomy results in the downregulation of TRPV1 mRNA in dorsal root ganglion cells.

Subsequently, Hudson and colleagues [117] confirmed that after total, or partial, sciatic nerve

transection, or spinal nerve ligation, TRPV1 immunoreactivity is significantly reduced in the

somata of damaged dorsal root ganglion neurons. However, they also found that the position is

otherwise in the somata of undamaged dorsal root ganglion neurons where TRPV1 expression

is actually increased. Moreover, the perikarya of large, noninjured, nonnociceptive neurons

change their phenotype and also express TRPV1; and this expression persists in the damaged

axons proximal to the injury. In cases of peripheral neuropathy, the central terminals of

nonnociceptive primary sensory neurons may sprout into the termination area of the nociceptive

cells [118]. Moreover, the excitability of the neuronal membrane is increased in those instances

where a neuroma develops after axotomy. Thus, alterations in TRPV1 expression may well have

significance in the development of certain neuropathic pain conditions. This is supported by the

finding that TRPV1 antiserum can significantly reduce both heat hyperalgesia and allodynia in

diabetic neuropathy [119]. After sciatic nerve ligation, intrathecal application of capsazepine, a

TRPV1 antagonist, blocks A-delta fiber-evoked responses in the dorsal horn neurons of rats

[120]. There is also evidence that the contribution made by TRPV1 to neuropathic pain

conditions may even be species dependent. Capsazepine reverses mechanical hyperalgesia in

a guinea pig model of partial sciatic nerve ligation, but has no effect in rat or mouse models of

neuropathic pain [121]. Recently, Christoph and colleagues [122] reported that in an in vivo rat

model of spinal nerve ligation, both intravenous application of the TRPV1 antagonist thioxo-

BCTC and intrathecal administration of the antisense oligonucleotide against TRPV1 reduce

mechanical hypersensitivity in a similar manner, evidencing the involvement of TRPV1 in such

neuropathic pain conditions in rat. Interestingly, intrathecal injection of an siRNA against

TRPV1 reduces cold allodynia of mononeuropathic rats by more than 50% over a period of

approximately 5 days [123].

6. MECHANISMS INVOLVED IN THE DEVELOPMENT OF TRPV1-MEDIATED

CHRONIC PAIN SENSATION IN INFLAMMATORY CONDITIONS

Obviously, TRPV1 must be in a state of continuous activation in any TRPV1-dependent pain

state. This sustained TRPV1 activity depends upon several processes, including (i) the produc-

tion and release of agents which induce upregulation in TRPV1 expression and TRPV1

sensitivity; (ii) the mechanisms involved in the upregulation of TRPV1 expression by these

agents; and (iii) the mechanisms involved in the ongoing activation of TRPV1.

6.1 Production and release of “inflammatory mediators,” i.e., agents which induce

upregulation of TRPV1expression and TRPV1 sensitivity

A variety of agents, commonly described as “inflammatory mediators,” are produced, released, or

activated, in the inflammatoryprocesswhich results from tissue injuryor disease.These “inflammatory

mediators” are able to induce upregulation of TRPV1 expression and activation. They include

bradykinin, ecosanoids, various neurotrophic factors, anandamide, and protons and cations.

Bradykinin is a nonapeptide and is a powerful inflammatory mediator which is produced at

sites of tissue injury. The proteolytic enzyme kallikrein acts on kininogen, a plasma alpha-
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globulin, to form either bradykinin or kallidin. Kallidin is a peptide which is almost identical

with bradykinin, but comprises an additional amino acid residue. The kallikrein enzyme is

derived from prekallikrein, which is an inactive precursor present in plasma. Prekallikrein can

be converted to kallikrein in several ways, the most significant of which is by reaction with

Hageman factor (which is factor XII of the clotting sequence). Hageman factor is normally in an

inactive form in the plasma and is activated by contact with surfaces having a negative charge,

including collagen, basement membrane, and bacterial lipopolysaccharides. The increased

vascular permeability which accompanies inflammation results in leakage of plasma, containing

prekallikrein, Hageman factor and kininogen, which leads to bradykinin formation. [124]

The ecosanoids comprise three principal classes of inflammatory mediators, namely, pros-

tanoids, leukotrienes, and platelet activating factor. Ecosanoids are not constitutively

expressed in tissues but are instead generated de novo from phospholipids, mainly from

arachidonic acid which is found esterified in phospholipids. Many stimuli, including general

cell damage, can result in the release of arachidonic acid from phospholipid either by an action

of phospholipase A2 (PLA2) or an action of PLC followed by an action of diacylglycerol lipase

[124]. Among the ecosanoids, prostanoids play a major role in increasing the sensitivity of

TRPV1 in inflammation.

Prostanoids are a group of bioactive lipids working as local mediators and comprise

the Prostaglandins and thromboxanes. They are the cyclooxygenase (COX) metabolites of

arachidonic acid which are synthesized and released upon cell stimulation. They act on cells in

the vicinity of their cell of synthesis to exert their actions. The prostanoids include PGE2, PGI2,

PGD2, PGF2alpha, and thromboxane A2. The COX enzymes, COX-1 and COX-2, initiate the

biosynthesis of both PGs and thromboxanes from free arachidonic acid within the cell.

NGF was initially identified as a molecule that promotes the survival and differentiation of

sensory and sympathetic neurons. Its functions in neural development have been character-

ized extensively, but recent studies indicate that its role in development is only one of several

biological actions of NGF. In particular, NGF constitutes an important inflammatory mediator

and is an important component in the process of sensitization of TRPV1 ion channels in

primary sensory neurons. NGF is produced by a variety of cells in the context of inflamma-

tion. Monocytes, produce, store, and release NGF [125]; as do eosinophils [126]. Mast cells

also synthesize, store, and release NGF [127]. Histamine – itself an inflammatory mediator –

is a potent stimulator of NGF production. Histamine is released by mast cells. The main

signaling pathway involved in the stimulation of NGF production by histamine, includes

activation of histamine H(1)-receptor, stimulation of Ca2+-dependent PKC, and mitogen-

activated protein kinase. The same signaling pathway is involved in the interactions between

histamine, interleukin-1beta (IL-1beta), and interleukin-6 (IL-6), where NGF secretion is

amplified. Whereas histamine and IL-1beta have an additive stimulatory effect on NGF

secretion, interaction between histamine and IL-6 causes a long-term synergism [128]. The

proinflammatory cytokines, IL-1beta and tumor necrosis factor-alpha (TNF-alpha), stimulate

the expression of NGF by human intervertebral discs in which NGF is constitutively

expressed in annulus fibrosus cells and nucleus pulposus cells [129]. It appears likely that

other tissues constitutively express NGF and that proinflammatory cytokines have a broader

role in stimulating its production. Thus, for example, TNF-alpha stimulates the synthesis and

secretion of biologically active NGF in quiescent fibroblasts and also in glioblastoma cells

[130]. Inflammation induced by intraplantar injection of complete Freund’s adjuvant (CFA)

in adult rats results in significant elevation in the levels of TNF alpha, IL-1beta, and NGF in

the inflamed paw [131].
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Artemin, neurturin, and glial cell line-derived neurotrophic factor (GDNF) are members of

the GDNF family and are potent regulators of TRPV1 function. Members of the GDNF family

are produced in the form of a “prepro” precursor. The signal sequence is cleaved on secretion,

and activation of the “pro” derivative is suggested to occur by proteolytic cleavage. GDNF

family members appear to bind to heparin sulfate side chains of extracellular matrix proteo-

glygans, but little is known of the gene regulation and mechanisms of secretion of these

proteins, or of the activation of their precursor [132]. Artemin mRNA (but not GDNF) is

substantially upregulated during cutaneous inflammation evoked by hind paw injection of

CFA, suggesting that artemin, in particular, enhances TRPV1 signaling in response to

inflammatory injury [133].

Stimulus-evoked anandamide (N-arachidonylethanolamine) production in a subgroup of

nociceptive primary sensory neurons is one of the most recently identified factors implicated

in controlling the activity and excitability of these neurons [134,135] In animal tissues,

anandamide is principally formed, together with other NAEs, from glycerophospholipid

by two successive enzymatic reactions: (i) N-acylation of phosphatidylethanolamine to gen-

erate N-acylphosphatidylethanolamine (NAPE) by Ca2+-dependent N-acyltransferase; and

(ii) release of NAE from NAPE by a phosphodiesterase of the phospholipase D type

(NAPE-PLD) [136].

An increase in the local hydrogen ion concentration is a common accompaniment of inflam-

mation consequent upon tissue damage or disease. It has long been known that low pH (down to

4.7) is commonly found in inflamed tissues and that acidic solutions are particularly painful when

injected into the skin [137–139]. Protons selectively induce lasting excitation and sensitization to

mechanical stimulation of nociceptors in rat skin in vitro [140]. In vivo, a decrease in pH occurs

immediately after plantar incision in rats and is sustained for at least 4 days. During the period of

decreased tissue pH, pain behaviors are evident, with these diminishing when the tissue pH returns

to normal. The fall in pH is localized at the incision site and does not extend to areas surrounding

the incision. However, the magnitude of the pH change varies between tissues [141].

6.2 Mechanisms involved in the upregulation of TRPV1 expression by inflammatory mediators

It is likely that the half-life of nonactivated TRPV1 ion channels is approximately 1 day, in

common with other ionotropic receptor subunits, such as the subunits of ionotropic glutamate

receptors. It is also very likely that this period is significantly reduced when the TRPV1 ion

channel is activated [142]. Thus, in pathological conditions, chronic TRPV1-mediated heat

hyperalgesia and/or allodynia can be maintained only if TRPV1 expression in capsaicin-

sensitive primary sensory neurons is upregulated. Indeed, TRPV1 expression has been shown

to be upregulated in primary sensory neurons in inflammatory conditions [58,59]. The upregu-

lation in inflammation occurs presumably in neurons which also express the ion channel in

naive conditions. This is in contrast with the upregulation of TRPV1 expression in neuropathy,

described by Hudson and colleagues [117], because it also occurs in nonnociceptive cells, which

normally do not express TRPV1.

Neurotrophic factors, such as NGF and members of the GDNF family have been

implicated in regulating TRPV1 transcription in primary sensory neurons [143–145]. The

role of NGF in inducing upregulation of TRPV1 expression in vivo in inflammation

is supported by the fact that NGF production is increased in this condition [146]. The

NGF-evoked upregulation involves the small GTPase, Ras, and the mitogen-activated

protein kinase p38 [58,147].
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Artemin, a member of the GDNF family, is found in TRPV1-expressing primary sensory neurons

and its level in the skin appears to modulate gene expression and response properties of afferents

that project to the skin, with the resulting changes leading to behavioral sensitivity to both hot and

cold stimuli. Overexpression of artemin in the skin of transgenic mice enhances the expression of

TRPV1 in cutaneous sensory neurons and leads to behavioral sensitivity to heat and cold [148].

However, the extent of pathology-induced upregulation of the expression of the various

TRPV1 channel subunits may be different. Inflammatory conditions seem to induce greater

upregulation of TRPV1 expression than they do of the expression of the dominant-negative

TRPV1 splice variant, TRPV1b (Nagy et al., unpublished observations). At present, it is not

known whether similar differential upregulation occurs in other pathological conditions.

Furthermore, the nature of the mechanisms which regulate that differential increase in the

expression of the various subunits also remains unknown.

6.3 Mechanisms involved in ongoing TRPV1 activation

Of the mediators released from inflamed or injured tissues, protons seem to be the only activators

which can directly activate TRPV1. All other agents of tissue origin seem to increase TRPV1

activity through a process known as “sensitization.” Sensitization is frequently used by various

parts of the nervous system for the purpose of adaptation. It results in increased responsiveness of

cells and/or molecules. Sensitization involves posttranslational modifications of molecules. It is

very likely that, in the case of TRPV1 in primary sensory neurons, sensitization involves both an

increase of the responsiveness of the already responsive ion channels, and the recruitment of

TRPV1 ion channels which are not responsive to activators in normal physiological conditions.

Regarding recruitment of “silent TRPV1,” a comparison of the number of primary sensory

neurons in intact dorsal root ganglia which express TRPV1 [86] with the number of those

neurons that actually respond to challenge by a TRPV1 activator [149] indicates that, in naive

conditions, only about 20% of the TRPV1-expressing neurons can respond to such activators.

The fact that the number of capsaicin-responsive cells increases in inflammation suggests that

the inflammatory process recruits TRPV1 ion channels which are nonresponsive in normal

physiological conditions [150]. This recruitment is probably the result of similar posttransla-

tional modification of TRPV1 which sensitizes the already responding receptor. GDNF was

previously considered to be unimportant in enhancing TRPV1 activity, on the assumption that

GDNF does not induce heat hyperalgesia or allodynia [151,152]. However, recent data show

that the GDNF family members, artemin and neurturin, as well as GDNF, are capable of

potentiating TRPV1 signaling and of inducing behavioral hyperalgesia. This potentiation

seems to include the recruitment of silent TRPV1. Thus, following their superfusion with

GDNF family members, primary sensory neurons, which did not respond to capsaicin prior to

the superfusion, start to respond to capsaicin. Artemin mRNA is profoundly upregulated in

response to inflammation induced by hind paw injection of CFA. Interestingly, while NGF

expression only doubles by day 7, artemin expression shows a 10-fold increase 1 day after the

CFA injection. However, no increase occurs in neurturin or GDNF expression.

NGF, unlike members of the GDNF family, appears to be involved in increasing the activity of

already responding TRPV1 channels (Fig. 3) [163]. At present, there are conflicting views on the

mechanisms by which NGF produces this effect. PKA and the phosphatidylinositol-3 kinase

(PI3K) have been reported to be members of the signaling pathway activated by the binding of

NGF to the NGF receptor, TrkA, resulting in TRPV1 sensitization [153,154]. A competing

hypothesis is that activation of PLC-g by TrkA leads to hydrolysis of PtdIns(4,5)-P2 and release
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of TRPV1 from inhibition by endogenous PtdIns(4,5)-P2 [56]. Zhang and colleagues have

proposed that NGF, acting on the TrkA receptor, activates a signaling pathway in which PI3K

plays a crucial early role, with Src kinase as the downstream element which binds to, and

phosphorylates, TRPV1. Phosphorylation of TRPV1 at a single tyrosine residue, Y200, followed

by insertion of TRPV1 channels into the surface membrane, is claimed to account for most of the

rapid sensitizing action of NGF [102]. More recently, Stein and coworkers have proposed a model for

NGF-mediated sensitization in which physical coupling of TRPV1 and PI3K in a signal transduction

complex facilitates trafficking of TRPV1 to the plasma membrane [155]. These investigators propose

a model in which PtdIns(4,5)-P2 binding to TRPV1 sensitizes the activity of the channel, while PI3K

activity is required for NGF-mediated sensitization, with that sensitization consisting of an increase in

the number of channels in the plasma membrane [155]. This is in contrast with the results of Chuang

and colleagues that PtdIns(4,5)-P2 inhibits the activity of TRPV1 [56].

Other activators released in the inflammatory response also seem to increase the

responsiveness of those TRPV1s which are already responsive (Fig. 3). Thus, protons

which bind to TRPV1 have two effects. First, they directly open the ion channel, resulting

in depolarization and an increase in the intracellular Ca2+ concentration. Second, they

reduce the threshold for activation for both ligands and heat, thereby increasing the

responsiveness of the ion channel.
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Figure 3. Molecular mechanisms involved in the activation of TRPV1 in pathological conditions. Ligand-binding

(protons, anandamide, and lipoxygenase products) and posttranslational modifications (removal of phosphatidylinositol-

4,5-biphosphate (PtdIns(4,5)P2) and protein kinase C (PKC)-mediated phosphorylation) can reduce the heat threshold of

TRPV1 below body temperature. Protein kinase A (PKA)-mediated phosphorylation reduces desensitization. Phospha-

tidylinositol 3-kinase is involved in nerve growth factor (NGF)-induced sensitization. ATP binding also potentiates

responses evoked by ligands.
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Bradykinin and PGE2 activate TRPV1-expressing primary sensory neurons by binding to

their own respective receptors on the cells. This activation (i) induces Ca2+ influx through

voltage-gated Ca2+ channels [156], which results in depolarization; and (ii) activates various

components of the intracellular second messenger system, such as PKA, PKC, or PLC [63,157].

Depolarization, in turn, reduces the heat threshold of TRPV1 [64]. Calcium influx through

voltage-gated Ca2+ channels initiates anandamide production [158], and stimulates other mem-

bers of the second messenger system, such as Ca2+/calmodulin-dependent protein kinases [159],

the activity of which may be essential for keeping TRPV1 ion channels active. Anandamide,

PKA-, and PKC-mediated phosphorylation, and PLC-mediated hydrolysis of PtdIns(4,5)-P2 can

open the TRPV1 channel, probably by reducing the heat threshold of the receptor below body

temperature (Fig. 3) [56,61,87,97,160].

In addition to direct binding to TRPV1, anandamide can also activate TRPV1 through its

products. Anandamide is hydrolyzed by fatty acid amide hydrolase into arachidonic acid,

which is the substrate of lipoxygenases [161,162]. Lipoxygenases are activated by bradykinin

B2 receptor activation and the products, in turn, activate TRPV1 [162]. Again, it is most likely

that lipoxygenase products activate TRPV1 by reducing the heat threshold of the molecule

below body temperature. The findings that bradykinin induces Ca2+ influx, reduces the heat

threshold through different mechanisms (PKC-mediated phosphorylation, PLC-mediated

PtdIns(4,5)-P2 hydrolyses) and activates TRPV1 by lipoxygenase products, indicate that

bradykinin may play a particularly important role in the indirect activation of the capsaicin

receptor (Fig. 3).

This polymodal nature of TRPV1 activation in pathological conditions is possibly the most

intriguing feature of this ion channel. The effects of inflammatory mediators, involving ligand

binding, protonation, posttranslational modifications, and possible depolarization of primary

sensory neurons, are combined by TRPV1 into channel gating. While some of the activators,

including protons and ligands, can open the channel on their own, all activators seem to ultimately

induce sensitization. Interestingly, the sensitization produced by the majority, if not all of the

activators, induces the reduction of the heat threshold of TRPV1. Therefore, the mechanisms which

set the heat threshold may well be pivotal in the activation of TRPV1 in pathological conditions.

7. CONCLUSIONS

Overwhelming evidence supports the hypothesis that the TRPV1 ion channel plays a central

role in the development of heat hyperalgesia and heat allodynia in pathological conditions,

particularly in inflammation of the peripheral tissues. Recent findings indicate that the

mechanisms involved in the development of TRPV1-mediated heat hyperalgesia and allo-

dynia are complex, involving induction of various posttranslational changes of TRPV1,

induction of endovanilloid synthesis, and upregulation of TRPV1 transcription and transla-

tion. These events result in sustained TRPV1-mediated excitation of a major subpopulation

of primary sensory neurons and transmitter release both from the peripheral and central

terminals of the neurons. While transmitter release from the peripheral terminals contributes

to the neurogenic inflammatory response, transmitter release from central terminals initiates

spinal nociceptive information processing. Thus, inhibition of the events leading to the

sustained excitation of TPRVI-expressing primary sensory neurons may provide a signifi-

cant reduction in pathological pain sensation, especially where the pain is of inflammatory

origin.
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ABSTRACT

The contribution of sensory nerve fibers to inflammatory responses and immune regulation has

been the subject of intense study for many years. Capsaicin has been particularly useful as a tool

to probe this connection as it dissects a specific subset of sensory nerve fibers, namely those

with unmyelinated fibers that carry polymodal nociceptors. These nerves are sites of release for

various proinflammatory neuropeptides that initiate the cascade of neurogenic inflammation,

and they convey pain to the central nervous system. The capsaicin receptor, also known as the

vanilloid VR1 or TRPV1 receptor, plays a pivotal role in the hyperalgesic response that follows

inflammatory challenge in rodent models of pain. TRPV1 is activated by noxious heat, and

endogenous proinflammatory molecules, such as arachidonic acid metabolites, nerve growth

factor, bradykinin, and protons (tissue acidification), act in concert to reduce the heat activation

threshold of this receptor below body temperature.

TRPV1 protein levels are up-regulated in experimental models of inflammatory hyperalgesia and

in a number of human disorders (e.g., inflammatory bowel disease). Hence, the development of novel

TRPV1 antagonists could bring about new therapies for the treatment of inflammatory diseases.

The interaction between sensory nerves and immune cells is, however, even more complex

than previously thought. For example, functional TRPV1 receptors are expressed on a broad

array of cells (e.g., mast cells, lymphocytes, dendritic cells) involved in immune responses, and,

in turn, mediators released from these cells (e.g., mast cell tryptase via proteinase-activated

receptor 2 and protein kinase C) can activate TRPV1 in sensory nerves.

A better understanding of the complex cross talk between sensory nerves and immune cells

may identify novel indications for pharmacological intervention.

1. INTRODUCTION

Cross talk between the nervous and immune systems is manifest at many levels. One of the

more interesting areas of interaction is at the sensory neuron fiber terminal. These terminals are

distributed throughout the body but have been the subject of intense study in the skin, the

mouth, the gastrointestinal tract, the bladder, and the lung. It is widely reported (as recently
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� 2009 Elsevier B.V. All rights reserved



reviewed in Refs [1–6]) that immune system mediators, such as monoamines, prostaglandins,

and cytokines, can activate these fibers resulting in sensations ranging from mild discomfort

(e.g., itchiness) to pain (e.g., burns). Sensory neurons, in turn, can release via their peripheral

terminals a variety of substances, including substance P (SP) and calcitonin gene-related peptide

(CGRP) [7–9]. In addition to exerting potent vasoregulatory actions, these substances can

profoundly affect the intensity of immune responses [10–13]. In fact, the presence of receptors

for SP (neurokinin NK1 receptors) in lymphocytes has been reported [14].

Vanilloids, including capsaicin and resiniferatoxin (RTX), have been widely used as tools to

investigate the function of sensory neurons in modulating immune and neurogenic inflamma-

tory responses [15–17]. These compounds are potent activators of SP and CGRP release from

sensory neurons [18,19] by interacting at a specific membrane recognition site, referred to as the

vanilloid receptor TRPV1 [20]. Vanilloid receptors mediate large calcium currents in cultured

sensory neurons and dramatically increase neuron-firing rate in vivo [15,19,21,22]. Capsaicin,

best known as the agent responsible for the piquancy of red peppers [20], is a noxious agent that

initiates dramatic hyperalgesia via TRPV1 in rodents [23] and humans [24,25]. Interestingly,

large dose administration of capsaicin results in the development of a state in which the

previously excited neurons not only do not respond to subsequent capsaicin challenge but are

also unresponsive to various noxious stimuli, both chemical and physical, including heat and

acids [18–20]. This effect, first described by the late Jancsó half a century ago [26,27], is

traditionally referred to as desensitization. The mechanisms underlying this desensitization are

only beginning to be understood. Both the acute activating and long-term desensitization effects

of vanilloids have been exploited to study sensory neuron–immune interactions [15–20].

A recently emerging area is the use of vanilloid compounds for direct immunomodulation.

For example, both mast cells [28–30] and lymphocytes (in specific, CD4+ as well as double-

negative T cells residing in the thymic cortex [31]) are reported to possess vanilloid receptors.

The implications of these new findings are detailed below.

2. THE VANILLOID (CAPSAICIN) RECEPTOR VR1 (TRPV1)

Capsaicin and other vanilloids mediate their effects via the vanilloid receptor subtype-1,

abbreviated as TRPV1. TRPV1 is a nonselective cation channel first cloned by Julius’ group

at UCSF in 1997 [32] and is a member of the transient release potential (TRP) channel

superfamily [33]. VR1 (also known as TRPV1) helps define a subclass of these channels

known as TRPV channels, which contain three conserved ankyrin domains [32]. Several

conserved protein kinase A (PKA) and protein kinase C (PKC) phosphorylation sites are also

observed in TRPV1 [32], which have important roles in the regulation of TRPV1 functions.

The physiology of TRPV1 [3,6,20,34] and related TRP channels [35] has recently been subject

to exhausting reviews. It is important to emphasize that TRPV1 is the only known “vanilloid

receptor” defined as a receptor activated by vanilloid compounds. Hence, reports of non-TRPV1-

mediated effects of vanilloids, such as that vanilloids may modulate T-cell activation independent

of TRPV1 receptors by blocking voltage-gated K+ channels as well as the store-operated Ca2+

channel responsible for capacitative Ca2+ entry [36] must be viewed with caution.

Interestingly, mustard oil, which has also been used to study neurogenic inflammation and

sensory nerve function [37], does not activate TRPV1 but a distantly related channel referred to

as TRPA1 [38,39]. The substantial colocalization of TRPA1 in TRPV1-expressing fibers

explains the earlier findings that mustard oil effects are blunted by capsaicin pretreatment [37].
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2.1 Other VR1 ligands

In addition to its vanilloid sensitivity, TRPV1 is activated by noxious heat (>43�C), by low pH

(<6.5), by a variety of inflammatory lipid metabolites, and by phosphorylation [40,41]. There-

fore, the emerging concept is that TRPV1 functions as a general sensor of noxious stimuli (a

nociceptor) rather than a specific membrane recognition site for compounds carrying a vanillyl

moiety [3,20]. As a matter of fact, this concept is nothing new because this is exactly how

Jancsó, who almost single handedly transformed capsaicin from a pharmacological oddity to a

widely used tool to study a specific subset of sensory neurons, had defined the capsaicin

receptor [42].

Among the newly discovered vanilloids, anandamide (N-arachidonoyl-ethanolamine) is no

doubt the most controversial [43]. Anandamide is an endogenous eicosanoid, which preferen-

tially acts on cannabinoid CB1 receptors: that is, an “endocannabinoid” [44]. Anandamide is

formed “on demand” from the hydrolysis of phospholipid precursors, catalyzed by phospholi-

pase D. Anandamide was reported to act as a full agonist at both heterologously expressed and

native rat [43,45] and human [46] vanilloid receptors. This was, however, an apparently low-

affinity interaction, resulting in understandable reluctance in accepting anandamide as a possi-

ble “endovanilloid” (for further details, see Ref. [47]). New insights, however, enhance the

possibility of anandamide being a potent “endovanilloid” [6]. Now it is clear that the vanilloid

binding site on VR1 is intracellular [48]. Anandamide is transported through the membrane via

a specific transporter [49]. The potency of anandamide at TRPV1 is enhanced by coapplication

of other TRPV1 agonists such as low pH and increased temperature [50–52]. Agents, like nitric

oxide, that stimulate the anandamide membrane transporter enhance the apparent potency of

anandamide at TRPV1 [53]. This recognition has exciting implications. Cannabinoid CB1 and

vanilloid TRPV1 receptors are coexpressed on a subset of sensory neurons [54]. Generally

speaking, agents that activate TRPV1 are excitatory, whereas those acting on CB1 inhibit

neuronal activity. The binding site for anandamide on TRPV1 is intracellular [48]. The

anandamide recognition domain on CB1 is, in contrast, extracellular [55]. Thus, anandamide

may have opposing actions on the very same nerve terminal depending on the functional state of

its membrane transporter. Indeed, both excitation (via TRPV1) and inhibition (via CB1) of

primary sensory neurons by anandamide have been described (reviewed in Ref. [6]). A novel

SP-like peptide named hemokinin was identified in immune cells. Hemokinin is from a different

precursor protein and gene than is SP [56].

There is also good evidence that some in vivo anandamide actions are mediated by TRPV1. For

example, it has been shown that capsazepine inhibits the proinflammatory effects of exogenous

anandamide or 2-acylglycerol injected into the rat ileum lumen [57]. Subsequent to the findings

of endocannabinoid effects on TRPV1, other potent endogenous capsaicin-like substances, the

so-called endovanilloids were identified [6]. The first example is N-arachidonoyl-dopamine

(NADA), a brain substance, which is similar to capsaicin not only structurally, but also with

regard to its potency at TRPV1 [58]. Certain lipoxygenase metabolites, such as 12-hydroperoxy-

eicosatetraenoic acid (12-HPETE), have also been identified as putative endogenous TRPV1

agonists [59]. These findings may provide a mechanistic link between TRPV1 and the

5-lipoxygenase products that are important mediators of airway inflammation [60].

Most recently, ethanol has been added to the list of controversial vanilloids [61]. High

concentrations of ethanol activate C-fibers innervating the esophagus and the skin, evoking

neuropeptide release and resultant neurogenic inflammation [61]. Ethanol also excites dorsal

root ganglion neurons possessing native vanilloid receptors as well as HEK cells transfected
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with TRPV1 [60]. This excitation by ethanol is abolished by the coadministration of capsaze-

pine [61]. Even more interesting is that ethanol lowers the heat threshold of TRPV1 activation

from 42�C to 34�C [60].

There is mounting evidence that TRPV1 is balanced on the edge between open and closed

states [6]. Agents that promote the open state are nociceptive. By contrast, agents that shift

TRPV1 toward the closed state are antinociceptive. As of today, phosphatidylinositol(4,5)-bis-

phosphate is the only known endogenous molecule that helps keeping TRPV1 in the closed state

[62]. Agents that favor the open state are, however, numerous and can be divided into two major

categories: (i) agents that increase the probability of channel opening directly and (ii) agents

that release TRPV1 under the inhibitory control of phosphatidylinositol(4,5)-bis-phosphate. The

first category is exemplified by the enzymes PKC and PKA (reviewed in Refs [6,34, 40]).

Factors that stimulate phospholipase C, the enzyme that cleaves phosphatidylinositol(4,5)-bis-

phosphate, fall into the second category [63]. Bradykinin (acting on B2 receptors) has a dual

effect on TRPV1: it stimulates PKC by promoting diacylglycerol formation, and at the same

time, it degrades phosphatidylinositol(4,5)-bis-phosphate by facilitating phospholipase C [62].

It is tempting to speculate that this dual action on TRPV1 gives an important contribution to the

profound algesic activity of bradykinin. Nerve growth factor, a key player in inflammatory

hyperalgesia [63], also releases TRPV1 under the inhibitory control of phosphatidylinosi-

tol(4,5)-bis-phosphate [62].

2.2 Tissue and cellular expression of TRPV1 and its splice variants

TRPV1 is expressed in small, unmyelinated sensory nerve fibers called C-fibers, which conduct

very slow action potentials and contain various neuropeptides including CGRP and SP [9,64].

These TRPV1 immunoreactivity positive fibers have been observed innervating the skin [65],

the bladder [30,66,67], and the gastric mucosa [68], just to cite a few examples. TRPV1 RNA

and immunoreactivity are also found in the central nervous system (reviewed in Ref. [69]),

albeit at much lower levels than found in dorsal root ganglia.

There is good evidence for TRPV1 gene expression in other non-neural tissues as well,

including the human skin (keratinocytes, dermal blood vessels, hair follicles, sebocytes, and

sweat glands) [29], bladder (urothelium, smooth muscle, mast cells, and capillaries) [30,70],

and brain microvasculature endothelium [71]. Importantly, TRPV1 in these tissues is functional,

lending experimental foundation to the novel concept that both squamous and transitional

epithelium can play sensory roles [72]. In animals, the tissue distribution of TRPV1 is even

broader, encompassing heart, liver, kidney, spleen, and lung (reviewed in Ref. [34]). Of note, rat

cardiomyocytes express TRPV1 in neonates but not in adults, suggesting that TRPV1 expres-

sion is developmentally regulated, at least in the heart [73]. The identification of central nervous

system (CNS) and peripheral nonneuronal sites of VR1 expression negates one of the central

dogmas of the field (i.e., vanilloid receptor expression is a functional signature of primary

sensory neurons) and should revolutionize the ways we are thinking about vanilloid receptors.

As reviewed elsewhere [34,40,74], several lines of evidence demonstrate that TRPV1 protein

levels are regulated. For instance, increased TRPV1 immunoreactive fiber innervation has been

observed in inflamed human skin [29,75] and gastrointestinal tract, both in esophagus [76] and in

large intestine [77]. This phenomenon is believed to contribute to the pathogenesis of various

diseases, such as reflux esophagitis (also known as gastroesophageal reflux disease) [76], inflam-

matory bowel disease (both Crohn’s disease and ulcerative colitis) [76], irritable bowel syndrome

[78], vulvar allodynia [75], and prurigo nodularis [29]. A new finding with far-reaching
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implications is the demonstration of “aberrant” TRPV1 expression in cervical carcinoma cells

[79], implying a future role for TRPV1 agonists as adjuvant chemotherapeutic drugs in cancer

treatment regimens.

Several splice variants of TRPV1 have been reported [80–84]. One, called the rat TRPV1 50

splice variant (VR1 50sv), differs from TRPV1 only in the amino terminal tail region [81].

A similar, but not identical, variant has also been isolated from humans, called TRPV1b [82].

Neither VR1 50sv nor TRPV1b are sensitive to capsaicin or low pH; interestingly, TRPV1b may

be activated by high temperature [81]. Given the hypothesis that TRPV1 is a tetramer, it is

possible that these splice variants function as dominant negative regulators [83]. VR1 50sv RNA
is expressed at very low levels in sensory neurons relative to TRPV1 but is comparable to

TRPV1 gene expression in the CNS [81]. The existence of SIC (stretch inhibitable channel) [84]

remains controversial as several studies failed to confirm the original observation.

2.3 The role of vanilloid receptors in nociception

The pivotal role that TRPV1-expressing nerves play in nociception has been the subject of several

excellent recent reviews [3,20,35,85–87]. Here it suffices to mention that there are three main lines

of evidence to implicate TRPV1 directly in nociception. First and foremost, TRPV1 receptor

knockout mice show reduced inflammatory hyperalgesia and thermal nociception [88,89]. Second,

anti-TRPV1 antiserum ameliorates thermal allodynia in diabetic mice [90]. Third, TRPV1 antago-

nists such as capsazepine exert beneficial effects in animal models of neuropathic pain [23].

3. VANILLOIDS AND NEUROIMMUNE REGULATION

3.1 Evidence that SP released from TRPV1-expressing nerves plays an important role in the

neural control of immunity

Primary afferent unmyelinated fibers possessing TRPV1 modulate the inflammatory response

to injury by initiating the release of a cascade of proinflammatory mediators, known as

neurogenic inflammation. Indeed, rats treated as newborns with capsaicin to destroy these

nerves permanently have a markedly diminished capacity to mount a neurogenic inflammatory

response [91,92]. A pivotal role for SP in the initiation of the neurogenic inflammatory response

has been postulated [93,94]. In accord, edema formation is suppressed in NK1 receptor knock-

out mice in response to scald injury [95]. The connection between capsaicin-sensitive nerves

and neurogenic inflammation is well-known and has been reviewed elsewhere [7–9,15–20].

Less recognized is the fact that capsaicin-treated rats also have altered humoral and cellular

immune responses. For instance, these animals show reduced ability to mount a primary

antibody response to sheep red blood cell antigen [96]. T-cell proliferation in response to

mitogen or interleukin-2 administration is also attenuated in capsaicin-treated rats [97]. In

contrast, allergic response to ovalbumin is enhanced in rats treated with capsaicin as neonates

[98]. The mechanisms underlying this altered immunoregulation remain to be understood. A

subset of thymic T cells express TRPV1 [31], therefore the possibility that capsaicin may kill

lymphocytes directly cannot be discounted. This possibility not withstanding, most effects by

capsaicin treatment on immunoregulation appear to be secondary to the depletion of SP by

capsaicin from afferent nerves in that exogenous SP is able to fully restore antibody response to

sheep erythrocyte antigens [97] and prevent apoptosis in T cells [99].

The Role of the Vanilloid Receptor 105



SP augments the proliferation of CD4-positive T lymphocytes in the presence of the mitogen

Con A [100]. This effect is abolished by the coadministration of the nonpeptide NK1 receptor

antagonist SR140333 [100]. This is in accord with the demonstration of mRNA for NK1

receptor in human lymphocytes [14]. Parenthetically, these cells also produce SP [14], implying

an autocrine regulatory role for SP in lymphocytes. Of course, lymphocytes are not the only

targets cells for SP. For example, SP directly up-regulates the expression of cellular adhesion

molecules such as VCAM-1 on endothelial cells in the microvasculature of the human skin

[101]. In turn, VCAM-1 plays a key role in the extravasation of inflammatory cells [101].

Here we mention briefly that there is good evidence to suggest an important role for up-

regulated SP expression in the pathogenesis of inflammatory conditions. In the nematode-

infected rat, there is marked increase in SP-like immunoreactivity not only in the gut wall but

also in dorsal root ganglia and the dorsal horn of the spinal cord [102]. This is in keeping with

the demonstration of elevated SP receptor (NK1 receptor) levels in patients with inflammatory

bowel disease [103]. Interestingly, patients with inflammatory bowel disease (IBD) also show a

higher density of TRPV1-like immunoreactivity in their bowels [77,78].

3.2 New insights into the participation of TRPV1-expressing nerves in the control of

cystitis and enteritis

As discussed above, agents that directly activate TRPV1 now range from vanilloids to heat to

protons to lipid metabolites to PKC-mediated phosphorylation. Of relevance to enteritis is the

finding that Clostridium difficile toxin A-induced SP release in the rat ileum can be prevented

by pretreatment with the TRPV1 antagonist capsazepine [104]. Although capsazepine is not

entirely specific to TRPV1, this observation was interpreted to suggest a direct involvement of

TRPV1 in pseudomembranous enteritis.

There is an increasing recognition that the participation of TRPV1-expressing nerves in

bladder and bowel inflammation is far more complex than thought previously. One focus of

attention is now proteinase-activated receptor 2 (PAR-2). PAR-2 is highly expressed both in

colon [105] and in bladder [106] and is unique in that it needs to be cleaved first by proteases to

be activated by tethered ligands. As discussed above, mast cells express TRPV1 receptors, and

mast cell tryptase is a protease that is known to activate PAR-2. In turn, activated PAR-2 can

sensitize TRPV1, via PKC-dependent phosphorylation [107]. TRPV1 and PAR-2 are coloca-

lized in bladder nerve fibers, with an up-regulation in PAR-2 expression during experimental

cystitis [106]. During colitis, TRPV1 expression has also been shown to increase [77]. In the

skin, injection of PAR-2 agonists evokes thermal hyperalgesia that is prevented by TRPV1

antagonists [107]. Taken together, these findings imply a powerful proinflammatory cascade in

which both PAR-2 and TRPV1 are up-regulated during inflammation: TRPV1 contributes to

PAR-2 activation by releasing mast cell tryptase (as well as other proteases), and PAR-2 further

sensitizes TRPV1 via PKC phosphorylation.

In the stomach, PAR-2 induces mucus secretion [108]. This action is partially inhibited by the

TRPV1 receptor antagonist capsazepine [108]. This is an interesting link to explore given the

protective action of TRPV1 activation by capsaicin and RTX against gastric ulcer formation

(reviewed in Ref. [20]).

To make this regulatory loop even more complex, PAR-2 is now recognized to exert an anti-

inflammatory signal for colonic lamina propria lymphocytes [105]. In a mouse model of colitis,

a synthetic peptide corresponding to the murine tethered ligand dose dependently attenuates the

symptoms of 2,4,6-trinitrobenzene sulfuric acid (TNBS) induced colitis [105]. This protective
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mechanism is, however, defunct in mice that underwent neonatal capsaicin treatment. As yet, it

is not clear how one can reconcile the apparently contradictory findings obtained with PAR-2

activators in skin (thermal hyperalgesia) [107] and bowel (attenuation of colitis) [105].

3.3 Capsaicin-sensitive nerves protect against allergic and contact sensitivity reactions

In ovalbumin-immunized rats, capsaicin administration inhibits the synthesis of IgG but

enhances the level of serum IgA [109]. Even more intriguing is the observation that pulmonary

neutrophil recruitment by ovalbumin challenge is exacerbated following capsaicin treatment

[98,110]. These findings imply a protective role for unmyelinated fibers against allergic

reactions. Capsaicin-treated mice also exhibit enhanced contact sensitivity reactions to various

haptens [111,112] that cannot be transferred to naı̈ve mice by effector T cells [111]. Interleukin-

1 release is significantly (by over 20-fold) higher in the capsaicin-treated animals than their

similarly sensitized littermates [112]. Furthermore, UV light exposure inhibits contact hyper-

sensitivity reactions in control but not in capsaicin-treated mice [113]. Collectively, these

results indicate that C-fibers, presumably via neuropeptide release, control cutaneous,

delayed-type hypersensitivity reactions in the mouse. Surprisingly, CGRP, but not tachykinin,

receptor antagonists mimic the effects of capsaicin denervation in this experimental paradigm

[113]. Conversely, capsaicin-treated and NK1 antagonist-treated mice exhibit reduced delayed-

type hypersensitivity responses [111,114,115].

3.4 Contribution of capsaicin-sensitive nerves to airway inflammation

The mechanistic role for C-fibers in airway inflammatory diseases has been extensively

studied (for reviews, see Refs [9,15,16,116]). In general, sensory fiber activation is thought

to mediate neurogenic inflammation, typified by increased plasma protein extravasation.

Other consequences of sensory fiber neuropeptides may include recruitment/retention of

dendritic cells to the airway after antigen challenge [117]. The involvement of TRPV1,

specifically, in mediating airway sensory responses in the pathophysiological state is

supported by the finding that capsazepine can block low pH [118] and bradykinin [119]

activation of airway sensory nerve endings. Additionally, particulate matter air pollutants

have been shown to provoke airway inflammation by interacting at sensory nerve fibers

[120]. Such pollutants may also activate TRPV1 expressed in airway epithelial cells [121].

Of note, NK1 receptor knockouts show no plasma extravasation response in an immune-

complex airway inflammation model, implicating SP as a significant mediator of airway

inflammatory response [122].

3.5 Capsaicin-sensitive nerves contribute to the symptoms of arthritis

As discussed above, intact capsaicin-sensitive nerves protect against allergic and contact

hypersensitivity reactions. In animal models of these conditions, capsaicin pretreatment

exacerbates symptoms. By contrast, defunctionalization of C-fibers by high-dose capsaicin

is beneficial in disease states with a significant component of neurogenic inflammation.

A well-characterized example of this phenomenon is the adjuvant-induced experimental

arthritis. In a guinea pig model, capsaicin pretreatment resulted in a significant attenuation

of clinical (e.g., tissue swelling) and radiological scores [123]. Importantly, the synovial

T-cell infiltration was also selectively reduced in these animals [124].
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4. THE COMPLEX INTERACTION BETWEEN MAST CELLS

AND TRPV1-EXPRESSING NERVES

As has repeatedly been alluded to above, there is an intimate anatomical and physiological

relationship between mast cells and capsaicin-sensitive nerves possessing TRPV1 [29,30,124].

Several lines of evidence suggest that these nerves exert a trophic effect on mast cell density.

For example, a diminished synovial mast cell density was found in rats whose C-fibers were

destroyed by high-dose capsaicin administration [125]. In keeping with this, 28% fewer

intestinal mucosal mast cells are present in the small bowel of capsaicin-treated rats compared

with littermate controls [126]. This change is similar to that caused by truncal vagotomy (a 25%

decrease in jejunal mast cell density) [126], implying that the component of the capsaicin-

sensitive innervation of the gut, which is associated with mast cells, is vagal in origin. The

Sensory nerve
ending

Mast 
cell

Bradykinin
receptor

?

PAR-2

Endocannabinoids

SP

NK-1 RSP

TRPV1

Histamine

Mast cell
tryptase

Inflammatory
soup

TRPV1

H1

PL / PKC

CB1

Figure 1. Hypothetical interaction of TRPV1-expressing sensory afferents with mast cells. During inflammation,

numerous mediators are generated, including bradykinin, prostaglandin, and protons. This “inflammatory soup” can

directly activate TRPV1 (e.g., low pH) or indirectly sensitize TRPV1 (e.g., bradykinin through its receptor, bradykinin

R). Activation of TRPV1 in sensory afferents results in the release of neuropeptides, including substance P (SP). SP via

NK1 can activate mast cells resulting in the release of mast cell tryptase – an activator of PAR2. Sensitization of TRPV1

via PAR2 and/or histamine receptor (H1) would complete a positive regulatory loop between mast cells and sensory

afferents that drives neurogenic inflammation. Endocannabinoids, such as anandamide, may activate sensory neurons

through direct interaction with TRPV1(+) or decrease sensory neuron activity via cannabinoid receptor, CB1(�). PL,

phospholipase; PKC, protein kinase C. (See color Plate 2.)
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mediator of this trophic action on mast cells is not known but SP is a good candidate to play this

role. A trophic action by SP on other cell types, like keratinocytes, has been described [127],

and mast cells are known to carry both NK1 receptors [128] and a second receptor that

recognizes the C-terminal domain of SP [129].

Capsaicin evokes the degranulation of mast cells in the human skin via release of sensory

neuropeptides [130]. It has been suggested that mast cells express either TRPV1 or a closely

related receptor [28], and TRPV1 immunoreactivity has been observed in resident mast cells of

human skin [29] and bladder [30]. Capsaicin itself, however, does not release histamine from

mast cells [130]; therefore the physiological role of TRPV1 in these cells is unclear. In any case,

mast cell activation results in the release tryptase, a protease that can activate PAR-2, and

histamine, which can activate H1 receptors [131]. Each of these receptors can sensitize TRPV1

[107]. This exacerbates neuropeptide release further and maintains a vicious circle in which

more and more proinflammatory mediators are generated (Fig. 1).

5. CONCLUDING REMARKS

The essential contribution of capsaicin-sensitive nerves to nociception and neurogenic inflammation

was firmly established decades ago [7–9,15–20]. A receptor for capsaicin, termed the vanilloid

receptor TRPV1, was cloned in 1997, heralding a new era in sensory pharmacology [32]. TRPV1

integrates effects of noxious heat, protons, arachidonic acid metabolites, and vanilloid ligands

[3,34,35,40]. Considerable progress has been made in delineating the contribution of endovanilloid

signaling to neuropathic pain and neuroimmune regulation. Endogenous TRPV1 agonists (endova-

nilloids) include anandamide, 12-HPETE, leukotriene B4, and NADA [6]. PKs sensitize TRPV1 to

agonists by enhancing the probability of channel opening [6] and provide a mechanism by which

proinflammatory mediators, such as bradykinin, mast cell tryptase, and histamine, activate sensory

nerve afferents. As a consequence of the anatomical and biochemical interaction between sensory

nerve afferents and immune cells, TRPV1 is a key molecular player in neuro–immune interactions.

A better understanding of endovanilloid signaling via TRPV1 is expected to provide important clues

to the development of innovative analgesic and anti-inflammatory drugs.
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Inflammation. Budapest: Akadèmiai Kiadó, 1984; pp. 2–25.

8. Foreman JC. Peptides and neurogenic inflammation. Br Med Bull 1987;43:386–400.

9. Holzer P. Local effector functions of capsaicin-sensitive sensory nerve endings: involve-

ment of tachykinins, calcitonin gene-related peptide and other neuropeptides. Neu-

roscience 1988;24:739–768.

10. Rameshwar P. Substance P: a regulatory neuropeptide for hematopoiesis and immune

functions. Clin Immunol Immunopathol 1997;85:129–133.

11. Holzer P. Implications for tachykinins and calcitonin gene-related peptide in inflamma-

tory bowel disease. Digestion 1998;59:269–283.

12. Scholzen T, Armstrong CA, Bunnett NW, Hyer TA, Olerud JE, Ansel JC. Neuropeptides

in the skin: interactions between the neuroendocrine and the skin immune systems. Exp

Dermatol 1998;7:81–96.

13. Levite M, Chowers Y. Nerve-driven immunity: neuropeptides regulate cytokine secretion

of T cells and intestinal epithelial cells in a direct, powerful, and contextual manner. Ann

Oncol 2001;12(Suppl. 2):S19–S25.

14. Lai JP, Douglas SD, Ho WZ. Human lymphocytes express substance P and its receptor.

J Neuroimmunol 1998;86:80–86.

15. Wood J (ed.). Capsaicin in the Study of Pain. San Diego, CA: Academic Press, 1993.

16. Geppetti P, Holzer P (eds). Neurogenic Inflammation. Boca Raton, FL: CRC Press, 1996.

17. Szallasi A, Blumberg PM. Mechanisms and therapeutic potential of vanilloids (capsaicin-

like molecules). In: August TJ, Anders MV, Murad F, eds. Advances in Pharmacology. San

Diego, CA: Academic Press, 1993; pp. 123–155.

18. Buck SH, Burks TF. The neuropharmacology of capsaicin: a review of some recent

observations. Pharmacol Rev 1986;38:179–226.

19. Holzer P. Capsaicin: cellular targets, mechanisms of action, and selectivity for thin

sensory neurons. Pharmacol Rev 1991;43:143–201.

20. Szallasi A, Blumberg PM. Vanilloid (capsaicin) receptors and mechanisms. Pharmacol

Rev 1999;51:159–211.

21. Wood JN, Winter J, James IF, Rang HP, Yeats J, Bevan S. Capsaicin-induced ion fluxes in

dorsal root ganglion cells in culture. J Neurosci 1988;8:3208–3220.

22. Liu L, Simon SA. A rapid capsaicin-activated current in rat trigeminal ganglion neurons.

Proc Natl Acad Sci USA 1994;91:738–741.

23. Kwak JY, Jung JY, Hwang SW, Lee WT, Oh U. A capsaicin receptor antagonist,

capsazepine, reduces inflammation-induced hyperalgesia in the rat: evidence for an

endogenous capsaicin-like substance. Neuroscience 1998;86:619–625.

24. Liu M, Max MB, Robinowitz E, Gracely RH, Bennett GJ. The human capsaicin model of

allodynia and hyperalgesia: sources of variability and methods of reduction. J Pain

Symptom Manage 1998;16:10–20.

25. Baron R. Capsaicin and nociception: from basic mechanisms to novel drugs. Lancet

2000;356:785–787.
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37. Jancsó N, Jancsó-Gábor A, Takáts J. Pain and inflammation induced by nicotine, acet-

ylcholine, and structurally-related compounds and their prevention by desensitizating

agents. Acta Physiol Acad Sci Hung 1961;19:113–131.

38. Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt PM, Hogestatt ED, Meng

ID, Julius D. Mustard oils and cannabinoids excite sensory nerve fibers through the TRP

channel ANKTM1. Nature 2004;427:260–265.

39. Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus MJ, Earley

TJ, Patapoutian A. Noxious cold ion channel TRPA1 is activated by pungent compounds

and bradykinin. Neuron 2004;41:849–857.

40. Cortright DN, Szallasi A. Biochemical pharmacology of the vanilloid receptor TRPV1.

An update. Eur J Biochem 2004;271:1814–1819.

41. Jin X, Morsey N, Winston J, Pasricha PJ, Garrett K, Akbarali H. Modulation of TRPV1 by

nonreceptor tyrosine kinase, c-Src kinase. Am J Physiol Cell Physiol 2004;287:

C558–C563.
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ABSTRACT

This chapter demonstrates a promising opportunity for anti-inflammatory drug therapy. The

theoretical background of the development of these novel-type compounds is an original

observation derived from our laboratory. According to our experimental data, somatostatin is

released from the capsaicin-sensitive sensory nerve endings by different stimuli. It reaches

distant parts of the body by the circulation and exerts systemic anti-inflammatory effects via

binding to G-protein-coupled membrane receptors. This receptor family consists of five sub-

types (sst1–sst5). Presumably, sst1 and sst4 are responsible for the mediation of anti-inflammatory

actions. Somatostatin influences neurogenic inflammation by presynaptic and postsynaptic

actions. It inhibits the release of proinflammatory neuropeptides from the sensory nerve

endings and also acts on receptors of vascular endothelial, inflammatory, and immune cells.

As somatostatin itself is not a suitable lead molecule for drug development because of its

wide spectrum of actions and very short elimination half-life, stable, selective, well-tolerated

somatostatin agonists with anti-inflammatory activity have been synthesized and investigated.

TT-232, a heptapeptide anti-inflammatory analog, is under clinical investigation and several

nonpeptide analogs have been preclinically tested. Somatostatin analog anti-inflammatory

agents would mean a novel chance in the pharmacotherapy of chronic inflammatory and

immune diseases.

1. PHYSIOLOGICAL ACTIONS OF SOMATOSTATIN

Somatostatin (SST) is a peptide widely distributed in the body, in both the central nervous system

(CNS) and the peripheral tissues. Somatostatin or somatotropin release-inhibiting factor (SRIF)

was first discovered in hypothalamic extracts as an activity that inhibited growth hormone

secretion from cultured anterior pituitaries [1]. Brazeu et al. [2] characterized this factor as a

cyclic peptide consisting of 14 amino acids (SST14). Several years later, a second bioactive form,

an NH2-terminally extended somatostatin molecule consisting of 28 amino acids (SST28) was

isolated and characterized [3]. Somatostatin has an inhibitory action on a variety of physiological

functions in different organ systems, including the hypothalamus, the anterior pituitary gland, the

gastrointestinal tract, exocrine and endocrine pancreas, thyroid, kidney, adrenals, reproductive
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organs, and immune cells [4]. SST acts as a neurotransmitter in the CNS with effects on

locomotor activity and cognitive function [5]. In the peripheral nervous system, it is found in

sympathetic and sensory neurons [6] and may have an inhibitory effect on nociception [7].

Somatostatin has also been shown to possess antiproliferative effects in vitro [8].

The physiological actions of SST are initiated with its binding to membrane receptors. Five

human somatostatin receptors (sst) have been cloned and characterized and referred to as sst1–5
receptors using the nomenclature suggested by Hoyer et al. [9]. Structurally, somatostatin receptors

are seven transmembrane domain glycoproteins, comprised of seven membrane-spanning a-helical
domains connected by short loops, an N-terminal extracellular domain and a C-terminal intracel-

lular domain. On the basis of binding studies using synthetic somatostatin analogs, sst receptors can

be divided into two different subgroups: SRIF1 group comprising sst2, sst3, and sst5 are able to bind

octapeptide analogs, whereas SRIF2 group comprising sst1 and sst4 have negligible affinity for

these compounds. None of the peptide analogs bind exclusively to only one of the sst subtypes

although new approaches might yield subtype-selective agonists and antagonists [4–16]. Somatos-

tatin receptors are linked via G-proteins to multiple cellular effector systems. They mediate the

inhibition of adenylate cyclase activity [4,17], reduce the conductance of voltage-dependent Caþþ

channels [4,18], and activate Kþ channels [19–21]. Somatostatin receptors also mediate the

stimulation of tyrosine phosphatase activity and induce a reduction of cell proliferation and the

inhibition of an Naþ/Hþ exchanger (NHE1) [4,22,23]. sst receptors represent a major class of

inhibitory receptors that play an important role in modulating higher brain functions, secretory

processes, cell proliferation, and apoptosis. A great deal remains to be learned about the biology of

sst dysfunction in neurological, gastroenterological, and immunological disorders [12]. Although

the molecular cloning of many different sst subtypes has greatly improved our knowledge of their

physiological role, several questions in this field still have not been answered. This apparent

problem may be because of the fact that each receptor may activate multiple intracellular pathways

and the same intracellular pathway may be activated by different sst subtypes, often expressed on

the same cells [11]. This chapter focuses on the anti-inflammatory role of somatostatin.

2. SOURCES OF SOMATOSTATIN

Many tissues in the body are innervated by peptidergic sensory nerves of unmyelinated C-fibers

and small myelinated Ad-fibers [14,16]. Proinflammatory and anti-inflammatory neuropeptides

are released by the activation of these sensory nerve endings. Neuronal somatostatin acting on

sst receptors exerts anti-inflammatory action. The inhibition of neurogenic inflammation can be

realized by the reduction of the release of proinflammatory neuropeptides. In endocrine organs

and the gastrointestinal tract, somatostatin is produced by specialized neuroendocrine cells.

In addition, immune cells themselves have been shown to contain somatostatin [24]. SST

produced by immune cells may act as an autocrine or paracrine regulator in the local environ-

ment. Activated synovial cells can also produce the peptide [25].

3. SOMATOSTATIN RECEPTORS IN INFLAMED TISSUES

SST receptor autoradiography, in which tissue sections are incubated with radioisotope-labeled

somatostatin or somatostatin analogs, has shown the presence or even upregulation of soma-

tostatin-binding sites in infectious diseases (e.g., tuberculosis), autoimmune diseases (Graves
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ophthalmopathy), and other immune-mediated diseases [16]. sst receptors could also be visua-

lized in biopsies of inflamed tissue from patients with sarcoidosis, rheumatoid arthritis, and

inflammatory bowel disease. In sarcoidosis, the granulomas were labeled, whereas in rheuma-

toid arthritis and inflammatory bowel disease, mainly the venules were labeled [25–27]. Binding

sites were also detected in human and mouse lymphoid organs, where sst receptors were identified

on normal and activated leukocytes [28,29].

4. ANTI-INFLAMMATORY EFFECT OF EXOGENOUS SOMATOSTATIN

It has been established that exogenous somatostatin inhibited vasodilatation and plasma extra-

vasation induced by saphenous nerve stimulation [30] and mustard oil-induced plasma leakage

in the skin of the rat hind paw [31]. Repeated SST treatments attenuated adjuvant-induced

chronic arthritis and mechanical allodynia in the rat [32], as well as endotoxin-evoked subacute

pulmonary inflammation and consequent bronchial hyperreactivity [33]. SST also inhibited the

release of substance P (SP) from central and peripheral nerve endings [34]. Vascular somatos-

tatin receptors play a pivotal role in inflammatory skin conditions and are particularly important

in pathomechanism of conditions such as dermatitis and psoriasis [35]. Inhibition of lymphoid

cell proliferation is the best-documented effect of somatostatin on immune function [28].

Besides the inhibitory effect on proliferation, it has been shown to inhibit T-lymphocyte

function, such as cytokine production [36]. Somatostatin reduced the secretion of interferon-�
(IFN-�) from human peripheral blood mononuclear cells [37]. In several studies, SST has

been shown to inhibit immunoglobulin production by B lymphocytes [38]. Somatostatin

dose dependently reduced the IgA secretion from a murine plasmocytoma cell line [39] and

inhibited the primary antibody response to antigenic stimulation in the rat [40]. SST has been

demonstrated to influence a number of monocyte–macrophage functions [41,42]. Chemotaxis

of human peripheral blood monocytes and murine macrophage cell lines was inhibited by this

peptide, but dose-dependency was not observed [43,44]. There is evidence that, besides

endothelial and immune cells, somatostatin acts on different cell types that are able to produce

proinflammatory mediators. Intestinal epithelial cells secrete proinflammatory cytokines and

chemokines that are crucial in mucosal defense. SST caused marked inhibition of spontaneous

and tumor necrosis factor a (TNF-a)-induced secretion of interleukin-8 (IL-8) and IL-1b from

the intestinal epithelial cells [45]. These data suggest that somatostatin plays an active role in

regulating the mucosal inflammatory response of intestinal epithelial cells in pathological

circumstances such as inflammatory bowel diseases or bacterial invasion (Table 1) [46].

5. EVIDENCE FOR THE EXISTENCE OF NEUROGENIC ANTI-INFLAMMATORY

SUBSTANCES

Direct evidence for neurogenic inflammation evoked by antidromic stimulation of the sensory

fibers was presented more than 30 years ago by Jancsó et al. [47]. These findings suggested that

beyond the well-known phenomenon of arteriolar “antidromic vasodilatation” and “flare

reaction” [48,49], venular plasma leakage forms a cardinal sign of neurogenic inflammation.

Subsequently, it was realized that these local efferent responses are mediated by the release of

proinflammatory neuropeptides such as SP, neurokinin A (NKA), and calcitonin gene-related

peptide (CGRP) [50,51]. An unexpected observation made by Pintér and Szolcsányi [52] raised
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the possibility that mediators released from the capsaicin-sensitive nerve terminals possess not

only local but also systemic neurohumoral effects. Electrical stimulation with C-fiber strength

(20V, 0.5ms, 5Hz for 5 min) of the peripheral stump of cut dorsal roots (lumbar 4–6) evoked

intensive plasma extravasation in the skin of the rat hind paw and intravenously given Evans

blue dye bound to the plasma protein accumulated in the inflamed tissues. In this series of

experiments, a search was made to map internal organs in which neurogenic inflammation can

be evoked; therefore, after the first stimulation had been completed a second stimulation was

applied to another dorsal root. To our surprise, subsequent antidromic stimulation of the

contralateral stump (Dt= 5 min) caused a reduced effect, with the intensity of the secondary

plasma extravasation diminished by 50% (Fig. 1Aa). The difference in responses disappeared

when the second train of stimulation was applied 60min after the first one. Bilateral simulta-

neous stimulation of the cut dorsal roots evoked identical responses in both sides. According to

these early findings, it was presumed that besides proinflammatory peptides, anti-inflammatory

mediators are also released from the sensory nerve endings and reach the distant parts of the

body through the circulation exerting a short-lasting systemic anti-inflammatory action [52].

Inflammation evoked by chemical agents with or without the intervention of sensory fibers was

also inhibited by antidromic stimulation of dorsal roots. In a subsequent publication, Pintér and

Szolcsányi [53] showed in 1996 that antidromic stimulation of the dorsal roots inhibited a

subsequent inflammatory response because of subplantar carrageenin injection or instillation of

capsaicin solution into the eye. Carrageenin, a sulfated polysaccharide from seaweed, is a

commonly used agent for the induction of experimental edema formation in animal models.

Complement activation plays a minor role in the carrageenin-induced edema, but the involve-

ment of neutrophils and the kinin system has been demonstrated [54–57]. In addition, there is

evidence for a neurogenic component mediated by tachykinins [57].

Initiation of dorsal root stimulation-induced anti-inflammatory responses was prevented by

the degeneration of the capsaicin-sensitive afferents after perineural capsaicin-pretreatment but

not by bilateral adrenalectomy (Fig. 1Ab,c). Taken together, these data provided evidence that

the presumed anti-inflammatory substances are released from the capsaicin-sensitive nerves and

act not only on neurogenic inflammation but also on mixed-type inflammatory reactions such as

carrageenin-induced edema formation. Significant action of corticosteroids can be excluded,

because bilateral adrenalectomy did not affect this anti-inflammatory response. In further

Table 1 Anti-inflammatory effects of exogenous somatostatin

Inhibition of antidromic vasodilatation and plasma extravasation in the rat [30]

Inhibition of the release of substance P from central and peripheral nerve endings [34]

Inhibition of immunoglobulin production of B cells [38–40]

Reduction of the secretion of reactive oxygen species from macrophages [42]

Inhibition of SP-induced enhancement of the secretion of cytokines, IL-1, IL-6, TNF-a from

LPS-stimulated murine peritoneal macrophages

[41]

Inhibition of mustard oil-induced plasma extravasation in the rat [58]

Regulation of T-cell function. Inhibition of IFN-� release from T cells [36]

Marked inhibition of the spontaneous and TNF-a-induced secretion of IL-8 and IL-1b from

intestinal epithelial cells

[45]

Significant attenuation of adjuvant-induced chronic arthritis and consequent mechanical allodynia

in the rat

[32]

Inhibition of endotoxin-evoked subacute airway inflammation and inflammatory bronchial

hyperresponsiveness

[78]
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experiments, it was proven that besides dorsal root stimulation, antidromic excitation of a

peripheral nerve also elicited the inhibitory action. Szolcsányi et al. [58] published in 1998 that

antidromic stimulation of the sciatic nerve at a frequency that primarily stimulates C-fibers

(20V, 0.5ms, 5Hz for 5 min) caused neurogenic plasma leakage in the innervated area and

inhibited the development of a subsequent Evans blue accumulation by 50% in response to

similar stimulation of the contralateral sciatic nerve, which was abolished by polyclonal

somatostatin antiserum pretreatment that suggested the potential mediator role of somatostatin

(Fig. 1Ba,b). In these studies, the sympathetic neuron blocker guanethidine (8mg/kg i.p.) was

injected 1 h before the nerve stimulation to abolish the vascular effects of admixed sympathetic

fibers, and pipecuronium bromide (200mg/kg i.v.) was given to block the neuromuscular

transmission. Under these conditions, nerve stimulation at 0.1Hz for 4 h elicited no local plasma

extravasation in the stimulated hind leg but still reduced the carrageenin-induced edema by 52%

in the paw of the contralateral side (Fig. 1Bc). On the basis of this observation, we concluded

that the actual development of inflammatory processes was not required to induce the anti-

inflammatory effect. Consequently, the inhibitory substance(s) was supposed to be released
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Figure 1. Antidromic stimulation of the peripheral stumps of cut lumbar (L4–6) dorsal roots caused plasma extravasation

in the skin of the innervated area, which was determined quantitatively by accumulation of Evans blue dye. The effect of

the second stimulation was reduced by 50% compared with the first response (Aa). Perineural capsaicin pretreatment of

the sciatic nerve not only prevented the plasma extravasation by ipsilateral dorsal root stimulation but abolished the

contralateral antiplasma leakage effect as well (Ab). Systemic anti-inflammatory effect of dorsal root stimulation was

not affected by bilateral adrenalectomy (Ac). The systemic anti-inflammatory effect has also been observed after

antidromic sciatic nerve stimulation (Ba), but this phenomenon was prevented by somatostatin antiserum pretreatment

(Bb). Although long lasting stimulation on very low frequency (0.1Hz for 4 h) did not induce plasma extravasation on

the ipsilateral hindpaw skin, it significantly reduced the carrageenin-induced intraplantar plasma extravasation on the

contralateral side (Bc). (*1 first electrical stimulation, *2 second electrical stimulation).
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directly from the nerve fibers and not from the inflamed tissues. Chemical activation of the

capsaicin-sensitive sensory nerve terminals is also suitable to release sufficient amount of the

anti-inflammatory mediator for evoking actions in distant parts of the body.

Neurogenic plasma leakage evoked by topical application of 1% mustard oil (allylisothio-

cyanate) on the skin of the acutely denervated hind leg (primary reaction) inhibited the

progression of a secondary oil-induced plasma extravasation in the skin of the contralateral

hind leg by 49.3% and in the conjunctival mucosa due to 0.1% capsaicin instillation by 33.5% in

the rat. In this study, acute denervation of the hind leg was performed by cutting both the sciatic

and the saphenous nerves 30min before the experiments to avoid the interference of autonomic

reflexes [31]. The primary reaction also inhibited the nonneurogenic hind paw edema evoked by

s.c. injection of 5% dextran into the chronically denervated hind paw by 48%.

Chemical agents without neurogenic component of inflammation do not evoke this anti-

inflammatory action. Pure non-neurogenic inflammation can be produced by dextran, which

acts via activation of mast cells [59]. To exclude neurogenic inflammation, the hind legs were

denervated 5 days prior to the experiments to induce degeneration of the nerve fibers. After

chronic denervation, subplantar injection of 5% dextran elicited non-neurogenic edema forma-

tion without causing any systemic anti-inflammatory effect. This observation provided further

evidence that the source of inhibitory substances must be the capsaicin-sensitive sensory nerves.

As in the case of sciatic nerve stimulation, bilateral adrenalectomy did not inhibit the mustard

oil-induced anti-inflammatory effect in the contralateral leg.

The most important goal of the subsequent studies was to elucidate the mediator background

of the neurogenic anti-inflammatory action. On the basis of earlier data, anti-inflammatory

sensory neuropeptides with a putative neurohumoral role include somatostatin [30,60,61],

opioid peptides [30,62], and galanin [63].

6. EVIDENCE FOR THE ANTI-INFLAMMATORY ROLE OF NEURONAL

ENDOGENOUS SOMATOSTATIN

Although the mediator role of somatostatin could be assumed by previous data, our later systemic

studies presented clear evidence that SST released from the activated capsaicin-sensitive sensory

afferent fibers is responsible for the systemic anti-inflammatory effect [31,58,64]. Pretreatment

with polyclonal somatostatin antiserum (0.5ml/rat i.v.), or the selective somatostatin depleting

agent cysteamine (280mg/kg, s.c.), prevented the anti-inflammatory effect of sciatic nerve stimu-

lation or mustard oil application on a subsequent neurogenic plasma extravasation of the contral-

ateral paw skin. The inhibitory effect of antidromic sciatic nerve excitation on plasma extravasation

in response to vagal nerve stimulation was also prevented by somatostatin antiserum pretreatment.

Somatostatin-like immunoreactivity (SST-LI) in the plasma increased more than fourfold after the

stimulation of both sciatic nerves (5Hz, 5 min), but the stimulus-evoked elevation was not

observed in cysteamine (280mg/kg, s.c.) pretreated rats [58]. Furthermore, inflammation-induced

significant increase of plasma SST-LI has been shown in the adjuvant-induced chronic arthritis

model of the rat [32] and also in the endotoxin-evoked subacute airway inflammation model of the

mouse [33]. The functional significance of somatostatin released from the capsaicin-sensitive

sensory nerve endings has been described with the help of cyclo-somatostatin, which antagonizes

all the five somatostatin receptors. Repeated cyclo-somatostatin injections significantly increased

edema formation and inflammatory changes in the rat joint [32], as well as histopathological

alterations, inflammatory cytokine production, and hyperresponsiveness in the mouse lung [33].
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As these functional data provide clear evidence for the pivotal role of somatostatin in the

systemic anti-inflammatory action of sensory nerve stimulation, later studies were devoted to

finding somatostatin analogs with anti-inflammatory properties.

7. SOMATOSTATIN, SUBSTANCE P, AND CALCITONIN GENE-RELATED

PEPTIDE IN THE INFLAMMATORY MECHANISMS

SST counteracts the effect of SP in neurogenic inflammation because of the inhibition of proin-

flammatory neuropeptide release or opposing receptor actions [16]. SST acting on its own receptors

inhibits neurokinin 1 receptor (NK1)-mediated SP actions on vasodilatation in arterioles as well as

on plasma protein extravasation and leukocyte accumulation from postcapillary venules and

cytokine production of immune and other stimulated inflammatory cells. There is evidence that

NK1 and sst receptors also exist on inflammatory and immune cells where theymediate antagonistic

effects [16]. CGRP acting on CGRP1 receptors, causing vasodilatation and potentiating the SP

effect on edema formation by increasing the blood supply, acts against SST in vascular inflamma-

tory events. However, synergistic actions can also be shown between these peptides, especially in

the cellular phases of the inflammatory process. Similar to SST, CGRP inhibits the_O2
– production,

adhesion, and accumulation of neutrophil granulocytes. Both peptides also inhibit B and T

lymphocyte proliferation and IgG production, as well as proinflammatory cytokine release from

macrophages. CGRPwas also found to upregulate the production of the anti-inflammatory cytokine

IL-10 from macrophages [65]. These interactions demonstrate the existence of numerous binding

sites for neuropeptides in the regulatory pathways of inflammatory and immune processes.

8. THERAPEUTIC VALUES OF ANTI-INFLAMMATORY SOMATOSTATIN

ANALOGS

Because of its wide range of physiological functions, somatostatin could be a useful tool in the

treatment of numerous human diseases. However, the clinical value of SST has been limited

because of some disadvantages of the endogenous peptide, such as its short half-life in the

circulation (<3 min) and its lack of selectivity. To overcome these problems, hundreds of peptide

analogs and recently nonpeptide mimetics have been synthesized [15]. The octapeptide analog,

octreotide binding predominantly to sst2, sst3, and sst5, which is effectively used in the treatment of

hormone-secreting tumors [66], had no influence on neurogenic inflammation and dextran-induced

edema. However, there is some evidence that octreotide inhibits carrageenin-induced edema and

leukocyte accumulation [60] as well as formalin-induced nociception [67]. Recently, a series of

novel, potent, stable analogs have been synthesized in our laboratories to study the relative

importance of specific substitutions in selectivity between these receptor subtypes. An analog

with a cyclopenta-ring structure – D-Phe-Cys-Tyr-D-Thr-Lys-Cys-Thr-NH2, called TT-232 – was

found promising, in that it had no endocrine activity. This analog failed to inhibit growth

hormone release or gastrin secretion in vivo but had a strong antiproliferative and apoptotic

effect on tumor cells in vivo and in vitro [68,69]. Binding studies and functional agonist

assays performed by Würster and Engström (Juvantia Pharma, Turku, Finland) demonstrated

that TT-232 shows the greatest affinity to sst4 and in a lesser extent to sst1 receptors and

behaves as an agonist. It proved to be an effective anti-inflammatory compound, which inmg/
kg dose range exerts significant inhibitory effects in both in vitro and in vivo models (Table 2)
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(for review, see Ref. [70]). In the rat, low doses of TT-232 inhibited the mustard oil-induced

plasma extravasation in the skin of the hind paw, the dextran-evoked paw edema and

bradykinin-induced plasma extravasation in the paw skin or ankle joint (5�10mg/kg), and the

carrageenin-induced paw edema (3� 5mg/kg). Neutrophil leukocyte accumulation after carra-

geenin or IL-1b injection was only inhibited by higher doses (3� 80mg/kg). Both the acute

vascular and the longer lasting cellular inflammatory responses were inhibited. In the mouse,

TT-232 has proven to be a potent anti-inflammatory agent against the capsaicin-induced

neurogenic edema formation in the ear. Also, capsaicin and electrical field stimulation evoked

a significant increase in SP, CGRP, and SST release from isolated rat tracheae in control

samples, which was significantly inhibited by TT-232 (500 nM). TT-232 itself did not

influence the basal, nonstimulated peptide release [71,72].

Table 2 Anti-inflammatory effect of TT-232

Animal model Dose range and form of

administration

Inhibitory effect

Rat models

Plasma extravasation evoked by mustard

oil on the paw skin

10mg/kg i.p. 63.62%

Non-neurogenic dextran–edema of the

chronically denervated hindpaw

10mg/kg i.p. 51.92%

Bradykinin-induced plasma extravasation

in the skin of the chronically

denervated hindpaw

10mg/kg i.v. 32.23%

Freund adjuvant-induced arthritis 2� 500mg/kg per day s.c.

throughout the period of

18 days

42.22% (on the 19th day)

Carrageenin-induced paw edema for 3 h 3� 2.5–20mg/kg i.v. 19.5–85.5%

Plasma extravasation induced by intra-

articular bradykinin injection

5–20mg/kg i.v. 29.48–37.46%

Cutaneous neutrophil accumulation over

a 3 h period after i.d. injection of

carrageenin

3� 80mg/kg i.v. 47.2%

Cutaneous neutrophil accumulation over

a 3-h period after i.d. injection of IL-1b
3� 80mg/kg i.v. 84.2%

SP, CGRP, and somatostatin release from

the isolated trachea induced by

electrical field stimulation (40V,

0.1ms, 10Hz, 120 s) or by capsaicin

(10–7M),

500 nM 79 (SP), 48 (CGRP) and 74% (SST)

elicited by capsaicin 36 (SP), 48

(CGRP) and 42% (SST) in response to

electrical field stimulation

Mouse model

Edema formation induced by topically

applied capsaicin on the ear

5–20mg/kg i.v. 62.4–84.6%

Endotoxin-induced subacute airway

inflammation and consequent

hyperreactivity

500mg/kg i.p. repeatedly

(3 times/day)

28.5–47.8% (histological scores of the

inflammatory parameters) 33.2–54.1%

(bronchoconstriction)

Ovalbumin-evoked chronic airway

inflammation and bronchial

hyperresponsiveness

500mg/kg i.p. repeatedly

(3 times/day throughout

3 days of the elicitation

phase)

31.5–50.8% (histological scores of the

inflammatory parameters) 20.2–74.3%

(bronchoconstriction)
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In rat lung tissue, the mRNA of two somatostatin receptor subtypes were identified. Predomi-

nantly, the sst4 and, to a lesser extent, sst1 subtype were expressed [73]. In addition, there are

studies that have established that in the rat adjuvant arthritis model, sst3 and sst4 receptor subtypes

are over-expressed in the immune system. They found that systemic administration of octreotide,

which has a high affinity for sst2 and sst5, did not influence either the incidence or the severity of

adjuvant arthritis in the rat [74]. Our previous findings also demonstrated the lack of efficacy of

octreotide in mustard oil-induced neurogenic and in dextran-induced non-neurogenic inflamma-

tory models in the rat, where TT-232 significantly inhibited the neurogenic plasma extravasation

or paw swelling [75]. More recently, we have shown that repeated TT-232 treatment markedly

attenuated adjuvant-induced chronic arthritis and mechanical allodynia in the rat [32]. It also

inhibited endotoxin-provoked pulmonary inflammation and ovalbumin-evoked allergic airway

inflammation and hyperreactivity in the mouse [76]. Therefore, it is tempting to assume that sst4,

and probably sst1, receptors are responsible for the anti-inflammatory effect of SST and TT-232

on the neurogenic inflammation. The agonistic effect of TT-232 on G-protein-coupled somatos-

tatin membrane receptors was also established by our data as pertussis toxin prevented the

inhibitory effect of the heptapeptide SST analog on the release of neuropeptides from the rat

isolated trachea preparation [72]. Presumably, inhibition of tyrosine kinases by TT-232 [71,72]

does not play a pivotal role in its anti-inflammatory effect since a potent tyrosine kinase inhibitor,

genistein, failed to influence the stimulated neuropeptide release. Extremely high doses of TT-232

(up to 5mg/kg) did not induce damage of the gastrointestinal mucosa in the rat. As each of the

present steroidal anti-inflammatory drugs (SAIDs) and nonsteroidal anti-inflammatory drugs

(NSAIDs) cause harmful actions on the gastric and duodenal mucosa, clinical application of

TT-232 suggests a possible new route to eliminate the most frequent, serious unwanted effects of

anti-inflammatory therapy. Findings summarized in Table 2 established a broad spectrum of anti-

inflammatory effect of TT-232 (for review, see Ref. [70]).

A novel sulfonamido-peptidomimetic compound, J-2156 [(10S,2S)-4-amino-N-(10-carbamoyl-

20-phenylethyl)-2-(400-methyl-100-naphthalenesulfonamino)butanamide], synthesized at Juvantia

Pharma (Turku, Finland), belongs to a chemically novel class of somatostatin receptor ligands.

J-2156 possesses nanomolar affinity for the human somatostatin sst4 receptors and it is 400-fold

more selective for this receptor than any other human sst receptor subtype [77]. In a cyclic

adenosine monophoshate (cAMP) assay, the compound acted as a full agonist similar to native

SST-14 or SST-28. In a [35S]guanosine-50-O-(3-thio)triphosphate functional assay, J-2156 elicited
a two to three times larger response than native somatostatin, and increasing concentrations of

somatostatin-14 caused a concentration-dependent rightward shift of the concentration-response

curves of J-2156 without affecting its maximal effect. J-2156 exerted greater agonism on the sst4
receptor than its endogenous ligands, and it has been defined as a selective, high affinity agonist

[77]. We have recently published that J-2156 exerted potent anti-inflammatory in several acute rat

and mouse models [76,78]. Furthermore, it also significantly diminished IL-1b release in response

to stimulation in peritoneal macrophage culture [76].

Therefore, these compounds might be effective in diseases where, besides neurogenic

inflammation, several other mediators produce vascular and cellular inflammatory responses.

Bronchial asthma, rheumatoid arthritis, and psoriasis are examples of chronic diseases where

involvement of sensory neuropeptides and neurogenic inflammation probably play important

roles [79] and where treatment with parenteral corticoids or cytotoxic anticancer drugs is

required in severe cases. Other studies suggest the therapeutic use of somatostatin in these

diseases [80,81]. Therefore, sst4-selective somatostatin analogs are proposed as candidates for

the treatment of bronchial asthma, psoriasis, eczema, dermatitis, or rheumatoid arthritis.
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9. CONCLUSIONS

This chapter demonstrates the potent anti-inflammatory actions of SST on different in vitro and

in vivo models. Somatostatin acting on the sensory nerve endings inhibits not only its own

release (negative feedback) but also the release of proinflammatory neuropeptides such as SP or

CGRP. Besides this presynaptic action, somatostatin also interacts with these peptides at the

level of effector tissues. During the vascular phases of inflammation, CGRP causes long lasting

arteriolar vasodilatation, whereas SST inhibits it. SP induces venular plasma leakage via

activation of endothelial NK1 receptors, and again this is inhibited by somatostatin binding to

its own receptors.

A recent review discussing the effects of SP and CGRP on inflammatory and immune cells

clearly demonstrates that SST and SP exert opposing effects throughout the inflammatory and

immune response, whereas CGRP can be synergistic with SST in several aspects [16].

Somatostatin itself is not suitable as an anti-inflammatory drug because of its short duration

of action and broad-spectrum effects. Modification of fragments of SST has generated more

stable, potent, and selective analogs. Octreotide was the first somatostatin analog to be used as a

therapeutic agent and is still the most widely used peptide for the treatment of acromegaly,

adenomas and pancreatic, breast and prostate tumors [10]. Recent evidence suggests that the

antihormonal and antimitotic actions of somatostatin are mediated via sst2 and sst5 receptor

subtypes, and the SRIF1-selective analog, octreotide, proved to be effective in these cases.

Octreotide has not shown significant inhibition in our experiments of neurogenic and non-

neurogenic plasma extravasation. On the other hand, our most effective heptapeptide analog,

TT-232, exerted considerable inhibitory actions in both vascular and cellular inflammatory

models [71,72]. On the basis of these data, we presume that the SRIF2 receptor family, sst1 or

sst4 or both, are responsible for the anti-inflammatory effects of somatostatin.

The present SAIDs and NSAIDs, which are clinically available, possess harmful actions

against the gastrointestinal mucosa to a greater or lesser extent. These unwanted effects can be

particularly severe during treatment of chronic inflammatory conditions, such as rheumatoid

arthritis, dermatitis, psoriasis, asthma, inflammatory bowel diseases, etc. The proper therapy of

these diseases is still an open question. We suggest that the introduction of sst4-selective

somatostatin analogs with significant anti-inflammatory potency would provide novel perspec-

tives for drug development.
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47. Jancsó M, Jancsó-Gábor A, Szolcsányi J. Direct evidence for neurogenic inflammation

and its prevention by denervation and by pretreatment with capsaicin. Br J Pharmacol

1967;31:138–151.

48. Bayliss WM. The Vaso-Motor System. London: Longmans, Green and Co, 1923.

49. Lewis T. The Blood Vessels of the Human Skin and their Responses. London: Shaw,

1927.

50. Maggi CA. Tachykinins and calcitonin gene-related peptide (CGRP) as co-transmitters

released from peripheral endings of sensory nerves. Prog Neurobiol 1995;45:1–98.

51. Lundberg JM. Pharmacology and co-transmission in the autonomic nervous system:

integrative aspects on amines, neuropeptides, adenosine triphosphate, amino acids and

nitric oxide. Pharmacol Rev 1996;48:113–178.
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ABSTRACT

Bradykinin is a potent mediator formed upon tissue damage and inflammation. It can both

excite and sensitize nociceptors to heat, mechanical, and chemical stimuli. Two types of

bradykinin receptors (B1 and B2) have been identified of which the constitutive B2 receptors

mediate most of the acute effects of bradykinin in uninflamed tissues while the B1 receptors are

induced and become activated during inflammation. Both receptor subtypes utilize similar

signaling pathways including activation of protein kinase C (PKC), elevation of intracellular

Ca2+ concentration, and release of arachidonic acid. PKC activation is the major mechanism

underlying the neuronal excitatory and heat-sensitizing actions of bradykinin while Ca2+

accumulation induces formation of nitric oxide within sensory neurons which is involved –

together with receptor downregulation – in the development of tachyphylaxis of B2 receptor-

mediated effects of bradykinin. Nitric oxide, however, may also contribute to the excitatory and

sensitizing actions of bradykinin. Cyclooxygenase metabolites of arachidonic acid (prostanoids)

may also be involved in both the excitatory and the sensitizing effects of bradykinin. Recently, a

new signaling mechanism has been revealed for bradykinin which involves activation of the

capsaicin TRPV1 receptor through PKC activation and formation of 12-lipoxygenase products

of arachidonic acid. According to a novel hypothesis, the neuronal excitatory action of

bradykinin is not a separate effect but in fact a heat response as a result of a massive heat

sensitization with a threshold drop below the ambient temperature. Prostanoids can also

sensitize nociceptors to heat, mechanical, and chemical stimuli predominantly via the cyclic

adenosine 30,50-monophosphate–protein kinase A pathway that modulates various membrane

channels including Ca2+-dependent or voltage-gated K+ channels, tetrodotoxin-resistant Na+

channels as well as ligand-gated or noxious heat-gated ion channels.

1. INTRODUCTION

A huge array of chemical substances either preformed or de novo synthesized are released

during tissue trauma or inflammation. These agents can contribute to the development and

maintenance of inflammatory pain via two principal mechanisms. Activation or excitation of
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nociceptors implicates generation of action potentials by these substances which then travel to

the central nervous system. Sensitization of nociceptors refers to their increased responsiveness

to heat, mechanical, or chemical stimuli. According to our present knowledge, both mechanisms

contribute to pain experienced in inflammatory disease states. Bradykinin is one of the most

potent mediators produced under inflammatory conditions, and a multitude of its excitatory and

sensitizing actions on nociceptors have been described in various experimental models. This

review primarily aimed at giving a comprehensive and up-to-date account of the excitatory and

sensitizing actions of bradykinin on the afferent function of peripheral terminals of nociceptive

primary sensory neurons under inflammatory conditions. The efferent tissue responses second-

ary to bradykinin-induced release of neuropeptides from peptidergic nociceptors and effects

within the central nervous system will not be discussed.

2. SYNTHESIS AND BREAKDOWN OF BRADYKININ

The nonapeptide bradykinin and the related decapeptide kallidin (lysyl-bradykinin) collectively

termed kinins can be synthesized both within the vessels in the blood and extravascularly in

tissues. These peptides are cleaved from their protein precursors called kininogens by proteo-

lytic enzymes, the kallikreins which are formed from their precursors, the prekallikreins. The

plasma prekallikrein is converted to kallikrein when the clotting factor XII (Hageman) is

activated by contact with the negatively charged surfaces. Plasma kallikrein acts on high-

molecular-weight kininogen producing bradykinin and kallidin. The tissue prekallikrein is

transformed to kallikrein in response to inflammation or tissue damage. The substrates for

tissue kallikrein are high- and low-molecular-weight kininogens. The kinins are metabolized

rapidly by kininases I and II having a half-life of less than 1 min. Kininase I cleaves only the

C-terminal arginine residue yielding des-Arg9-bradykinin and des-Arg10-kallidin which retain

biological activity (on B1 receptors, see below), while kininase II – which is identical to

angiotensin-converting enzyme – cleaves two amino acids from the C-terminal resulting in

inactive fragments. Kininase activity is reduced in an acidic environment which can be a factor

contributing to higher levels of bradykinin during inflammation [1,2]. Recently, a modulation of

bradykinin signaling by plasma membrane-bound endopeptidases was revealed [3]. In cultured

rat trigeminal sensory neurons, the endopeptidases 24.15, 24.16, and bradykinin B2 receptors

were shown to associate with lipid rafts. Inhibition of endopeptidases 24.15/16 led to a

facilitation of bradykinin-induced inositol phosphate accumulation suggesting that these plasma

membrane-associated enzymes can breakdown bradykinin and thereby regulate the degree of B2

receptor activation.

3. BRADYKININ RECEPTOR EXPRESSION

3.1 Types of bradykinin receptors: general features

Two types of bradykinin or kinin receptors termed B1 and B2 have been cloned and character-

ized [4–8]. Bradykinin and kallidin act preferentially at the B2 receptors while des-Arg9-

bradykinin and des-Arg10-kallidin produced by kininase I from bradykinin and kallidin, respec-

tively, are selective agonists of the B1 receptors. The B2 receptors are constitutive, being present

at a relatively constant density on various cells including nociceptive afferent neurons, smooth
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muscle, endothelium, macrophages, and postganglionic sympathetic fibers [7,8]. In contrast, the

B1 receptors are considered to be inducible, found only at a very low level under resting

conditions but largely upregulated upon tissue trauma or inflammation [9–11]. Of the natural

extracellular mediators, various cytokines have been shown to induce B1 receptors with most

evidence having been accumulated for interleukin (IL)-1b [12–16]. The induction of B1

receptors involves activation of various protein kinase enzymes [protein kinase C (PKC),

tyrosine kinase, and mitogen-activated protein kinase] as well as the transcription nuclear

factor-kB [16]. B1 receptor induction is diminished by glucocorticoid pretreatment [17,18];

moreover, endogenous glucocorticoid hormones exert a tonic inhibitory control on receptor

expression [19]. In addition to inducibility, another striking difference between the two brady-

kinin receptors subtypes is that while B2 receptors undergo a rapid desensitization (see later), B1

receptors do not exhibit any notable tachyphylaxis [20,21].

In uninflamed tissues, most effects of bradykinin are mediated by B2 receptors as shown by

studies employing selective peptide (HOE 140 also known as icatibant, NPC 18521) and

nonpeptide B2 receptor antagonists (WIN 64338, FR 173657, NPC 18884, and bradyzide) as

well as B2 receptor knock-out mice [22–49]. Consistent with this, selective B1 receptor agonists

do not activate or sensitize nociceptors under normal conditions [14,22,24,26,30,31,35,

41–43,48,50–59].

Although B1 receptors are generally considered not to participate in the acute effects of

bradykinin, some studies provided evidence against this. The B1 receptor antagonist des-

Arg9[Leu]8-bradykinin reduced both phases of the nociceptive response to formalin in mice

and rats [34,60–62]. Both phases of formalin-induced nociception and the algogenic effect of

capsaicin were reduced in B1 receptor knock-out mice [63]. The late phase of formalin-

evoked nocifension was reduced by a novel nonpeptide B1 receptor antagonist [64]. Another

novel nonpeptide B1 receptor antagonist was antinociceptive in both phases of the formalin

test in rats, in the second phase in the mouse, and also in the acetic acid-induced writhing

assay [65]. In a modified version of the formalin test, employing injection of the agent into

the upper lip of the rat, activation of the B1 receptor was revealed in the second phase,

whereas that of the B2 receptor was revealed in both phases [66]. As these nociceptive

responses develop within 5–30 min, the results suggest that B1 receptors can also be involved

in some acute/subacute pronociceptive effects of bradykinin, and the basis for this may be

their constitutive presence in uninflamed tissue (see below) and/or a very rapid induction

process. It is worth mentioning that an involvement of B2 receptor activation in both phases

of the formalin-induced nociception was found in some [33,61,66] but not other studies

[34,62].

3.2 Localization of B1 receptors

Concerning the localization of B1 receptors, conflicting data have been obtained. In a study

employing both binding and functional assays before and after development of inflammation or

treatment with IL-1b failed to detect either a constitutive expression or an induction of B1

receptors in sensory neurons [53]. Therefore, an indirect mechanism was proposed for the B1

receptor-mediated hyperalgesia according to which activation of the induced B1 receptors on

non-neuronal cells leads to release of mediators, e.g., cytokines and prostaglandins from them,

which in turn sensitize the adjacent nociceptors [67]. No constitutive B1 receptor expression

was detected in cultured rat or mouse sensory neurons using the gold-labeling technique, and

northern blot analysis failed to detect B1 receptor mRNA in these cells [68,69]. Similar results
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were obtained in the mouse [70]. In contrast, with the more sensitive reverse transcriptase–

polymerase chain reaction, B1 receptor mRNA was detected in dorsal root ganglion (DRG)

neurons of the mouse and the rat [35,71], and using the gold-labeling technique, B1 receptor

induction was revealed in rat sensory neurons [72]. In a recent study, B1 receptor mRNA was

detected in the dorsal root ganglia in monkeys as well as in plantar skin and sciatic nerve in

mice [73,74].

Moreover, constitutive B1 receptor expression in both peptidergic and nonpeptidergic rat

sensory neurons giving rise to C- and Ad-fibers has been shown with immunocytochemistry

which would allow a direct effect of B1 receptor agonists on nociceptors [75–77]. In support of

this, a low level of B1 receptor mRNA expression and B1 receptor agonist-induced translocation

of PKC subtype e was revealed in freshly isolated rat and mouse sensory neurons expressing the

TRPV1 capsaicin receptor (see later) and the lectin IB4, but not neuropeptides such as substance

P (SP) or calcitonin gene-related peptide (CGRP) [78]. Both B1 receptor expression and B1

receptor-mediated PKCe translocation were strongly upregulated by glial cell-derived neuro-

trophic factor (GDNF), but not nerve growth factor (NGF), and after GDNF treatment, a B1

receptor agonist induced a much more sustained facilitation of the heat-gated membrane current

than that produced by B2 receptor activation.

4. SIGNAL TRANSDUCTION MECHANISMS OF BRADYKININ RECEPTORS

4.1 Classical intracellular signaling mechanisms of bradykinin receptors

Both the B1 and the B2 receptors belong to the family of G-protein-coupled receptors containing

seven transmembrane regions. Generally, they appear to utilize similar signal transduction

mechanisms. As the B2 receptors mediate predominantly the acute effects of bradykinin and

kallidin, most of our knowledge concerning the biochemical background of the actions of the

kinins refers to signaling mechanisms of the B2 receptors. These data were obtained mostly in

somata of cultured primary sensory neurons. The excitatory effect of bradykinin on cultured

sensory neurons was shown to be mediated by a pertussis toxin-insensitive G-protein [26,50,

79–81]. This G-protein subsequently identified as a Gq/11 results in the activation of phospho-

lipase C (PLC). This enzyme produces two second messengers: inositol-1,4,5-trisphosphate

(IP3) and diacylglycerol (DAG). Both of them have been shown to be increased in DRG neurons

in response to bradykinin [45,50,82]. DAG mediates most of the excitatory effects of bradykinin

by activating PKC which can phosphorylate various target proteins. The membrane depolariza-

tion underlying the sensory stimulant (spike-generating) effect of bradykinin is due to an inward

current carried mainly by Na+, which probably results from opening by PKC-mediated phos-

phorylation of an ion channel permeable to both Na+ and K+ [50,80]. The identity of this cation

channel is still unclear (for the possible candidates see Section 4.2). The fundamental role of

PKC in the excitatory effect of bradykinin is indicated by considerable evidence. Staurosporine,

an inhibitor of protein kinases, attenuated the excitatory effect of bradykinin in the neonatal rat

spinal cord–tail preparation in vitro [83], in cultured dorsal root or trigeminal ganglion cells

[50,81], and in the canine testis–spermatic nerve preparation in vitro [84]. The involvement of

PKC in bradykinin-induced prostaglandin E2 (PGE2) release from cultured rat trigeminal

neurons was also revealed by using a selective inhibitor [42]. Downregulation of PKC inhibited

bradykinin-induced release of SP and CGRP from cultured rat sensory neurons [85]. Phorbol

esters that activate PKC mimicked most effects of bradykinin in the experimental systems
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mentioned above, reinforcing the involvement of PKC in neuronal excitation by bradykinin

[26,50,85].

In addition to PKC activation, bradykinin causes an elevation of the intracellular-free Ca2+

concentration as well. This response is mainly due to release of Ca2+ from intracellular stores

via IP3 formation as it was still observed in the absence of extracellular Ca2+ and could be

inhibited by depletion of intracellular Ca2+ stores [82,86–88]. The importance of intracellular

Ca2+ release in the excitatory effect of bradykinin is shown by the fact that ryanodine which

depletes intracellular Ca2+ stores strongly inhibited bradykinin’s depolarizing action whereas

blockers of the voltage-sensitive Ca2+ channels had no effect [26,81]. Bradykinin is, however,

also able to cause an influx of extracellular Ca2+ through voltage-sensitive Ca2+ channels, which

seems to be important for generation of cyclic guanosine monophosphate (cGMP) and the

consequent tachyphylaxis to bradykinin (see below), rather than for excitation of the target

neurons [50,89]. In a recent study on cultured rat sensory neurons, however, the bradykinin-

induced elevation of the intracellular Ca2+ concentration was absent in a Ca2+-free medium and

also in the presence of the nonselective Ca2+ channel blocker Cd2+ pointing to an exclusive

extracellular source of Ca2+ [90].

Bradykinin can also lead to release of arachidonic acid in cultured sensory neurons [50,82].

This response was shown to depend on influx of extracellular Ca2+ [91]. The mechanism of

arachidonic acid release can be metabolism of DAG by DAG lipase to arachidonic acid and

monoacylglycerol, the latter being converted by monoacylglycerol lipase to arachidonic acid

and glycerol [91,92]. Alternatively, activation of phospholipase A2 (PLA2) probably through the

G-protein is another mechanism resulting in arachidonic acid production in sensory neurons

[42,91,93] similar to non-neuronal cells [94]. Arachidonic acid release may lead to production

of prostaglandins by cyclooxygenase (COX) and subsequently other enzymes. The role of

prostaglandins in the effects of bradykinin will be discussed later. In one study, a lipoxygenase

(LOX) inhibitor reduced the depolarizing effect of bradykinin on sensory neurons while a COX

inhibitor was ineffective [81]. Recent data suggest a major involvement of 12-LOX products in

bradykinin signaling (see Section 4.2). The signaling mechanisms of B1 receptors were less

extensively studied, but they appear to involve similar pathways as revealed for B2 receptors

[21,95].

4.2 The role of TRP channels in bradykinin signaling

Recently, a novel signal transduction pathway has been outlined for bradykinin which involves

the pharmacological receptor for capsaicin, the pungent agent of the red pepper, cloned in 1997

[96]. This receptor was initially called vanilloid receptor type 1 (VR1), reflecting the vanilloid

structure of capsaicin but subsequently renamed to TRPV1 since it was the first identified

member of the vanilloid subgroup of the so-called transient receptor potential (TRP) family of

ion channels (for review see Refs [97–99]). TRPV1 is a nonselective cation channel located on

polymodal nociceptive primary afferent neurons and it is also activated by other chemical

stimuli including resiniferatoxin, low pH, and anandamide as well as by noxious heat (>43�C)
stimuli [100]. Activation of the TRPV1 receptors results in membrane depolarization due to

mainly Na+ influx and release of neuropeptides (SP, CGRP, and somatostatin) as a result of

Ca2+ influx through the channel. Higher concentrations of, and/or longer exposures to, capsaicin

result in a decreased responsiveness of the sensory nerve terminals to both heat, chemical, and

mechanical stimuli often referred to as capsaicin desensitization [101]. Capsazepine and iodo-

resiniferatoxin (I-RTX) antagonize the effect of capsaicin at the TRPV1 receptor in a
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competitive manner, whereas ruthenium red is a functional antagonist blocking the ion channel

part of the receptor.

Capsaicin has been shown to activate the TRPV1 receptor via an interaction with its cytosolic

domains raising the possibility that putative endogenous TRPV1 receptor agonists also act

intracellularly [102,103]. Certain LOX products, namely the 12- and 15-[S]-hydroperoxy-

eicosatetraenoic acids (HPETEs), 5- and 15-[S]-hydroxy-eicosatetraenoic acids (HETEs) as

well as leukotriene B4, directly activated TRPV1 channels from the cytoplasmic side in both

sensory neurons and TRPV1-transfected host cells in a capsazepine-sensitive manner [104].

Furthermore, arachidonic acid, albeit less, was also efficacious at TRPV1 receptors, and its

effect was reduced by inhibitors of the 5- and 12-LOXs suggesting that arachidonic acid is

converted to HPETEs and/or HETEs within sensory neurons. Considering the ability of

bradykinin to release arachidonic acid in sensory neurons [50,82,91], a hypothesis was put

forward that algogenic and sensitizing substances such as bradykinin may act on nociceptors by

releasing arachidonic acid intracellularly which is converted to LOX products activating the

TRPV1 receptor via an interaction with its cytosolic domains [104]. A direct support for this

hypothesis was provided soon by a study showing that bradykinin could activate TRPV1

receptors via an intracellular pathway involving mobilization of arachidonic acid by PLA2

and subsequent generation of LOX products [93]. In addition, bradykinin stimulated the

production of the TRPV1 receptor agonist 12-HPETE in sensory neurons via the 12-LOX

pathway. This study employing several methodological approaches revealed a major contribu-

tion of the PLA2–12-LOX–TRPV1 pathway to the excitatory and heat-sensitizing effects of

bradykinin. A further support for this hypothesis was provided by a study on guinea pig vagal

afferents in which the action potential-generating effect of bradykinin was diminished by

capsazepine or ruthenium red as well as by 5- or 12-LOX inhibition [105]. The effect of

bradykinin, however, was not altered by PLA2 inhibition similarly to a previous work [26]

pointing to a PLA2-independent liberation of arachidonic acid in vagal nociceptive nerve

endings. A subsequent work from the same laboratory provided conflicting results in that

bradykinin was able to induce action potentials in bronchopulmonary vagal afferents of

TRPV1 knock-out mice, albeit the response was less persistent compared to wild-type animals

[57]. In acutely isolated cardiac DRG neurons, bradykinin increased the firing frequency and

lowered the threshold for action potential generation that was inhibited by the TRPV1 receptor

antagonist I-RTX, a selective 12-LOX inhibitor, an IP3 antagonist, and depletion of intracellular

Ca2+ stores [88]. It is worth mentioning that bradykinin is able to stimulate 12-LOX and cause

formation of 12-[S]-HETE in rat skin in vivo [106]. Furthermore, 12-LOX also occurs in

platelets, and activated platelets excite nociceptors and induce hyperalgesia [107,108].

Parallel to the above mentioned studies, another bradykinin-activated intracellular pathway

leading to TRPV1 receptor stimulation through PKC activation has been elucidated. Phorbol

ester that activates PKC-induced TRPV1 channel activity in both TRPV1-transfected host cells

and sensory neurons and bradykinin itself was able to activate TRPV1 receptors in a PKC-

dependent manner [109]. Bradykinin was shown to lower the heat threshold of the TRPV1

receptor in host cells transfected with both TRPV1 and B2 receptors through activation of PKCe
[110]. Consistent with this, PKC activation by phorbol esters potentiated the gating of the

TRPV1 receptor by capsaicin, heat, protons, and anandamide [111]. In another study, phorbol

ester-induced PKC activation led to sensitization of the TRPV1 receptor to capsaicin, heat, and

protons [112]. Adenosine 50-triphosphate (ATP) increased the TRPV1 currents evoked by

capsaicin or protons through activation of P2Y1 purinergic receptors in a PKC-dependent

manner and lowered the heat threshold of TRPV1 below normal body (core) temperature
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[113]. Direct phosphorylation of the TRPV1 receptor by PKCe on exposure to the phorbol ester

phorbol 12-myristate 13-acetate (PMA) was shown and two target serine residues were identi-

fied [114]. The TRPV1 receptor having point mutations introduced at these sites failed to be

sensitized to either capsaicin or heat in response to PMA or ATP. Recently, using an in vivo

phosphorylation method, bradykinin was shown to phosphorylate the TRPV1 receptor via

activation of PKC [115].

The data mentioned above suggest that two signal transduction pathways of bradykinin,

namely PKC activation and arachidonic acid mobilization, may finally converge on a common

target, i.e., on TRPV1 receptors. In a recent study, evidence has been provided that the TRPV1

receptor is essential for the development of the various sensitizing effects of bradykinin [116].

Bradykinin failed to induce heat hyperalgesia in TRPV1 receptor knock-out mice, and using

host cells expressing B2 with or without TRPV1 receptors, bradykinin has been shown

to potentiate the effect of low pH or capsaicin by modifying the gating of TRPV1 channels.

Moreover, this study demonstrated in TRPV1-transfected cells that a reduction in the

phosphatidylinositol-4,5-bisphosphate (PIP2) level of the membrane by a specific antibody

was able to activate the TRPV1 receptor, to mimic the sensitizing effects of bradykinin on

acid- or capsaicin-induced responses, and to increase the heat responsiveness of TRPV1

receptors. This antibody also stimulated basal currents and augmented capsaicin-induced

responses in DRG cells. These data suggest that endogenous PIP2 functions as a physiological

break on TRPV1 receptors, and agents activating PLC such as bradykinin may act by removing

this break by hydrolysis of PIP2 [116]. This would mean that PLC is involved in the intracellular

signaling mechanisms in sensory neurons in a twofold way: by reducing the level of its substrate

PIP2 in the membrane and by forming its product, DAG which in turn activates PKC.

Several further studies support the involvement of TRPV1 receptors in various actions of

bradykinin. Bradykinin-induced overt nociception in mice was shown to be mediated by the

TRPV1 receptor and activation of PLC, PKC, PLA2, and 5-LOX, providing substantial in vivo

evidence for the recently discovered signaling mechanisms of bradykinin mentioned above [43].

I-RTX and ruthenium red inhibited the excitatory effect of bradykinin as well as ischemia on

cardiac sympathetic afferents in the anesthetized ferret [117]. The spike-generating effect of

bradykinin on jejunal afferents was inhibited by capsazepine [118]. In an ex vivo innervated

trachea/bronchus preparation of the guinea pig, the bradykinin-induced action potential dis-

charges in C-fibers was diminished by I-RTX [119]. The bradykinin-induced Ca2+ uptake in

trigeminal sensory neurons was inhibited by ruthenium red and attenuated in TRPV1 knock-out

mice compared to wild-type animals [120]. Sensitizing effects of bradykinin on responses

evoked by the TRPV1 receptor agonist capsaicin were observed in various models of TRPV1

activation including the nocifensive reflex in the neonatal rat spinal cord–tail preparation [121],

action potential firing in single vagal sensory C-fibers innervating the trachea [122], nociceptive

behavior in the mouse [43], and Ca2+ concentration increase in rat primary sensory neurons

[45]. In neonatal rat, DRG neurons bradykinin increased the number of neurons responding to

capsaicin or low pH [123]. A sustained (3 h) pretreatment with bradykinin enhanced the SP

release induced by capsaicin in rat DRG neurons [124,125]. Bradykinin had a sensitizing effect

on capsaicin- or anandamide-evoked cobalt uptake that was inhibited by capsazepine in rat

primary sensory neurons [126].

It should be remembered, however, that in several other studies the excitatory effect of

bradykinin was not inhibited by TRPV1 receptor antagonists. Ruthenium red was ineffective

against bradykinin evoking a depressor reflex in the isolated perfused, innervated rabbit ear

[127]. The bradykinin-induced release of CGRP from guinea pig atria was unaffected by
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ruthenium red [128]. Similarly, ruthenium red failed to inhibit the bradykinin-evoked rise of

Ca2+ in sensory neurons or activation of peripheral nociceptors in the neonatal rat spinal cord–

tail preparation in vitro [129]. In the latter model, capsazepine was also ineffective against

bradykinin [130]. I-RTX failed to inhibit the sympathoexcitatory reflex evoked by epicardial

application of bradykinin in rats [131]. The spike-generating effect of bradykinin on jejunal

afferents was not different in TRPV1 receptor knock-out and wild-type mice although the

bradykinin effect was inhibited by capsazepine in wild-type animals [118]. In vagal sensory

neurons of the guinea pig, the B2 receptor activation-induced membrane depolarization was not

attenuated by TRPV1 receptor antagonism [44]. Spinal neuron activation induced by intraper-

icardial administration of bradykinin was unaffected by a similar pretreatment with capsaze-

pine; however, the effect of capsaicin was attenuated [132]. The bradykinin-induced increased

gene transcription in cultured DRG neurons was not inhibited by capsazepine [87]. Further-

more, the reported major contribution of LOX products to bradykinin signaling is difficult to

reconcile with previous studies concluding on a high degree of prostaglandin involvement in

bradykinin’s actions (see Section 5.1).

Recently, bradykinin was shown to inversely affect TRPV1 and TRPM8 (the cool-sensing,

menthol-activated [133] channels in both heterologous expression system and DRG neurons)

[134]. Bradykinin, in a PKC-dependent manner, enhanced the function of TRPV1 (in accord

with previous studies, see above) and diminished the activity of TRPM8. Both phenomena

appear to be mediated by alteration of channel phosphorylation state: TRPV1 is phosphorylated,

TRPM8 is dephosphorylated by PKC activation (the latter action was proposed to be mediated

by a PKC-activated phosphatase). The down-regulation of TRPM8 function might have patho-

physiological relevance because TRPM8 activation by intraplantarly applied menthol was

shown to reduce the nocifensive effect of coapplied capsaicin. Therefore, the bradykinin-

induced downregulation of TRPM8 function may aggravate the pronociceptive action of the

bradykinin-evoked enhanced TRPV1 activity. It is worth mentioning that a reciprocal modula-

tion of TRPV1 (tonic inhibition, see above) and TRPM8 (activation) by PIP2 was also shown

[116,135]. In a very recent study, bradykinin inhibited the effect of cooling in cultured sensory

neurons by reducing the amplitude of response to cooling and decreasing the threshold tem-

perature for activation via stimulation of PKC [136].

Also recently, an involvement of TRPA1, the noxious cold-detecting ion channel [137], was

revealed in the excitatory action of bradykinin [138]. TRPA1-expressing Chinese hamster ovary

cells transiently transfected with the B2 bradykinin receptor showed current responses when

exposed to bradykinin, and this effect was blocked by PLC inhibition. The role of PLC was also

shown by the fact that a membrane permeable analog of DAG was also effective. In addition,

bradykinin increased Ca2+ levels in a great majority of DRG neurons activated by cinnamalde-

hyde, an established agonist of TRPA1 receptor. A study on TRPA1 knock-out mice provided

further evidence for involvement of this channel in actions of bradykinin [120]. The bradykinin-

induced Ca2+ uptake in trigeminal sensory neurons and the bradykinin-evoked heat hyperalgesia

were attenuated and absent, respectively, in TRPA1 deficient mice compared to wild-type

animals. As mentioned above, the former response was also diminished in trigeminal neurons

from TRPV1-deficient mice and by ruthenium red. Complete Freund’s adjuvant (CFA), how-

ever, induced similar degree of thermal hyperalgesia in TRPA1 knock-out and wild-type mice

showing that TRPA1, unlike TRPV1, is not an absolute prerequisite for development of

inflammatory thermal hyperalgesia. A model was proposed by the authors according to which

TRPV1 acts upstream of TRPA1 in bradykinin’s action. B2 receptor activation causes PLC

stimulation leading to PIP2 hydrolysis, PKC activation, and IP3-mediated release of Ca2+ from
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intracellular stores. The consequent modest TRPV1 activation (see above the mechanisms) also

results in elevation of Ca2+ levels through entry from the extracellular space. The increase in

intracellular Ca2+ then activates TRPA1 [139], which contributes to the bulk of the excitation.

The model is supported by the coexpression of TRPV1 and TRPA1 [137].

4.3 Other recently identified mechanisms of bradykinin receptor signaling

The bradykinin-induced PGE2 release from rat trigeminal sensory neurons was shown to

involve activation of mitogen-activated protein kinase [42]. SP release evoked by a sustained

(3 h) bradykinin application from rat DRG neurons was shown to involve activation of mitogen-

activated protein kinase, extracellular signal-regulated kinase, and de novo COX-2 expression

but not IP3 receptors [125]. The bradykinin-induced overt nociception (hind paw licking/

flinching) was shorter, mechanical hyperalgesia smaller, and the heat hyperalgesia lacking in

Nav1.9 gene-deficient mice compared to wild-type animals pointing to a role of this subtype of

voltage-gated Na+ channels in both excitatory and sensitizing actions of bradykinin [140]. Very

recently, evidence has been provided that bradykinin can alter gene expression in cultured DRG

neurons [87]. B2 receptor activation-induced increase in intracellular Ca2+ caused nuclear

translocation of the transcription factor nuclear factor of activated T-cells NFAT-4 with

resultant increase in COX-2 mRNA level. In vagal sensory neurons, bradykinin was shown to

inhibit the slow after-hyperpolarization (AHP) that is mediated by a Ca2+-dependent K+ current

[141,142]. In a recent study on rat DRG neurons, bradykinin shortened the AHP by accelerating

Ca2+ efflux via PKC-dependent facilitation of the plasma membrane pump isoform 4 [143]. The

shortened AHP may be involved in the neuronal excitatory action of bradykinin because the

AHP plays an important role in slowing of firing rate in sensory neurons [144]. Also in vagal

sensory neurons of the guinea pig, the B2 receptor activation-induced membrane depolarization

was independent of TRPV1 but was due to a decrease in resting K+ conductance and increase in

Ca2+-activated Cl� conductance [44]. The latter mechanism, mediated by Ca2+-activated Cl–

channels, can also contribute to membrane depolarization because primary afferent neurons

have elevated intracellular Cl– concentrations owing to the activity of the Na+–K+–Cl� cotran-

sporter [145,146]. In an ex vivo innervated trachea/bronchus preparation of the guinea pig, the

bradykinin-induced action potential discharges in C-fibers was diminished by either I-RTX or

the Ca2+-activated Cl� channel inhibitor niflumic acid [119]. The combination of both inhibi-

tors abolished the bradykinin effect showing the parallel involvement of TRPV1 receptor and

Ca2+-activated Cl� channels in the excitatory action of bradykinin in vagal afferents. In this

study, g-aminobutyric acid (GABA) GABAA receptor activation evoked action potentials in

bradykinin-sensitive jugular ganglion neurons indicating that the reversal potential for Cl� in

these cells is in fact more positive than the action potential threshold owing to elevated

intracellular Cl� concentration. The hypothesis that Cl� efflux is a major component of

bradykinin-induced action potentials in vagal afferent C-fiber terminals is analogous to odorant

receptor potentials in the dendrites of olfactory neurons [147].

Finally, an unorthodox way of activation of bradykinin receptors must be mentioned: the

endogenous opioid peptide dynorphin A was reported to activate bradykinin receptors in

hybridoma cells made of embryonic DRG neurons and mouse neuroblastoma cells [148].

In this system, dynorphin A2–13, having no affinity for opioid receptors, induced an increase

in intracellular Ca2+ that was abolished by the B2 receptor antagonist icatibant (HOE 140). This

effect involved activation of protein kinase A (PKA) and L as well as P/Q-type voltage-gated

Ca2+ channels but not the typical signaling mechanism such as production of IP3. Binding
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studies showed that dynorphin A2–13 binds to both B1 and B2 receptors with equal affinity that is

lower than that of bradykinin.

4.4 Molecular mechanisms of the tachyphylaxis to bradykinin

The B2 receptor-mediated excitatory actions of bradykinin, unlike those through B1 receptor

activation [21], showed a rapid tachyphylaxis or desensitization in several studies

[50,82,149–152]. The signal transduction pathways involved in the tachyphylaxis of B2

receptors are different from those responsible for the excitatory actions of bradykinin.

Bradykinin was shown to elevate cGMP but not cyclic adenosine monophosphate (cAMP)

levels in cultured sensory neurons [89]. This response was dependent on Ca2+ influx and was

ascribed to activation of guanylyl cyclase. A role for cGMP increase in reducing the

excitatory action of bradykinin was also proposed by this study. It is worth mentioning

that the B1 receptor agonist des-Arg9-bradykinin failed to alter cGMP levels in sensory

neurons [89]. Studied also in cultured sensory neurons it was shown that B2 receptor

stimulation induced Ca2+ influx which activated nitric oxide (NO) synthase; the resulting

NO stimulated the soluble guanylyl cyclase, and the cGMP produced led to desensitization

of the B2 receptors at the level of the receptor or the G-protein [153,154]. The role of the

NO–cGMP pathway in reducing bradykinin sensitivity was shown in the in vitro neonatal rat

spinal cord–tail preparation as well [26,155]. In this model after development of desensitiza-

tion to bradykinin, phorbol ester was still capable of activating PKC suggesting that

tachyphylaxis took place up-stream of PKC activation [26]. Consistent with these findings,

NO synthase-like immunoreactivity was shown in DRG neurons [156–158]. Although these

studies have provided clear evidence for the role of the Ca2+–NO–cGMP pathway in B2

receptor desensitization, they have also shown that this is not the sole mechanism involved.

In a further study in which the effect of the NO–cGMP axis on the bradykinin-induced IP3
formation and on the number of bradykinin binding sites was simultaneously examined,

repeated bradykinin applications led to a reduction in both parameters [159]. Activation of

the NO–cGMP pathway also reduced bradykinin-induced IP3 formation but failed to alter

binding of bradykinin, and inhibition of NO synthesis prevented desensitization to bradyki-

nin as assessed by measuring IP3 formation. These results indicate that the NO–cGMP

pathway is involved in the functional uncoupling of the B2 receptors that occurs down-

stream of bradykinin binding and up-stream of IP3 formation but it does not contribute to

reduction of receptor density (receptor downregulation).

Concerning bradykinin receptor downregulation, a rapid internalization of the B2 receptors

dependent on phosphorylation processes has been described [21,160]. Bradykinin stimulation

of heterologously expressed B2 receptors induced colocalization of the agonist-activated

receptor with b-arrestin into endosomes [161]. Following agonist removal, b-arrestin rapidly

dissociates from the receptor in the endosomes and the receptors recycle to plasma mem-

brane causing resensitization. It was shown that the C-terminal of the B2 receptor is

responsible for regulation of interaction with b-arrestin. Bradykinin is also capable of

evoking heterologous desensitization, i.e., reduced responsiveness to other agents acting on

nociceptors. A mutual cross-desensitization between bradykinin and neuropeptide Y was

revealed in cultured primary sensory neurons [159]. In cultured neuronal hybrid cells,

bradykinin pretreatment diminished responsiveness to carbachol and ATP, and this interac-

tion was shown to be due to depletion or alteration of an intracellular Ca2+ store from which

Ca2+ is mobilized by these agonists [162].
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5. THE PRONOCICEPTIVE ACTIONS OF BRADYKININ

5.1 The neural excitatory action of bradykinin

The excitatory spike-generating effect of bradykinin on nociceptive primary sensory neurons

has been studied in various experimental models including patch clamp examinations on

cultured DRG neurons, single-unit recording from nociceptors in vivo and in vitro, behavioral

studies in animals and humans as well as measuring stimulated neuropeptide release. There are

two extensively used in vitro models which have provided a large amount of data about the

features of bradykinin’s effects on nociceptors: the rat skin–saphenous nerve preparation and

the canine testis–spermatic nerve preparation, suitable for studying the cutaneous and visceral

nociceptors, respectively [149,163]. Of the various types of nociceptive fibers, bradykinin acts

primarily on the mechano-heat-sensitive or polymodal nociceptors including both the unmye-

linated C- and thinly myelinated Ad-units as studied in the rabbit, rat, or human skin

[150,164,165], dog testis [166], guinea pig trachea and bronchus [58], rat oral cavity [167],

temporomandibular joint [168,169], and periodontium [170] as well as on cat cardiac sympa-

thetic [54,171,172], cat abdominal visceral [173], rat renal [174,175], rat vagal cardiac [176],

and murine mesenteric afferents [177]. In the skin of the cat, rat, and monkey, about half of the

C-fibers are excited by bradykinin [56,150,178]. In a study on the rabbit ear, practically all

cutaneous C-polymodal nociceptors but not other C-afferents were activated by close arterial

injection of low doses of bradykinin [164]. The incidence of bradykinin sensitivity is signifi-

cantly higher in deep tissues: 100% in nodose, 84% in jugular ganglion vagal C-fibers

innervating the pulmonary system of the guinea pig [179], 96% in the temporomandibular

joint of the rat [168], 93% in dog testis [166], 92% in cat knee joint [180], 87% in dog muscle

[181], 83% in cat cardiovascular system [171], 76% in rat ankle joint [182], 73% in cat

abdominal organs [183], 67% of splanchnic colonic afferents in the cat [184], 66% of splanch-

nic, and 11% of pelvic colonic afferents in mice [46]. Bradykinin excited cardiac sympathetic

afferents in cats responding to ischemia with the effect being higher in mechanically insensitive

fibers compared to mechanically sensitive ones [172]. In the human forearm, bradykinin elicited

pain when applied to the blister base or intradermally [22,151,165,185,186], and this pain was

absent after topical capsaicin pretreatment [187]. In most studies, a strong tachyphylaxis to the

excitatory effect of bradykinin was noted [50,82,149–152].

There exists plenty of experimental data demonstrating that the excitatory effect of bradyki-

nin involves formation and action of COX products, i.e., prostaglandins. Although numerous

studies revealed the involvement of COX products in various manifestations of the bradykinin-

induced excitation of sensory neurons, only few of them identified the prostaglandin(s)

involved. In most cases, the complexity of the system studied did not allow identification of

the source(s) of prostaglandins which can be the sensory neurons and/or other, adjacent cells.

The pronociceptive effect of bradykinin was inhibited by the COX inhibitor indomethacin in the

isolated perfused, innervated rabbit ear [188]. In this model, bradykinin evoked PGE1 release

which was not reduced following chronic denervation suggesting that the bulk of prostaglandins

originated from non-neuronal cells [189]. Acetylsalicylic acid (aspirin) was reported to diminish

the excitatory effect of bradykinin in the in vitro dog testis–spermatic nerve preparation and its

effect was largely restored by the exogenously applied PGE2 [84]. In the neonatal rat spinal

cord–tail preparation in vitro, activation of nociceptors by low concentrations of bradykinin was

diminished by COX inhibition, whereas the effect of high concentrations remained unaltered

[26,121]. The reflex response evoked by excitation of perivascular afferents by bradykinin in
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the dog was reduced by COX inhibition [190]. Bradykinin-induced activation of renal afferents

in the rat was inhibited by a COX blocker [174]. Activation of cardiac ischemia-sensitive

afferents by bradykinin was reduced by indomethacin [54]. Epicardial administration of brady-

kinin in dogs causes an increase in renal sympathetic nerve activity which is mediated mainly

by NO. In dogs with heart failure, this effect of bradykinin is augmented and it predominantly

depends on prostaglandin synthesis [191]. Activation of abdominal ischemia-sensitive visceral

afferents in the cat by intraarterial bradykinin injection was inhibited by COX blockade

demonstrating that prostaglandins were involved [173]. Excitation of serosal afferents of the

rat jejunum by bradykinin was markedly reduced by COX blockade and fully restored by the

exogenously applied PGE2 [39]. Bradykinin-induced release of CGRP from sensory nerves in

the guinea pig atria and in the isolated rat trachea was abolished by COX inhibition [52,128].

Bradykinin was shown to promote exocytotic release of noradrenaline from guinea pig heart

synaptosomes which is, at least in part, mediated by SP and CGRP released from capsaicin-

sensitive nerve endings and acting on sympathetic terminals. This response was inhibited by

COX blockade pointing to a role of prostaglandins [192]. In cultured sensory neurons, the

bradykinin-induced neuropeptide release was attenuated by indomethacin pretreatment [193].

The inhibitory effect of bradykinin on the slow AHP was abolished by pretreatment with a COX

inhibitor in rabbit vagal sensory neurons [141]. Similarly, in acutely isolated nodose sensory

neurons of the guinea pig, the slow AHP-reducing effect of bradykinin was prevented by

inhibition of either COX or PGI2 synthase; furthermore, bradykinin selectively enhanced

PGI2 release from these neurons [194]. Consistent with this, COX activity was revealed in

somata of sensory neurons [193,195]. Subsequent studies have confirmed that bradykinin is able

to release prostaglandins from sensory neurons. Bradykinin was shown to release PGE2 from

cultured rat trigeminal neurons [42]. A short-term (30 min) exposure to bradykinin led to a small

PGE2 release from cultured rat DRG neurons and it was reduced predominantly by COX-1

inhibition [196]. Conversely, a long-term (3 h) exposure to bradykinin induced a massive

PGE2 release that was abolished by indomethacin or a selective COX-2 inhibitor. COX-2

mRNA and protein was shown to be induced by sustained (3 h) B2, but not B1, receptor

activation. SP release evoked by a sustained (3 h) bradykinin application from rat DRG

neurons was reduced by either COX-1 or COX-2 inhibition, showing involvement of both

isoenzymes in the effect [197]. This prolonged bradykinin effect was also shown to involve de

novo COX-2 expression [125].

In other studies, however, a lack of involvement of prostaglandins was revealed. Bradykinin-

evoked release of CGRP from the isolated guinea pig heart was not influenced by indomethacin

[198]. The depolarizing action of bradykinin on cultured rat sensory neurons remained unaltered

by indomethacin pretreatment but was inhibited by LOX blockade [81]. Sensory C-fibers of the

vagus nerve in the guinea pig airways were also activated by bradykinin and this response was

not sensitive to ibuprofen [51]. The spike-generating effect of bradykinin in the isolated guinea

pig trachea–vagal nerve and in the rat skin–saphenous nerve preparation was unaffected by

COX blockade [58,93,199]. The bradykinin-evoked overt nociception [200] was also unaffected

by COX blockade in the mouse [43]. In vagal sensory neurons of the guinea pig, the B2 receptor

activation-induced membrane depolarization did not include formation of COX products [44].

5.2 The sensitizing action of bradykinin to heat stimuli

The features and molecular mechanisms of the heat-sensitizing effect of bradykinin have been

studied in great detail and the results obtained suggest that probably this action of bradykinin is
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of primary importance with regard to inflammatory pain. The facilitatory effect of bradykinin

on the heat sensitivity of nociceptors was revealed in various animal and human models.

In vitro, first evidence for the heat-sensitizing effect of bradykinin was obtained in the isolated

rat skin–saphenous nerve preparation that also provided the reverse finding that heat stimulation

could markedly facilitate a subsequent bradykinin response even when tachyphylaxis had

developed [150]. In the canine testis–spermatic nerve preparation, the peptide enhanced the

noxious heat response (number of spikes evoked by heat stimulation) of the Ad polymodal

nociceptors [201]. This augmenting effect could be induced by 100 times lower concentrations

than required for inducing discharges of nociceptors; it was short-lived out-lasting the brady-

kinin superfusion for no more than 10 min; it was suppressed by a B2 receptor antagonist but

appeared resistant against acetylsalicylic acid (aspirin) in very high concentration. Although

there was a strong correlation between the magnitude of the heat-sensitizing and the spike-

generating (excitatory) effects of bradykinin, a significant augmentation of the heat response

could be observed also in the absence of bradykinin-induced nociceptor discharges.

Injection of bradykinin into the human skin induced heat hyperalgesia in addition to overt

pain observed at higher dosage but no alteration of the nociceptive mechanical threshold as

assessed by subjective ratings [151]. In this study, the algogenic effect exhibited a near-

complete tachyphylaxis upon repeated applications, whereas the heat-sensitizing action, albeit

reduced, remained still significant. In contrast, bradykinin applied iontophoretically into the

human skin in vivo failed to decrease the heat threshold of mechano-heat-sensitive C-fibers

[165]. Bradykinin caused a sensitization to heat but not to mechanical stimuli in identified

nociceptors in the hairy skin of the monkey [56]. This action comprised a decrease in the heat

threshold and an augmentation of the heat response. Interestingly, both B1 and B2 receptor-

selective agonists had similar sensitizing effects. In a study conducted in the isolated rat skin–

saphenous nerve preparation, bradykinin induced a heat sensitization of mechano-heat-sensitive

polymodal C-fibers which was characterized by a drop of the heat threshold, an increase in the

number of spikes evoked by the heat stimulus as well as a leftward shift and increased slope of

the stimulus–response function [202]. Like in a previous study using the same model [150], no

alteration of the von Frey threshold of C-fibers was observed following bradykinin application

[202]. This study provided unequivocal evidence that, unlike bradykinin-induced mechanical

hyperalgesia in rats (see below), the heat-sensitizing effect of the peptide does not involve

activation of sympathetic postganglionic fibers as it was unaffected by sympathectomy. This

finding was reinforced by two other studies investigating bradykinin-induced heat sensitization

in humans and rats [30,203]. In the neonatal rat spinal cord–tail preparation in vitro, bradykinin

also induced an augmentation of the heat response that was not reduced by inhibition of either

COX or LOX enzymes suggesting a lack of involvement of eicosanoids [121]. In contrast, in a

behavioral study employing the plantar test in the rat, heat sensitization induced by intraplantar

bradykinin injection was strongly reduced by COX blockade indicating that prostaglandins

contribute to the response [30]. In a recent study performed in the isolated rat skin–saphenous

nerve preparation, the excitatory and heat-sensitizing actions of bradykinin were compared with

regard to prevalence and susceptibility to tachyphylaxis [152]. A 5-min exposure to 10mM
bradykinin excited and sensitized to heat 40% of the mechano-heat-sensitive polymodal

C-fibers, whereas in the remaining 60% of fibers, not excited by bradykinin, heat sensitization

was observed in 3/4 of the units (altogether 85%). The heat-sensitizing effect could be repeated

several times – by repeated bradykinin applications – without any decrease in the magnitude of

the sensitization while the excitatory effect showed a profound tachyphylaxis. The high-

threshold mechanosensitive C-fibers were not excited by bradykinin but 50% of them gained
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transient heat sensitivity following bradykinin treatment indicating a de novo recruitment of

heat responsiveness by the compound.

A novel heat-activated ionic current mediated by a nonselective cation channel was discov-

ered in the somata of primary sensory neurons that was sensitized by a short (20 s) exposure to

bradykinin or the PKC activator phorbol ester PMA [204]. The sensitizing effect manifested

itself as a drop of the heat threshold and an increase in the depolarizing cation conductance; it

was prolonged by the phosphatase inhibitor calyculin A while the PMA effect was blocked by

the nonselective protein kinase inhibitor staurosporine. These results provided evidence that the

heat-sensitizing effect of bradykinin was due to a PKC-mediated phosphorylation in this model.

In a subsequent study, the Ca2+-independent PKCe was identified as the molecular entity

responsible for this action [205]. The Ca2+-independent nature of the heat-sensitizing effect

of bradykinin was also evident from the lack of effect of BAPTA-AM, a membrane permeant

Ca2+ buffer, on the heat sensitization of polymodal nociceptors in the rat skin–saphenous nerve

preparation [206]. In a recent study, bradykinin massively lowered the threshold temperature of

the noxious heat-sensitive TRPV1 channel in transfected cells and in DRG neurons in a PKC-

dependent manner [110]. The crucial role of PKC activation (by phorbol esters) in the heat-

sensitizing effect of bradykinin has previously been suggested by recordings from canine

testicular nociceptors [207]. Noxious heat was also shown to release CGRP from the isolated

rat skin, and this heat response was facilitated by bradykinin or PMA indicating PKC involve-

ment [208]. A further confirmation of the role of PKC in heat sensitization was provided by two

recent studies in which PKC activation by phorbol esters facilitated the heat-induced activation

of the TRPV1 channel in transfected cells and DRG neurons [111,112]. In isolated desheathed

axons of the mouse, bradykinin applied for 10min enhanced the heat-evoked CGRP release, and

this effect was abolished by PKC inhibition [209]. It is worth mentioning that PKCe is also

involved in the long-term modulation of nociception as it mediates a chronic hypersensitivity

for inflammatory nociceptor sensitization [210].

Although PKC activation is of crucial importance in the immediate heat sensitization induced

by bradykinin, its role is not exclusive. In a study conducted in the isolated rat skin–saphenous

nerve preparation, the heat sensitization evoked by a more sustained (5min) application of

bradykinin was abolished by the active, but not the inactive, enantiomer of the COX inhibitor

flurbiprofen, and the effect of the active isomer was largely restored by the exogenously applied

PGE2 [199]. As it is widely accepted that the heat-sensitizing action of PGE2 is predominantly

mediated by the cAMP–PKA cascade [211–214], these results suggest that PKA activation may

also be involved in the heat-sensitizing effect of bradykinin. It was proposed that the early phase

of heat sensitization by bradykinin predominantly depends on PKC activation while in the

sustained or after-effects, the COX products and the cAMP–PKA signaling mechanism gain

increasing importance [199]. This hypothesis may explain why a major contribution of PKC

activation was revealed in studies employing short bradykinin exposures, whereas a predomi-

nant role of COX products became evident after a prolonged bradykinin superfusion. It should

be kept in mind, however, that a cross-talk between the PKC and cAMP–PKA pathways has

been described in PC-12 cells following bradykinin exposure [215], and phorbol ester-induced

activation of PKC led to activation of adenylyl cyclase in various cell types [216–218]. In a

recent study employing also the isolated rat skin–saphenous nerve preparation, the heat-

sensitizing effect of bradykinin on mechano-heat-sensitive polymodal C-fibers was reduced

by either COX-1 or COX-2 inhibition showing involvement of both COX isoenzymes in the

response [219]. Bradykinin-evoked PGE2 release from the skin was also attenuated by both

specific COX inhibitors. COX-1 immunoreactivity was present in nerve branches, nerve
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endings in the skin as well as in non-neuronal elements such as mast cells. COX-2 immunor-

eactivity was weaker but showed similar neuronal and extraneuronal localization [219]. The

cutaneous source of prostaglandins sustaining the heat-sensitizing effect of bradykinin can be the

nociceptors and/or various non-neuronal cell types in the vicinity of them as bradykinin receptors

have been identified not only on nerve endings but also on endothelial, epidermal, and mast cells

in the skin [7]. Although COX activity is present in the somata of sensory neurons [193,195] and

bradykinin was shown to release PGE2 from cultured rat trigeminal or DRG neurons [42,196], the

peripheral COX products originate from non-neuronal cells because the bradykinin-induced PGE2

release remained unaltered following chronic denervation of the rat skin [220].

The final step in the bradykinin-induced heat sensitization, not accompanied by mechanical

hypersensitivity, is most probably a facilitation of the heat-sensitive ion channels located in the

peripheral nerve endings and/or a recruitment of heat transducers hardly activated by thermal

stimuli under normal conditions. Four types of ion channels sensitive to heat have been

identified so far: TRPV1, VRL-1, VRL-3, and VRL-2 [96,221,222]. They are located on

primary afferent neurons and belong to the vanilloid subgroup of the TRP family of ion

channels and therefore are denoted also as TRPV1, TRPV2, TRPV3, and TRPV4 [97–99].

Recent evidence suggests that TRPV1 is a likely candidate for being a target for the heat-

sensitizing effect of bradykinin as bradykinin lowered the heat threshold of TRPV1 both in

TRPV1-transfected cells and in DRG neurons [110]. The role of TRPV1 is also supported by a

finding that in TRPV1 receptor knock-out mice, intraplantar injection of bradykinin failed to

evoke thermal hyperalgesia whereas it was effective in wild-type animals [116]. The heat-

sensitizing effect of bradykinin and PGE2 combination on sciatic nerve axons was absent in

TRPV1 knock-out mice [209]. The role of TRPV2, TRPV3, and TRPV4 channels in the

bradykinin-induced heat sensitization is not yet established.

5.3 The sensitizing action of bradykinin to mechanical stimuli

Bradykinin’s sensitizing action to mechanical stimuli was extensively investigated in behavioral

studies in which the mechanonociceptive threshold of the rat hindpaw was measured using the

Randall–Selitto paw withdrawal method [223–225]. In this model, bradykinin applied intrader-

mally was shown to induce a mechanical hyperalgesia which was absent following guanethidine

pretreatment implicating that an intact noradrenergic neurotransmission from sympathetic

postganglionic fibers is a prerequisite of the phenomenon [224]. As the bradykinin-induced

decrease of the mechanonociceptive threshold had previously been shown to be inhibited by

COX blockade [223], a hypothesis was put forward that bradykinin may exert its mechanical

sensitizing effect indirectly by releasing from the sympathetic postganglionic fibers prostaglan-

dins that eventually sensitize nociceptors to mechanical stimuli [224]. In accord with this, PGE2

and PGI2, but not PGD2 or PGF2a, were shown to induce mechanical hyperalgesia and some

sensitization in behavioral and cutaneous single-unit recording studies, respectively [223,226–

230] and production of PGE2 and PGI2 by sympathetic postganglionic neurons was also

reported [231]. In subsequent studies, the bradykinin-induced mechanical hyperalgesia was

suggested to involve PLA2-dependent synthesis of PGE2 [227,232]. Later, bradykinin was

shown to depolarize somata of postganglionic sympathetic neurons in both the rat and the

mouse through activation of B2 receptors [233,234]. With regard to receptor background of

bradykinin-induced hyperalgesia, it was revealed that in the normal skin the response was

mediated by B2 receptors while in a sustained inflammatory state induced by CFA both B2 and

B1 receptors were involved [235]. As reported by another group, the bradykinin-induced
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mechanical hyperalgesia was diminished by COX blockade both in the rat and the mouse

[28,49]. Other in vivo models in which bradykinin’s sensitizing action to mechanical stimuli

became apparent include single-unit recordings from afferent fibers supplying the gastrocne-

mius-soleus muscle or the knee joint of the cat and the ankle joint of the rat [182,236–238].

Bradykinin enhanced the mechanical response of splanchnic but not pelvic colonic afferents in

mice, in vitro [46]. Bradykinin lowered the mechanical threshold of cardiac vagal polymodal

C- and Ad-nociceptors [176].
The bradykinin-induced mechanical hyperalgesia was abolished by a local administration of

tumor necrosis factor alpha (TNF-a) antiserum and partially inhibited by antisera against IL-1b,
IL-6, or IL-8 [27,28]. The bradykinin effect was inhibited by B2 and B1 receptor antagonist [38].

The bradykinin effect was also inhibited by COX blockade or an adrenergic b1 receptor

antagonist. Interestingly, the B1 receptor agonist-evoked response also involved both prosta-

glandins and sympathetic amines [38]. Evidence was also provided that TNF-a can activate

both the IL6–IL-1b–prostaglandin and the IL-8–sympathetic pathways [239,240]. It turned out

that rats do not produce IL-8 but synthesize cytokine-induced neutrophil chemoattractant 1

(CINC-1) that can produce mechanical hyperalgesia via release of sympathomimetic amines but

not prostaglandins [241]. Carrageenan or lipopolysaccharide whose hyperalgesic action

involves endogenous kinins were shown to induce CINC-1 formation. These data suggest that

bradykinin-induced mechanical hyperalgesia involves first release of TNF-a which can initiate

two pathways: IL-6, then IL-1b that produces prostaglandins as well as CINC-1 releasing

sympathetic amines. In a very recent study in mice, evidence has been provided that B2 and

B1 receptors can induce mechanical hyperalgesia via different mechanisms [49]. In naı̈ve mice,

bradykinin evoked hyperalgesia through the B2 receptor which triggered production/release of

prostaglandins and sympathomimetic amines but not cytokines. Conversely, in LPS-treated

mice, B1 receptors mediated the hyperalgesic effect of bradykinin depending on synthesis of

TNF-a and IL-1b which then induce production/release of prostaglandins and sympathomi-

metic amines.

In other models, however, bradykinin failed to sensitize nociceptors to mechanical stimuli. In

the isolated rat skin–saphenous nerve preparation, bradykinin – even co-applied with histamine,

serotonin, and PGE2 – was unable to produce a mechanical nociceptor sensitization [150,208].

In humans intradermal injection of bradykinin evoked sensitization to heat but not to mechan-

ical stimuli [151,165]. Also, no development of muscular mechanical hyperalgesia was found in

humans by intramuscular injection of bradykinin alone although the combination with serotonin

was reported effective [242–244]. The site of bradykinin application was reported to determine

whether mechanical hyperalgesia develops or not as intradermal, but not subcutaneous, injec-

tion of bradykinin produced mechanical hyperalgesia in the rat [235].

5.4 The sensitizing action of bradykinin to chemical stimuli

The sensitizing effect of bradykinin to other chemical stimuli has been studied far less

extensively as compared to its action on heat and mechanical responsiveness of nociceptors.

This difference refers to both the number of studies conducted and identification of the

mechanisms involved. Several studies have revealed an enhancing action of bradykinin on

capsaicin-evoked responses. These have already been mentioned shortly (see Section 4.2.) as

data supporting the involvement of the TRPV1 receptor in the signaling mechanisms of

bradykinin. Here a more detailed description including molecular mechanisms is provided. In

host cells transfected with both B2 and TRPV1 receptors, bradykinin was shown to potentiate
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the effect of capsaicin or low pH by modifying TRPV1 channel gating [116]. Low concentra-

tions of bradykinin, lacking an excitatory action of their own, enhanced the effect of the TRPV1

receptor agonist capsaicin on the nocifensive reflex in the neonatal rat spinal cord–tail prepara-

tion [121]. This interaction was unaffected by inhibitors of either the COX or LOX arguing

against a role of eicosanoids. Firing responses to capsaicin of single vagal sensory C-fibers

innervating the trachea were increased following application of bradykinin to their receptive

fields at concentrations that failed to cause discharges on their own [122]. Bradykinin was

shown to increase the proportion of neonatal rat DRG neurons responding to capsaicin and to

protons [123]. This response was unaffected by inhibition of COX or LOX. Bradykinin, at a

concentration at which it was ineffective by itself, enhanced the increase in intracellular Ca2+

concentration evoked by the TRPV1 agonist capsaicin in rat DRG neurons [45]. This facil-

itatory action was abolished by a B2 receptor antagonist and by inhibition of PLC or COX-1 but

not COX-2. Interestingly, the bradykinin-induced elevation in IP3 levels was also inhibited by

COX-1 blockade suggesting that COX products are involved in the intracellular liberation of

IP3. A sustained (3 h) pretreatment with bradykinin enhanced the SP release induced by capsaicin

in rat DRG neurons, and this facilitatory effect was shown to depend on PKA activation [124].

As COX-2 expression was also induced by bradykinin, its potentiating effect was probably

involving prostaglandin formation with subsequent PKA-mediated sensitization of TRPV1

possibly by direct phosphorylation. This response was shown to involve IP3-dependent Ca
2+

release as well [125]. Bradykinin had a sensitizing effect on capsaicin- or anandamide-evoked

cobalt uptake that was inhibited by capsazepine in rat primary sensory neurons [126]. Capsaze-

pine also reduced the facilitatory effect of bradykinin on the action of anandamide. In another

study, bradykinin, at a dose in which it did not evoke nociception by itself, enabled a subthres-

hold dose of capsaicin or low pH to induce nociceptive behavior in the mouse [43].

Bradykinin sensitized rat cutaneous nociceptors to PGE1 [245]. In cultured rat sensory

neurons, bradykinin alone or more effectively in combination with histamine and PGE2 resulted

in a significant enhancement of the sustained ionic current evoked by low pH [246]. In the

isolated rat skin–saphenous nerve preparation following bradykinin superfusion, the histamine-

induced discharge activity was enhanced and previously unresponsive C-fibers were excited by

histamine [247,248]. Consequently, following bradykinin pretreatment of human skin, hista-

mine induced burning pain, whereas in normal skin it causes a pure itch sensation when applied

iontophoretically [247]. Bradykinin also facilitated the histamine-induced release of CGRP

from afferent neurons in the guinea pig lung [249]. This effect was diminished by indomethacin

pretreatment indicating a partial mediation by COX products. Bradykinin augmented the spike-

generating action of histamine in ischemically sensitive cardiac afferents in the cat, and this

effect was abolished by COX blockade [250]. Conversely, histamine reduced the response of

the afferents to bradykinin. In CFA-induced inflammation in Lewis rats, bradykinin augmented

the noradrenaline-evoked spike generation in cutaneous nociceptors as studied in the skin–

saphenous nerve preparation in vitro [251]. In naı̈ve Sprague–Dawley rats, bradykinin pretreat-

ment enabled noradrenaline to evoke action potentials in cutaneous C-fibers [252]. Bradykinin

had an enhancing effect on serotonin-evoked inward current in trigeminal sensory neurons

through activation of PKC [47], and vice versa, serotonin pretreatment facilitated the subse-

quent excitatory response to bradykinin of rat polymodal C-fibers in vitro [150]. In adrenal

chromaffine and PC-12 cells, B2 receptor activation can phosphorylate src and the receptor for

epidermal growth factor that leads to the facilitation of the Ca2+ signal caused by this factor

providing evidence that a crosstalk between G-protein-coupled bradykinin receptors and tyr-

osine kinase-linked growth factor receptors may occur [253].
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5.5 The role of NO in the excitatory and sensitizing actions of bradykinin

NO appears to be involved not only in B2 receptor desensitization but also in some excitatory

and sensitizing effects of bradykinin. Bradykinin was shown to evoke pain in humans on

application into a vascularly isolated vein segment and this effect was reduced by inhibition

of NO synthase or guanylyl cyclase, pointing to an involvement of NO and cGMP in the

algogenic action of bradykinin in this model [186,254,255]. Consistent with this, NO solutions

also evoked pain in this model [256]. Furthermore, intracutaneous administration of NO evoked

pain in humans [257]. The increase in renal sympathetic nerve activity induced by epicardial

bradykinin was reduced by NO synthase inhibition in dogs [191]. Excitation of perivascular

afferents by bradykinin evoked a complex reflex response in the dog that was reduced by

inhibitors of either NO synthase or guanylyl cyclase [190]. The mechanical hyperalgesia

induced by intradermal injection of bradykinin in the rat paw was diminished by inhibition of

either the NO synthase or guanylyl cyclase or the cGMP-dependent protein kinase G (PKG)

indicating that activation of the NO–cGMP–PKG axis was involved in this sensitizing effect of

bradykinin [258]. The hyperalgesic effect of bradykinin was also reduced by inhibition of PKA

in this model. Although these studies clearly show that NO can be an important mediator of both

the algogenic and sensitizing effects of bradykinin, at least in certain models, they do not

provide information about the source of NO, which might be the bradykinin-responsive

nociceptor or other, adjacent cells. Also suggested by these studies is that NO acts as a

pronociceptive agent in the periphery.

In contrast, the mechanical hyperalgesia induced by intraplantar (subcutaneous) injection of

bradykinin was potentiated by local pretreatment with an inhibitor of guanylyl cyclase suggest-

ing that the NO–cGMP axis has an inhibitory effect on the hyperalgesic effect of bradykinin

[259]. Similarly, in arthritic but not in normal rats, bradykinin-induced discharge activity of

articular nociceptors was enhanced by NO synthase inhibition suggesting that under inflamma-

tory conditions NO can reduce the excitatory effect of bradykinin [260]. These data point to a

peripheral antinociceptive role of the NO–cGMP pathway. There are numerous studies support-

ing either a pro- or an antinociceptive role for the NO–cGMP axis in the periphery, independent

of the bradykinin action. These data, however, are not covered in this chapter.

5.6 The role of endogenous bradykinin in inflammatory pain states

Findings from animal and, to a much lesser degree, human studies support the view that endogen-

ous bradykinin is involved in the induction and maintenance of inflammatory pain. The concentra-

tion of bradykinin is elevated, and its elimination is delayed, in inflammatory exudates. Plenty of

neuronal excitatory and sensitizing effects to heat, mechanical, and chemical stimuli of exogenously

applied bradykinin have been described. The heat-sensitizing action of the peptide does not appear

to exhibit any notable tachyphylaxis. Not only bradykinin can sensitize nociceptors to other

inflammatory mediators but the reverse interaction can augment the actions of the peptide, thereby

establishing a self-reinforcing cycle. It should be emphasized that experiments employing brady-

kinin receptor antagonists as well as bradykinin receptor knock-out animals can provide the most

reliable information with regard to the pathophysiological functions of endogenous bradykinin. The

nondesensitizing B1 receptors are upregulated under inflammatory conditions and in experimental

animal models of inflammatory pain B1 and/or B2 bradykinin receptor antagonists exert antihyper-

algesic actions and animals lacking B1 and/or B2 bradykinin receptor genes exhibit diminished

nociceptive responses. Furthermore, activation of cardiac afferents by ischemia was shown to
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involve endogenous bradykinin raising the possibility that the peptide contributes to pain associated

with angina pectoris [54]. The writhing reaction in mice induced by i.p. injection of kaolin was

inhibited by pretreatment with bromelain, a depletor of prekallikrein and high molecular weight

kininogen [261]. Similarly, the acid-induced writhing was suppressed by B2 receptor antagonists

[262]. During sustained isometric trapezius muscle contraction in man, a correlation was found

between tissue levels of kinins (bradykinin plus kallidin) and pain ratings [263]. Surprisingly,

antagonism of either the B1 or B2 bradykinin receptor failed to alter the mechanical and heat

hyperalgesia evoked by surgical incision [264]. In PMA-induced overt nociception in mice,

activation of B2 receptors was revealed [74]. In colonic hypersensitivity to intraluminally applied

capsaicin induced by proteinase-activated receptor type 2 stimulation in mice, activation of the B2

receptor was revealed suggesting that formation of bradykinin is involved in the response [265].

To what extent, if at all, endogenous bradykinin contributes to inflammatory or ischemic pain

in humans remains to be shown by clinical studies. According to clinical trials, icatibant (HOE

140) does not appear to be efficacious in acute postoperative pain. Considering the induction of

B1 receptors under inflammatory conditions, it also seems reasonable to examine the clinical

efficacy of B1 receptor antagonists alone and in combination with B2 receptor blockers (for

review see Refs [266–268]).
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ABSTRACT

The components of neurogenic inflammation include plasma extravasation, vasodilatation,

smooth muscle contraction, release of mast cell mediators, recruitment and activation of

inflammatory cells, and possibly other proinflammatory effects. All these effects can be evoked

by neuropeptides released from the peripheral terminals of primary afferent neurons. The

neuropeptides involved include the tachykinins substance P and neurokinin A, and calcitonin

gene-related peptide. Antagonists blocking their receptors in the target tissue are able to inhibit

neurogenic inflammation. Additionally, the prevention of the sensitization and excitation of

afferent neurons, and modulators of the release of neuropeptides, are known to be effective in

the control of neurogenic inflammation. In many inflammatory conditions of the skin, the joints,

the upper respiratory system, and the bronchial tree, as well as the intestinal and the urinary

tract, a neurogenic component may be involved, although in certain instances only partially.

The neurogenic component might play a role in the initiation, the perpetuation, or the exacer-

bation of inflammatory processes. Therefore, the overall therapeutic significance of a specific

blockade of the neurogenic component in chronic inflammatory conditions is not yet clear.

1. INTRODUCTION

Inflammation is a defense reaction of the organism toward various harmful stimuli, aimed at

eliminating or destroying the noxious agent. In most instances, inflammation is triggered by

resident, migrating, or circulating cells of the local defense and the immune system, without

apparent involvement of the nervous system. However, the immune, the endocrine, and the

neural systems may interact in many inflammatory processes, leading to a perpetuation, an

exacerbation, or the termination of the inflammation. In contrast, neurogenic inflammation is a

well-defined process in which inflammation is triggered by the nervous system. Originally,

chemical stimulation of sensory nerves was recognized as a trigger of neurogenic inflammation.

Jancsó et al. [1] first used the term “neurogenic inflammation” to describe the increase in

vascular permeability, plasma extravasation, and tissue swelling, which occurred in the skin and

conjunctiva when sensory nerves were stimulated by topical irritants. The original concept of

neurogenic inflammation has been extended to include the various components of the efferent

function of the sensory nerves [2–4]. This type of inflammation is caused by the local release of
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the neuropeptides substance P, neurokinin A (NKA), and calcitonin gene-related peptide

(CGRP) known to coexist in sensory neurons. Nowadays, any process by which neuropeptides

are directly released from peripheral axon terminals of sensory nerves to produce vasodilatation,

edema, and other manifestations of inflammation is considered to be neurogenic inflammation,

independent of the type of stimulation. The peripheral release of the transmitters of sensory

neurons can be due to direct excitation of the nerve terminals, or due to “antidromic

stimulation” of the axons by the so-called axon reflex [2].

The sensory neurons which can give rise to axon reflexes arise from the dorsal root ganglia

and the trigeminal ganglia – primary afferent neurons, as well as vagal afferents from the

nodose ganglia that innervate the viscera. Neurons with small-diameter cell bodies and unmye-

linated slowly conducting C-fiber axons play the key role in neurogenic inflammation. Accord-

ing to their sensory qualities they are classified as C-polymodal (mechanical/chemical/heat)

nociceptors; however, a special subclass of heat nociceptors may be responsible for the

neurogenic vasodilatation in primates [5].

2. ACTIVATION OF SENSORY NEURONS IN NEUROGENIC INFLAMMATION

Under experimental conditions the sensory neurons can be stimulated either electrically or

chemically [6]. Under pathophysiological conditions direct mechanical activation is less impor-

tant than chemical activation. Many of the mediators released locally during tissue injury or

during an inflammation are known to stimulate polymodal nociceptors. The chemical irritant

capsaicin, which has been particularly useful in the elucidation of neurogenic inflammation,

activates a specific ion channel for Na+, Ca2+, and other cations in the plasma membrane of

sensory neurons, called transient receptor potential vanilloid type 1 receptor (TRPV1) [7].

Noxious heat is an endogenous activator of TRPV1 channels and they are sensitized by protons

[7]. Due to the Ca2+ overload, afferent nerves stimulated via opening of TRPV1 channels can

become desensitized to further stimuli for a prolonged period of time. Because for many years

capsaicin was used as the typical stimulating agent for this class of afferents they have also been

termed “capsaicin-sensitive primary afferents.”

After local tissue injury, a release of chemical mediators such as K+, H+, ATP, bradykinin as

well as prostaglandin E2 (PGE2) can directly activate nerve endings [6] that are endowed with

nicotinic, ATP-P2X, 5-hydroxytryptamine (5-HT), and bradykinin receptors. Their agonists

trigger the release of algesic mediators such as histamine from mast cells, 5-HT from platelets,

as well as nerve growth factor (NGF), and prostanoids from various cell types in the vicinity.

These mediators in turn sensitize surrounding nociceptors. Glutamate released from damaged

cells may also act on sensory nerve endings via kainate receptors and contribute to neurogenic

inflammation. Impulses generated in the stimulated branches of sensory nerves propagate to

other terminal branches where they induce the release of neuropeptides such as substance P,

NKA, and CGRP [2].

Short-term sensitization most likely occurs via prostaglandin-induced elevation of

cAMP levels and activation of protein kinase A [6]. The augmentation by PGE2 of the

bradykinin-evoked release of substance P and CGRP from sensory neurons may account for

the inflammatory and hyperalgesic actions of this eicosanoid [8]. In contrast, NGF typically

induces long-term sensitization [9] by inducing the expression of receptors and channels that

ultimately enhance nociceptor activation and neurogenic inflammation. Whereas under some
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pathophysiological conditions a direct mechanical, chemical, or neural stimulus can initiate

neurogenic inflammation, in others a cascade of mediators is leading to sensory neuron

stimulation.

Neurogenic bronchoconstriction or bronchial edema formation can be evoked by mechanical

irritation or by chemical irritants, such as capsaicin, ether, formalin, and cigarette smoke. In the

airways of asthmatics, C-fiber nerve endings have been shown to become more sensitive to

irritants, which results in axon reflexes and symptoms of neurogenic inflammation [10]. More-

over, in part due to epithelial shedding, C-fiber endings are more likely to be exposed to various

airway irritants during chronic inflammation of the bronchial tree. Such pathological processes

lead to activation of C-fibers followed by release of neuropeptides in the vicinity of smooth

muscle, glands, and blood vessels via an antidromic reflex to peripheral nerve branches [11].

Thus, inflammation of the airways has a neurogenic component that may be initiated and

perpetuated by inflammatory stimuli at the epithelial surface. These stimuli may further recruit

inflammatory cells like eosinophils or neutrophils. If, however, the mucosa of the respiratory

tract is challenged by antigens as in allergic asthma, plasma extravasation is initiated indirectly

by endogenous kinins that activate the sensory nerve endings resulting in release of tachykinins

[12,13]. This response to bradykinin is mediated by B2 receptors.

Sensitization of afferent nerves is also implicated in the so-called “functional” disorders of

the gut or the urogenital tract. Although this pathophysiology can be influenced by many of the

mechanisms described below, there is no evidence for the involvement of “neurogenic inflam-

mation” sensu stricto in these disorders.

In several primary forms of headache such as migraine or cluster headache, the trigeminal

nerves can be activated by the same compounds that also act on the wall of blood vessels, as for

example 5-HT. This initiates the trigeminovascular reflex, causing antidromic release of CGRP

[14–16]. CGRP is the major neuropeptide involved in this neurogenic vasodilator response

within the dura mater and in the cerebral vasculature.

NGF, released from inflammatory cells, not only enhances synthesis, axonal transport, and

release of substance P and CGRP in arthritis, but it also sensitizes the nerve terminals. This

favors stimulation of sensory neurons by any irritant and provokes excess release of neuropep-

tide transmitters. Thus, neurogenic inflammation may be a component in arthritis [17].

3. EFFECTOR MECHANISMS AND RECEPTORS INVOLVED IN NEUROGENIC

INFLAMMATION

In the skin, C-fibers form a complex network which extends from the subcutis to the epidermis

running parallel to the cutaneous vascular supply. It is particularly dense in the papillary and

subpapillary dermis. Therefore, it is plausible that each cutaneous cell or structure is connected

to this neural network and thus susceptible to neural influences. CGRP is the major mediator of

neurogenic vasodilatation in the skin. The vasodilator reaction is mediated by CGRP1 receptors,

coupled to the adenylate cyclase system, arises from a direct action on the vascular smooth

muscle, and does not involve nitric oxide or prostaglandins [18,19]. Substance P elicits

vasodilatation in the skin and in mucosal surfaces via activation of tachykinin NK1 receptors,

coupled to the phosphoinositide signaling pathway; yet, in many species substance P seems not

to be the mediator of neurogenic vasodilatation. However, substance P and NKA are the prime

mediators of the increase in vascular permeability [3,20]. Substance P-induced extravasation

arises from a direct action on the endothelium of postcapillary venules. Later phases of
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extravasation may depend on the release of mediators from mast cells in the skin [2]. Substance

P and CGRP interact insofar as CGRP enhances substance P-induced plasma extravasation in

the skin and in joints [19–22].

Substance P released from sensory neurons activates both vascular endothelial cells and

granulocytes by inducing the expression of adhesion molecules; this results in infiltration of

granulocytes into the tissue [23]. Substance P stimulates cell trafficking, cell activation, and

cytokine release from neutrophils, macrophages, and mononuclear cells [24,25]. Cell-derived

mediators of neurogenic inflammation in the skin may originate from mast cells, leukocytes,

basophils, or monocytes. The distribution of mast cells corresponds to that of sensory nerve

fibers showing substance P and CGRP immunoreactivities, and close contacts between mast

cells and neuropeptide-containing nerve fibers have been proposed to be present in the skin and

mucosa [26,27].

Experiments with neurogenic inflammatory reactions in the skin of pigs have provided a

valuable model for the situation in humans [28,29]. No plasma extravasation, but only a flare

reaction was observed in pig skin upon neurogenic stimulation. This resembles the situation in

the human skin, where only a neurogenic vasodilatation can be observed in response to

electrical stimulation of sensory nerves. However, plasma extravasation is observed upon direct

histamine iontophoresis. Moreover, chemical neurogenic activation of sensory C-fibers in

human skin does not involve the release of histamine from mast cells. One may assume that

the amount of substance P released from peptidergic nerve endings is too low to cause mast cell

degranulation or plasma extravasation. The mediator profile in such reactions may be a

combination of several peptides and not a single one, possibly CGRP plus substance P and

other tachykinins [30,31].

Neurogenic control of the airway smooth muscle is highly variable depending on the

physiological and pathological conditions of the lung. In general, parasympathetic vagal nerves

narrow the airway caliber, whereas there is little evidence for a direct smooth muscle relaxing

effect by sympathetic innervation in human bronchi. In many cases, sensory nerve fibers are

excited via activation of TRPV1 channels [32] and subsequently release neuropeptides anti-

dromically. The ensuing response of the bronchial smooth muscle and plasma extravasation is,

however, species-dependent (see below). Also in the human respiratory tract substance P- and

NKA-immunoreactive sensory nerves densely innervate the epithelium, submucosal glands,

blood vessels, and the bronchial smooth muscle [33]. Substance P and NKA contract human

bronchi and bronchioli, NKA was found to be more potent than substance P [34].

The NK2 receptor has been reported to be responsible for contracting the airways, whereas

the NK1 receptor is responsible for most of the other airway effects. Axon reflex bronchocon-

striction and plasma extravasation is most prominent in guinea pigs and less pronounced in rats.

In other species, bronchoconstriction seems to be brought about mainly by a cholinergic

mechanism [10]. Stimulation of sensory nerves in the airway mucosa of the rat evokes the

release of inflammatory peptides such as substance P, which can increase microvascular

permeability via NK1 receptors in the wall of postcapillary venules, resulting in neurogenic

plasma extravasation [35]. In view of the distribution of substance P-positive nerve endings, the

most likely source for substance P are afferent nerve terminals in the venular wall or the

arterioles from where the peptide is transported with the blood to the venular endothelium

[10,36]. This neurogenic inflammation has however so far been described only in airways of

rodents [10].

In rat airways substance P is the main agent of neurogenic vasodilatation [37]. NK1 receptors

are present on mucous cells, vessels, epithelium, and inflammatory cells. They are predominant
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in the creation of bronchial inflammation, vasodilatation and edema, mucosecretion, chemo-

taxis, and activation of inflammatory cells. Via NK1 receptors substance P has the capacity to

increase neutrophil adhesion to bronchial epithelial cells and it is suggested that substance P

plays an important role in modulating airway inflammation [38]. Tachykinins can regulate

neutrophil recruitment into the lower respiratory tract, in part by inducing the release of

neutrophil chemotactic activity from airway epithelial cells [39]. Overall, in the airways the

sensory neuropeptides have important proinflammatory effects such as stimulation of T lym-

phocyte proliferation, stimulation of macrophages, mast cells, and eosinophils, and the che-

moattraction of eosinophils and neutrophils; neuropeptides may also cause mucosecretion [40].

The local release of tachykinins is considered important in the pathophysiology of asthma

[41]. Neurogenic inflammation in the airways might contribute to the development of bronchial

hyperresponsiveness and to the late asthmatic response in the patients with bronchial asthma

[11]. Furthermore, there is evidence that in allergic inflammation sensory nerve endings become

more sensitive to irritants and contain higher levels of proinflammatory neuropeptides [42].

That sensory neuropeptides can indeed be released from sensory nerves into the human airways

during an allergic reaction has been measured in nasal and bronchoalveolar lavage fluid [43]. In

the upper airways of pigs, antidromic sensory nerve stimulation of the nasal innervation causes

an increase in nasal blood flow and a release of CGRP. An axon reflex underlies fluid secretion

in the upper airways in both animals and humans [44].

Neurogenic inflammation can also be evoked in the gastrointestinal tract; however, regional

differences seem to exist as to the effects of antidromic activity of afferent nerves. In rats,

neurogenic plasma extravasation in response to capsaicin has only been observed in the small

intestine [45]. In the foregut, it is rather an increase in blood flow and initiation of additional

protective mechanisms that prevail [46]. In rats as well as in humans, efferent activity of

capsaicin-sensitive peptidergic afferents is involved in the pathophysiology of inflammatory

and infectious diseases of the gastrointestinal tract [47–50]. In the urogenital tract, release of

tachykinins from capsaicin-sensitive afferent endings is made responsible for symptoms

induced by inflammatory or irritating stimuli [51,52].

The dura mater and its accompanying blood vessels are innervated by peptidergic sensory nerves

mainly from ophthalmic branches of the trigeminal nerves. Antidromic stimulation of small caliber

trigeminal axons causes neurogenic inflammation in the dura mater as evidenced by marked

increases in mast cell activation, protein extravasation, and platelet aggregates within postcapillary

venules [16]. Activation of the trigeminovascular system also leads to neurogenic vasodilatation

within the dura mater and to cerebral vasodilatation. These processes have been implicated in the

pathogenesis of migraine [16]. CGRP is the major neuropeptide involved in this neurogenic

vasodilator response [53] and it is elevated in the cranial venous blood of patients suffering

acute attacks of migraine. In other forms of primary headache, the whole trigeminovascular reflex

is also initiated, causing, on the one hand, antidromic nerve activity leading to release of CGRP,

and, on the other hand, orthodromic central stimulation, pain and autonomic reflexes [14,15].

4. MODULATION OF NEUROGENIC INFLAMMATION BY ENDOGENOUS

MECHANISMS

Once an inflammation, or specifically a neurogenic inflammation, is initiated, interactions

between resident cells, inflammatory cells, immune cells, and the nervous system may perpe-

tuate or terminate the inflammatory response. Several feedback and feedforward loops have
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been elucidated that can play a role, their anatomical and chemical details, however, depend

very much on the site of neurogenic inflammation. Recent findings about the connections

between the neural mediators, the neuroendocrine, and the immune system have greatly

expanded the understanding of neurogenic inflammation in various diseases.

A negative feedback pathway has been described by which an ongoing inflammatory

response at one site produces an inhibition of an inflammatory response at a second site. This

pathway may involve activation of C-fibers in ascending tracts in the spinal cord which then

stimulate the hypothalamus/pituitary to release adrenocorticotropic hormone (ACTH). ACTH

in turn stimulates the cortex of the adrenal gland to release glucocorticoids which act at a

secondary site [54]. In view of the peripheral anti-inflammatory actions of Corticotrophin-

Releasing Factor (CRF) and of the corticosteroids, any activation of the hypothalamus/pituitary/

adrenal axis may exert an anti-inflammatory effect. However, after stimulation of the stress axis

for a longer period, the number of substance P-positive nerve fibers increases in mouse skin

concomitantly with an increase in mast cell degranulation [55].

Activation of the peripheral sympathoadrenal system and increases in plasma adrenaline and

noradrenaline levels can either inhibit or facilitate peripheral neurogenic inflammatory

responses depending on species and/or location. The mechanisms range from influencing

blood vessel diameter to inhibition of neuropeptide release and inhibition or release of second-

ary mediators from a variety of cells [56].

Somatostatin has been shown to exert a tonic inhibition at TRPV1-positive nerve endings

[57]. Antidromic activation of primary afferent nerve fibers induces not only local but also

systemic anti-inflammatory effects: somatostatin released from such nerves has been proposed

to be the mediator of this neurohumoral regulatory mechanism of sensory fibers and provides an

explanation for the anti-inflammatory effect of counterirritation or acupuncture [58]. In con-

trast, in another study somatostatin itself induced vasodilatation and plasma protein extravasa-

tion in the rat knee joint [59]. Endogenous galanin released from sensory nerves can also exert a

tonic inhibitory effect on inflammatory processes [60].

Endogenous opioids, released into the systemic circulation from the pituitary gland or locally

from immunocompetent cells, can suppress neurogenic inflammation. In very elegant studies,

Stein [61] has demonstrated how the immune system can interact with peripheral sensory nerve

endings to inhibit inflammatory pain. Opioid receptors are expressed and transported to the

peripheral terminals of sensory neurons. Endogenous opioid peptides released from macro-

phages or lymphocytes in chronically inflamed tissue can stimulate these opioid receptors

located on peripheral sensory nerves, to inhibit pain and the release of excitatory proinflamma-

tory neuropeptides and the further perpetuation of neurogenic inflammation [61]. Opioids

released from nerve fibers supplying the airways can influence airway functions via modifica-

tion of neural transmission [62].

The opioid-like neuropeptide nociceptin/orphanin FQ is also a candidate modulator of neuro-

genic inflammation. In guinea pigs nociceptin occurs in afferent neurons but in a different set than

the tachykinins [63]. The peptide has been shown to reduce vasodilatation and plasma extravasa-

tion in response to electrical nerve stimulation or capsaicin by inhibiting the release of tachykinins

from capsaicin-sensitive afferents in the skin of rats and the airways of both rats and guinea pigs.

Most likely, this occurs via stimulation of prejunctional Opioid Receptor Like (ORL1) receptors

[63–66]. However, other studies in skin or inflamed joints, also performed in rats, reveal a

proinflammatory action of nociceptin via degranulation of mast cells. The subsequent release of

histamine and 5-HT, in turn, leads to stimulation of capsaicin-sensitive afferent nerve endings with

concomitant release of substance P and CGRP [67–69]. Vasodilatation in response to nociceptin
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due to a direct action on vascular smooth muscle has also been observed [70]. It remains to be

shown which type of mechanism prevails in models resembling human pathology more closely.

Recently, cannabinoids have been shown to inhibit capsaicin-induced neurogenic inflamma-

tion in rat skin and neurogenic vasodilatation in human skin and rat mesenteric arteries [71,72].

This is brought about by activation of cannabinoid receptors on primary afferent nerve endings,

leading to inhibition of neuropeptide release. In rat skin, this effects is mediated via CB1

receptors [73]; however, in the guinea pig bronchi, CB2 receptors seem to be responsible

[74]. There is also evidence for cannabinoids activating CB2 receptors on keratinocytes, thereby

inducing release of b-endorphin and inhibiting primary afferent nerve endings indirectly [75].

Neurogenic inflammation can also play a role in the perpetuation of a disease process, as, for

example, in chronic inflammation of the airways. In the intact epithelium neutral endopeptidase

(NEP), a cell surface enzyme, degrades substance P and NKA released from sensory nerves

thereby suppressing neurogenic inflammation. In asthmatic airways, when the epithelium is

shed or NEP is downregulated, tachykinins have an exaggerated effect [11]. In the lung this

enzyme is inhibited by cigarette smoke, by viral infections, or by volatile organic chemicals.

Typically, when NEP is downregulated or inhibited in the airways, the contribution of the

tachykinins and bradykinin to the anaphylactic response following antigen challenge is more

prominent. A deficit of NEP could play a role in favoring an exaggerated neurogenic response

in upper airway disease [76]. The importance of NEP in curbing the symptoms of neurogenic

inflammation has also been demonstrated in models as diverse as electrically stimulated human

skin [77] and intestinal inflammation in rats [78].

Enzymatic breakdown of substance P is also affected by angiotensin converting enzyme and

another membrane-bound endopeptidase specific for substance P. The resulting N-terminal

metabolite, substance P1-7, has been shown to inhibit substance P-induced vasodilatation in a

blister model of inflammation in the rat paw [79]. This might represent another endogenous

mechanism to curb the local inflammatory process.

Peripheral neural mechanisms in arthritis include the release of substance P and CGRP,

which synergistically exert proinflammatory paracrine effects in the synovium. Synthesis,

axonal transport, and release of substance P and CGRP are enhanced in arthritis, probably

due to the stimulation of NGF synthesis in, and release from, local inflammatory cells [17]. The

important role of NGF in the sensitization and perpetuation of neurogenic inflammation has

been shown for a wide variety of tissues and disease states, ranging from irritation of the nasal

mucosa by toxic vapors [80] over asthma [81,82] to colonic inflammation [83] and overactivity

of the urinary bladder [84]. In rat skin NGF leads to edema and, after subchronic administration,

increases skin content of CGRP resulting in greater amounts of the peptide being released after

stimulation with capsaicin [9,85].

On the whole it is not easy to predict which pathway predominates in a certain inflammatory

response. The use of selective inhibitors toward the various transmitters and components of

neurogenic inflammation has helped to clarify many pathophysiological mechanisms and

prepared the way for future therapeutic interventions.

5. INHIBITION OF NEUROGENIC INFLAMMATION BY EXOGENOUS AGENTS

Though not always initiated by the afferent nervous system, a neurogenic component may be

involved in several chronic disorders such as asthma, allergic rhinitis, and other allergic upper

airway diseases, rheumatoid arthritis, migraine headache, cystitis, skin diseases like contact
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dermatitis, or psoriasis [4]. A distinction between neurogenic and immunologic pathomechan-

isms (e.g., in asthma) is limited because the two systems influence each other at multiple stages

after the release of mediators. Since the sensory neuropeptides substance P, NKA, and CGRP

appear to be the principal transmitters in these processes, antagonists directed toward their

postjunctional receptors, or prejunctional modulators of their release, are the prime targets for

developing inhibitors of neurogenic inflammation [27,34,86].

An overview of possible inhibitory influences on the vascular component of neurogenic

inflammation is given in Fig. 1.

5.1 Direct inhibition of the effect of substance P and CGRP

As soon as the importance of tachykinins and CGRP for neurogenic inflammation was recognized,

research aimed not only at further characterizing the pathophysiology of the relevant diseases but

also at developing tachykinin or CGRP receptor antagonists to be used as therapeutics. Potent and

metabolically stable antagonists to postjunctional NK1 receptors can inhibit neurogenic plasma

extravasation in the rat skin, but also in visceral organs (CP-96,345 [87,88], SR140333 [89]). With

the help of RP67580 it has also been shown that endogenous tachykinins play a role in edema

formation in acute allergic responses [90]. Thus, NK1 receptor antagonists might be useful drugs

under these conditions. The intricate connections between peptidergic neuronal mechanisms and

the immune system offer numerous opportunities for therapeutic measures [91].

In the airways, bronchoconstriction is mediated primarily by NK2 receptors, whereas the NK1

receptor is responsible for other effects such as bronchial inflammation, edema formation,

Afferent
nerve
ending

Prejunctional inhibition

Inhibition of the vascular component in neurogenic inflammation

Postjunctional inhibition

NK1 receptor antagonists

NK2 receptor antagonists
CGRP1 receptor antagonists

Hyperemia
Protein leakage

CGRP/SP/NKA

Steroids

Capsaicin analogues

5-HT1B/1D receptor agonists
Opioid receptor agonists
B2 receptor antagonists
Somatostatin receptor agonists
Cannabinoid receptor agonists

Figure 1. Presentation of several factors that inhibit the activity of afferent nerve fibres to elicit vasodilatation and

plasma protein extravasation (modified from Ref. [27] with permission).
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mucosecretion, chemotaxis, and activation of inflammatory cells. Therefore, both NK1 and NK2

antagonists might be useful anti-inflammatory and bronchospasmolytic drugs [33]. Tachykinins

are likely to be the final mediators and, at least in the guinea pig, the NK1 antagonist CP96,345

inhibits plasma extravasation in the trachea [92] and nasal mucosa [12], and a NK2 antagonist,

MEN10,627, blocks the contraction of airway smooth muscle [93]. Neurogenic plasma leakage

might occur after inhibition of enzymes that normally degrade inflammatory peptides, and

neurogenic plasma exudation occurs in the nasal mucosa. These effects are mediated by NK1

receptors and can be blocked by NK1 antagonists, but also by a B2 antagonist [94]. In the nose of

rats, the NK1 receptor antagonist, RP67580, inhibits neurogenic fluid secretion [95].

Edema is a major contributor to airflow obstruction and leads to increased airway fluid.

Cellular infiltration and activation participate in this process and increase airway reactivity. In

asthma, therapy aimed at preventing inflammation is important to reduce not only airflow

obstruction, but also airway reactivity. Neurogenic inflammation in the airways contributes to

the development of bronchial hyperresponsiveness and the late asthmatic response in patients

with bronchial asthma [11,96]. Although human airways contain sensory nerves, it is not clear

whether neurogenic inflammation really occurs in human airways as it does in rats or guinea

pigs, but it seems likely. Research with tachykinin antagonists described above have led

to the proposal that NK1 as well as NK2 receptor antagonists might be useful in treating

asthmatics [34].

This hypothesis is further supported by the observation that MDL105,212, a nonselective

NK1/NK2 receptor antagonist, inhibits respiratory effects produced in guinea pigs exposed to

chemical irritants as well as delayed responses to antigen challenge in sensitized animals. These

data strongly suggest a role for tachykinins in allergic diseases and prove the utility of

tachykinin antagonists [97]. Cyclic peptide antagonists blocking both the NK1 and the NK2

receptor can inhibit bradykinin-induced bronchoconstriction and cough in asthmatics when

given by aerosol [43].

In earlier studies in humans, emphasis was laid on studying NK2 receptors in airway smooth

muscle, because the expression of NK2 receptors was found to be increased in chronic

obstructive pulmonary disease [98]. Indeed, under these conditions NK2 receptors play an

important role in mediating bronchoconstriction, plasma protein extravasation, and activation

of immune cells [99]. Thus, selective NK2 receptor antagonists have been proposed as good

candidates for a treatment of allergic responses and of airway hyperresponsiveness in asthma

[34,93]. However, recently the importance of the other types of tachykinin receptors was

recognized and the tendency is now to look for dual NK1/NK2 or even triple NK1/NK2/NK3

antagonists [100].

In the urinary tract, tachykinins released from sensory nerves located in the muscle layer,

mucosa, and submucosa can trigger plasma protein extravasation and increased urinary bladder

motor activity via NK1 and NK2 receptors, while they do not seem to play a role in normal

bladder function [34]. Increasing evidence points to an involvement of neurogenic inflamma-

tion in painful pelvic diseases [101] where tachykinin antagonists may represent a treatment

option. An early study demonstrated the effectivity of the NK1 antagonist CP96,345 against

capsaicin-induced plasma extravasation in the guinea pig ureter [88]. Both NK1 and NK2

receptors are involved in neurogenically mediated bladder dysfunctions in rats and guinea

pigs. However, in most other species including humans only NK2 receptor antagonists seem

to be useful against such symptoms [34,102].

Although the largest source of tachykinins in the gut is represented by intrinsic neurons, the

neurogenic release of tachykinins in inflammatory responses in the gastrointestinal tract is
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likely [103–106]. There is a potential for tachykinin antagonists in inflammatory bowel disease,

specifically to prevent pain and reflex hypermotility [107]. The NK1 antagonists CP96,345 and

RP67580 have been found beneficial in rats and mice with colitis of various origin [108,109]. In

humans, tachykinins released from peripheral endings of sensory nerves can cause exaggerated

smooth muscle contraction in irritable bowel syndrome or cystitis for the most part via NK2

receptors. Studies with nepadutant, a new and potent NK2 receptor antagonist, in human

intestinal tissue in vitro as well as in healthy volunteers yielded promising results to justify

the development of NK2 antagonists as drugs against gastrointestinal diseases that involve

sensory nerves [107].

Contrary to the tachykinins, CGRP is the prime mediator of neurogenic vasodilatation but not

of the extravasation. Therefore, research concentrated on migraine and other forms of headache,

where CGRP-mediated vasodilatation has been shown to play a major role. Activation of a

trigeminovascular reflex causing neurogenic inflammation in the meninges and cerebral vaso-

dilatation due to the release of CGRP are major components in the pathogenesis of migraine

headache [16,110]. Of all possible mediators, CGRP is the most important neuropeptide

involved in this pathomechanism and antagonists targeting the trigeminovascular system may

be useful drugs against migraine and other forms of headache [111,112].

In some animal models of meningeal neurogenic inflammation, release of both substance P

and CGRP is relevant [113]; however, vasodilatation in rat dura after topical application of

capsaicin can be abolished by the CGRP antagonist hCGRP (8-37) [114]. Also in humans only

CGRP seems to play a role. This neuropeptide is elevated in the cranial venous blood of patients

suffering acute attacks of migraine and other forms of primary headache [15,112].

Several preclinical studies proved the effectivity of BIBN4096BS (olcegepant) as a CGRP1
receptor antagonist that inhibited CGRP-induced vasodilatation as well as vasodilatation

induced by antidromic stimulation of a sensory nerve [115–118]. In patients, this non-peptide

CGRP antagonist showed a significant effect against acute migraine attacks, without causing

any cardiovascular side effects [119]. The latter was also confirmed in healthy volunteers,

where infusion of BIBN4096BS did not induce any changes in hemodynamics [120].

Any systemic application of CGRP antagonists has, however, to be seen in the light that

CGRP is considered an endogenous myocardial protective substance. In fact, the nonpeptide

CGRP antagonist WO98/11128 was shown to inhibit CGRP-induced relaxation of human

coronary arteries [121].

Furthermore, BIBN4096BS has been shown to potently block CGRP-induced dilatation of

human pial blood vessels in vitro [122] as well as the capsaicin-induced dilatation of the carotid

artery in pigs, which was mediated by the release of CGRP [123].

5.2 Inhibition of neurogenic inflammation by indirect means: inhibition of mediator

release and functional antagonism

Another very efficient method to inhibit neurogenic inflammation is to block the release of

mediators from the sensory nerve endings. This is shown best in the therapy of migraine, where

patients have to rely on the triptans until CGRP antagonists are introduced into the medical

practice. Administration of the 5-HT1B/1D receptor agonist sumatriptan returned the elevated

CGRP during migraine attack to control levels [15,111]. Triptans and also dihydroergotamine

inhibit CGRP release by hyperpolarizing prejunctional sensory nerve terminals following

5-HT1B/1D receptor activation [124]. Thereby they limit overdistension of cerebral arterioles.

5-HT1B/1D receptors are also located on central parts of the trigeminovascular reflex and their
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activation interrupts central aspects of the headache process [15]. Other consequences of

neurogenic inflammation in the dura mater, such as increases in mast cell activation, protein

extravasation, and platelet aggregation within postcapillary venules, which most likely are

induced by substance P release, are also inhibited by sumatriptan [125]. A recent study showed

that in rats also the cyclooxygenase (COX)-2 inhibitor parecoxib was able to inhibit plasma

protein extravasation from dura in response to antidromic trigeminal activation. [126].

However, neither the inhibition of COX-1 nor of COX-2 diminished plasma protein extravasa-

tion in response to mustard oil in rat skin [127].

A more general approach to block neurogenic inflammation – and the most important one

under experimental conditions – is the desensitization or long-lasting impairment of the

neuropeptide-containing primary afferents by pretreatment with capsaicin [1,128,129]. Two

types of desensitization play a role: a functional desensitization to short-term local application

to nerve endings leads to reduction or loss of responsiveness of sensory neurons to many

stimuli. This may underlie the anti-inflammatory effect of capsaicin and related vanilloids.

The second type is a pharmacological desensitization, where repeated administration of capsai-

cin leads to a decline in the response that is normally evoked by capsaicin. Both desensitization

processes depend on calcium uptake by the sensory neuron through the TRPV1 channel.

Pretreatment with high doses of capsaicin decreases the number of substance P fibers in

peripheral tissues and reduces symptoms of neurogenic inflammation [20]. This procedure,

however, has mainly experimental significance for the inhibition of neurogenic inflammation,

since the local treatment in humans with capsaicin turned out to be too pungent. As an example,

the pathophysiological significance of neurogenic inflammation in the perpetuation of arthritis

has been recognized [130]. Capsaicin, owing to its peculiar capacity to markedly reduce the

neurogenic component of inflammation through the depletion of neuropeptides fromnerve endings,

has been shown to be of certain benefit for the treatment of pain and inflammation in rheumatoid

joint diseases.However, only a nonpungent, desensitizing and neuropeptide-depleting analogwould

be of value [131]. In the meantime such nonpungent capsaicin analogs have been developed and

may turn out to be useful as analgesic/antihyperalgesic agents in inflammatory conditions [132].

Until such compounds are readily available, there still remains the possibility to administer

local anesthetics before capsaicin during the first treatment sessions. With such a regimen a

beneficial effect of repeated capsaicin application has been demonstrated in patients with idiopathic

rhinitis [133].

Since the capsaicin receptor was identified as the TRPV1 channel, another line of research

aims at using TRPV1 antagonists to prevent the response of afferent nerve endings to irritating

stimuli. Among these antagonists are iodo-resiniferatoxin and JYL1421 (SC0030), which have

been shown to block several neurogenic responses to capsacin or acetic acid [134,135].

Therapeutically useful TRPV1 antagonists are also under development (see Ref. [136]).

Somatostatin inhibits presynaptically the release of substance P and CGRP from primary

afferent nerve terminals thereby preventing plasma extravasation [22]. In rats, the somatostatin

analog octreotide was ineffective against the effects of trigeminal stimulation with capsaicin

[137]. In contrast, a clinical study in patients with cluster headache showed a beneficial effect of

subcutaneously injected octreotide, although this peptide does not directly affect blood vessels

[138]. Newly developed somatostatin analogs without any endocrine function have also been

shown to inhibit neurogenic inflammation by blocking the release of the neuropeptides from

sensory nerve terminals [58].

Opioid agonists inhibit primary afferent-dependent plasma extravasation [139,140]. A m-agonist
has been shown to inhibit edema formation prejunctionally only when the sensory nerve was
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stimulated at lower frequencies, but not at high-frequency stimulation [89]. Agonists at the m- and
k-opioid receptor can exert an inhibitory action on neurogenic extravasation in rat skin which

appears independent of their central nervous system and systemic effects [141]. However, other

studies suggest a central rather than peripheral site of action for opioids [142] and complex

interactions of opioids with sympathetic and histaminergic mechanisms [143]. Also in the mouse

intestine inflammation-induced plasma extravasation could be ameliorated by administration of

opioids, k agonists being most potent in this model [144]. The distinction between peripheral and

central sites of action is important since the systemic administration of peripherally selective

m-agonists may be considered undesirable because of their constipating effects; therefore, a local

application might be advantageous, e.g., in a joint [61,145,146].

Several lines of evidence suggest that the sensory nerves are not directly stimulated after antigen

challenge, but indirectly by endogenous kinins, to initiate neurogenic inflammation [147]. This

response to bradykinin is mediated by B2 receptors. The B2 receptor antagonist HOE140 (icatibant)

can inhibit the increase in plasma extravasation in the trachea and nasal mucosa, and it can inhibit the

contraction of airway smooth muscle induced by antigen challenge in guinea pigs [12]. Also in

immediate hypersensitivity/inflammatory reactions in other organs such as the urinary bladder or the

airways, bradykinin, acting via B2 receptors, and prostaglandin formation, is involved in C-fiber

excitation. B2 antagonists and COX inhibitors can be used to suppress these reactions [148,149]. The

B2 antagonists FR173657 and icatibant have been shown to reduce plasma protein extravasation in

models of visceral and cutaneous inflammation in rats and guinea pigs [150]. However, icatibant was

inactive when plasma protein extravasation was elicited by saphenous nerve stimulation in rat skin

2705 [89]. Nonpeptide bradykinin antagonists are currently being developed as therapeutics [151].

Glucocorticoids, applied systemically or locally, inhibit all types of inflammation and there-

fore also reduce neurogenic plasma extravasation in nasal mucosa, trachea, and urinary bladder

postjunctionally [152]. However, this is not a specific effect.

In conclusion, it can be noted that the newly developed selective tachykinin, CGRP and

bradykinin antagonists have been a clear step forward in the understanding of neurogenic

inflammation. They also might have beneficial effects in certain diseases processes. However,

in the light of the widespread distribution of these peptide receptors in different tissues and

organs also their possible side effects have to be considered.
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ABSTRACT

Neurogenic inflammation of the dura mater encephali is considered to be involved in the

generation of primary vascular headaches. Different components of neurogenic inflammation –

increased blood flow and vascular permeability, activation of endothelial and mast cells – seem

to have differential significance in the pathophysiology of primary headaches. While the release

of vasoactive substances from primary sensory neurons, endothelium, or mast cells has clearly

been shown to occur during headache attacks, vascular permeability changes seem not to play any

role. Clinical and experimental observations indicate that the sensory neuropeptide calcitonin

gene-related peptide (CGRP) has a key position in meningeal vasodilatation. Beside its direct

vasorelaxant effect, CGRP releases the inflammatory mediator histamine from mast cells and

interacts with another potent vasodilator, nitric oxide, originating mainly from dural endothelial

cells. Parasympathetic nerve fibers of the dura mater are also activated in some types of primary

headaches, possibly by a trigeminal-parasympathetic reflex involving brain stem mechanisms.

Interactions between different vasoactive regulators of meningeal blood flow may contribute to

the pathogenesis of primary headaches.

1. INTRODUCTION

The peripheral and central mechanisms responsible for the generation of primary headaches are

not clear, but some components of the underlying pathophysiological processes have been

extensively studied. The neurogenic hypothesis of headache deals with the anatomical and

functional relationship between trigeminal sensory nerve fibers and blood vessels of the

intracranial tissues. Although the innervation of extracranial blood vessels may partly be

involved in nociceptive processes [1], intracranial perivascular sensory fibers seem to play

the most important role. Arteries of the dura mater encephali, the sagittal sinus, and the basal

intracerebral arteries are sensitive to noxious stimuli and may therefore be involved in the

generation of headaches [2,3]. Stimuli activating trigeminal sensory nerve fibers of these

structures transmit nociceptive information to the brainstem, particularly to the trigeminal

nucleus caudalis, and also promote a sterile inflammation in the tissue by releasing vasoactive
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peptides from perivascular nerve endings [4]. An increase in blood flow, plasma extravasation, as

well as activation and degranulation of mast cells are the consequences of neuropeptide release

from the stimulated sensory nerve fibers in the dura mater [5]. Calcitonin gene-related peptide

(CGRP) seems to be responsible for vasodilatation, whereas substance P (SP) and neurokinin

A (NKA) increase vascular permeability in response to trigeminal nerve stimulation [6–8].

Neuropeptides released by sensory nerve fibers may also influence vascular reactions indirectly

by releasing vasoactive substances from mast cells [9,10]. Thus, the early phase of neurogenic

inflammation in the dura mater results from a direct action of neuropeptides on arterioles and

venules, whereas the later phase seems to depend, at least in part, on the release of other vasoactive

substances from mast cells (e.g., histamine, 5-hydroxytryptamine, and prostaglandins) [11].

As one of the few pain-sensitive intracranial structures, the dura mater encephali has become

the preferential target for studying mechanisms of meningeal nociception and headache

[12–14]. A model of neurogenic inflammation in the dura mater has been developed by

Moskowitz [15]. Although neurogenic inflammation seems not to be causal for headaches,

the results obtained with this model indicate that blood flow changes occurring in parallel with

pain sensation in headache patients may be explained by the development of neurogenic

inflammation in meningeal tissues. Mechanical hyperalgesia (e.g., vessel pulsation) experi-

enced as a painful stimulus may also occur following neurogenic inflammatory processes [16].

Clinical observations support the significance of neuropeptide release and associated mast cell

reactions in the pathophysiology of primary headaches. Blood of the ipsilateral jugular vein

showed increased levels of the vasodilator CGRP during migraine and cluster headache attacks

[17,18]. Moreover, serum levels of histamine in patients with migraine and cluster headache

were also increased indicating activation of mast cells [19–21]. Drugs reducing CGRP release

from sensory nerve fibers or blocking its vasodilator effect have also been used for the therapy

of cluster headache [18].

Several animal models have been developed to study pathophysiological mechanisms

involved in the generation of headaches. Anatomical and physiological similarities of the

trigeminovascular system in rats and humans provide a solid basis to study nociceptive

components likely to be involved in the generation and control of headaches [22].

2. PEPTIDERGIC INNERVATION OF THE DURA MATER

In rats, a rich trigeminal and a less pronounced upper cervical sensory innervation supplies the

dura mater encephali. Autonomic nerve fibers present in meningeal tissues are mainly of

sympathetic origin, whereas a sparse parasympathetic innervation has also been described

[23–28]. The neuropeptide content of nerve fibers in the dura has been determined by immu-

nohistochemical methods. CGRP, SP, and NKA immunoreactivities are localized in sensory

neurons, while nerve fibers immunoreactive for neuropeptide Y (NPY) and vasoactive intestinal

polypeptide (VIP) are most likely of sympathetic and parasympathetic origin, respectively

[29,30]. CGRP-immunoreactive nerve fibers are more abundant than SP-immunoreactive fibers,

accounting for approximately 20 and 10% of the total number of dural nerve fibers, respectively

[31]. Coexistence of CGRP- and SP-like immunoreactivity has been shown in the trigeminal

ganglia of different species [32,33]. Immunoelectron microscopic preparations have revealed

that CGRP- and SP-like immunoreactivity is present generally in thin unmyelinated nerve fibers

forming bundles around the blood vessels and running as single fibers in the dural connective

tissue [31].
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In various tissues, a population of chemosensitive neurons containing CGRP, SP, and NKA

has been described giving rise to polymodal C-fiber and Ad mechano-heat nociceptors.

Capsaicin (8-methyl-N-vanillyl-6-nonenamide), the pungent agent of red pepper, selectively

stimulates the chemosensitive neuron population and, after repeated application, functionally

inactivates these capsaicin-sensitive neurons [34–39]. Selective denervation with loss of

capsaicin-sensitive neurons reduced the SP-like immunoreactivity in the rat trigeminal ganglion

[40]. Capsaicin acts on the transient receptor potential vanilloid 1 (TRPV1) receptor. TRPV1

receptor immunoreactivity could be demonstrated in a distinct population of CGRP containing

human trigeminal ganglion cells [41]. Recent observations provided evidence for the presence

of capsaicin-sensitive sensory nerves in the rat dura mater. Activation of capsaicin-sensitive

afferent nerves produces a TRPV1 receptor-mediated vasodilatory response through the release

of CGRP. Histological studies also confirmed the existence of functional capsaicin-sensitive

nerves in the rat dura mater. Capsaicin-sensitive sensory ganglion neurons may participate in

the transmission of stimuli causing chemogenic and inflammatory pain. These nociceptive

neurons may also play a fundamental role in local regulatory functions, including vascular

reactions, through the release of vasoactive peptides from their activated peripheral endings

[42,43].

3. RELEASE OF NEUROPEPTIDES FROM MENINGEAL NERVE FIBERS

Release of peptides from sensory terminals inducing neurogenic inflammation in the dura mater

has been proposed as an important pathophysiological component in the generation of migraine

pain and other severe headaches [5,44]. Electrical or chemical stimulation of trigeminal fibers

results in neuropeptide release from sensory terminals in both in vivo and in vitro experimental

models. In rats and cats, electrical stimulation of the trigeminal ganglion increased CGRP

content in venous blood samples of the superior sagittal sinus [45,46]. Long lasting (20–30 min)

local electrical stimulation of the parietal dura mater with stimulus parameters inducing blood

flow elevation in meningeal blood vessels depleted CGRP immunoreactivity in dural nerve

fibers within a distance of 2–3mm from the stimulating electrodes [47]. Similar observations

following electrical stimulation of trigeminal ganglion in the rat were described by Knyihár-

Csillik et al. [48].

An in vitro preparation of rat dura mater has been developed to measure the neuropeptide release

upon stimulation using an immunoenzyme assay. Electrical stimulation of the trigeminal ganglion

and superfusion of the exposed arachnoid surface of the dura mater with a mixture of inflammatory

mediators [5-hydroxytriptamine (5-HT), histamine, and bradykinin, each at 10�5M, pH 6.1]

induced a significant increase inCGRP concentration in the superfusate; however, SP concentration

was not altered [49].

4. INCREASE IN VASCULAR PERMEABILITY IN THE DURA MATER ENCEPHALI

Neurogenic plasma protein extravasation in the dura mater has been extensively studied as one

of the characteristic manifestations of neurogenic inflammation induced by SP and NKA release

from trigeminal nerve fibers. Electrical stimulation of the trigeminal ganglion or intravenous

administration of capsaicin resulted in increased permeability in postcapillary venules of the rat

dura mater [50,51]. In those experiments, increased vascular permeability was detected by

Neurogenic Vascular Responses in the Dura Mater 195



injecting different indicator substances into the bloodstream of animals prior to stimulating the

sensory nerve fibers of interest. Increased permeability of blood vessels in dural tissue has been

indicated by increases in extravasation of Evans blue dye or radiolabeled albumin [52,53].

Extravasation techniques are of considerable value in functional studies; however, because of

their limited spatial and temporal resolution, they are less suited for exact histological demon-

stration of leaky blood vessels and studies on the cellular mechanisms of plasma extravasation.

Light microscopical techniques have been used to demonstrate the localization of leaky blood

vessels. Injection of horseradish peroxidase and detection of its product in a histological

preparation indicate the localization of leaky blood vessels in the dura mater [4]. Administration

of a colloidal substance (e.g., colloidal silver solution) into the bloodstream of an experimental

animal prior to the induction of neurogenic inflammation results in an accumulation of the

colloidal substance at the basal lamina of leaky blood vessels [54–56]. Using this vascular

labeling method, histological signs of increased vascular permeability after topical application

of the irritant mustard oil (5%) and acidic phosphate buffer (pH 5.5), but not after local

electrical stimulation (15V, 10Hz, for 10 min) of dural nerve fibers, could be detected [57].

To explain the lack of silver-labeled blood vessels after electrical stimulation, different

mechanisms responsible for increased vascular permeability in dural blood vessels should be

considered. Electronmicroscopical observations indicate that electrical stimulation of the tri-

geminal ganglion increases the number of endothelial pinocytotic vesicles and endoluminal pits.

In addition, after intravenous administration of SP, the formation of interendothelial gaps has

also been observed [58]. Opening of interendothelial junctions is visualized by the vascular

labeling technique, whereas other mechanisms such as vesicular transport of plasma compo-

nents, which can be the major pathway of plasma transport in this case, are probably not

indicated by this method.

Intravenous injection of SP as well as release of SP evoked by systemic administration of

capsaicin increased vascular permeability in the dura mater, and this leakage was inhibited by

pretreatment with a NK1 receptor antagonist [59,60]. Destruction of thin unmyelinated nerve

fibers with neonatal capsaicin treatment abolished the increase in vascular permeability nor-

mally resulting from electrical stimulation of the trigeminal ganglion [4].

5. VASODILATATION IN THE DURA MATER ENCEPHALI

Neuropeptides released by trigeminal nerve fibers are potent vasodilators of intracranial blood

vessels [33,61–63]. Two in vivo preparations have recently been developed to study vascular

reactions controlling meningeal perfusion in the rat. One of these preparations uses laser

Doppler flowmetry [64], the other uses intravital microscopy to measure blood vessel diameter

[65]. In both experimental models, local electrical stimulation of the exposed dura mater caused

transient vasodilatation and increases in dural arterial flow in the vicinity of the stimulating

electrodes. Electrically evoked increases in meningeal blood flow have been shown to be

neurogenically mediated as they could be blocked by the topical application of local anesthetics

to the exposed dura mater [47]. Moreover, these increases in flow could be inhibited by topical

preapplication of the CGRP receptor antagonist CGRP8–37 to the dura mater or by systemic

administration of the CGRP receptor antagonist BIBN4096BS, indicating that CGRP released

from stimulated nerve fibers caused the flow increase [64,65]. In the experiments that

used videomicroscopy, increases in arterial diameters were observed by stimulating the dura

mater electrically through a thin intact bone layer. These increases in blood vessel diameter
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could also be inhibited by systemically administered CGRP8–37 [66,67]. Local or intravenous

administration of CGRP was reported to increase meningeal blood flow and vessel diameter

[64,67].

In the dura mater, the vasodilator effect of the tachykinins SP and NKA is controversial.

Systemic administration of SP and NKA induced significant increases in blood vessel diameter

when visualized by videomicroscopy [67]. Pretreatment with the NK1 receptor antagonist

RP67580 abolished both SP- and NKA-induced vasodilatation in the same experimental

model, suggesting that tachykinins may play a role in the regulation of meningeal perfusion.

However, results obtained using laser Doppler flowmetry do not support these observations,

because local application of the NK1 receptor antagonist had no significant effect on the basal

flow and the electrically evoked increases in flow. Topical application of SP was also without

effect on dural blood flow in this preparation [68]. These results indicate that different

mechanisms may be responsible for neuropeptide-induced vasodilatation. CGRP released

from perivascular nerve fibers acts directly on smooth muscle cells of arterioles in which

there is a subsequent accumulation of the second messenger cAMP [61,69,70], whereas the

vasodilator effect of SP is mediated by the endothelium [71]. SP-mediated vasodilatation seems

to activate endothelial nitric oxide (NO) production [61,71]. SP released by SP-immunoreactive

perivascular dural nerve fibers may not be able to penetrate the arterial wall to the endothelium

at functionally sufficient concentrations, whereas SP present in the circulation may easily reach

endothelial NK1 receptors. It is concluded that CGRP, one of the most potent vasodilators, is

probably the essential neuropeptide of trigeminal afferents that induces vasodilatation upon its

stimulated release, thereby increasing blood flow in dural blood vessels. SP, if released from

nerve terminals, does not significantly contribute to this effect.

6. INVOLVEMENT OF MAST CELLS IN THE NEUROGENIC INFLAMMATION

OF MENINGEAL TISSUES

It has been known for a long time that infusion of histamine induces headaches particularly in

migraineurs [21,72,73]. Plasma levels of histamine have been reported to be increased in

migraine and cluster headache patients [19–21]. The source of histamine in these patients is

not known; however, the dura mater with its rich mast cell population is a likely candidate;

histaminergic nerve fibers have not been identified in the dura [74]. Mast cells are closely

associated with sensory nerve fibers and blood vessels, supporting the hypothesis that all these

structures can functionally interact to produce vasodilatation and pain in headache patients [9].

Histamine is a potent vasodilator and is also able to increase vascular permeability in different

tissues [75]. Results from in vivo and in vitro experiments alike suggest that there is a role for

different histamine receptors in intracranial blood vessels. Relaxation of dural arteries is

mediated by H2 receptors, most likely located on vascular smooth muscle cells, and also by

endothelial H1 receptors. In addition, H1 receptors on smooth muscle cells may mediate

vasoconstriction [76,77]. Apart from the direct vascular effects of histamine, a bidirectional

communication between sensory nerve fibers and dural mast cells may be involved in

neurogenic inflammatory processes modulating the vasodilator and permeability increasing

effects of sensory neuropeptides [78,79]. Activation and degranulation of mast cells by sensory

neuropeptides may play an important role in the course of migraine and cluster headache attacks

[19,80]. Mast cells in meningeal tissue may be degranulated by both sensory neuropeptides,

CGRP and SP [10], but CGRP could be confirmed as a histamine releasing substance in an
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in vitro preparation of the rat cranial dura mater [81]. Histamine released by mast cells may in

turn influence transmitter release from both sensory and autonomic nerve fibers. Histamine

directly stimulates CGRP- and SP-containing cultured trigeminal ganglion neurons by the

activation of H1 receptors [82]. Stimulation of H3 receptors, present on both autonomic and

sensory fibers, has been reported to reduce transmitter release from nerve terminals [83,84].

7. MODULATION OF CGRP-INDUCED VASODILATATION BY NITRIC OXIDE

NO is an important mediator of vasodilatation in different tissues including the meningeal

circulation [85–87]. NO is suggested to be a key substance in the generation of nociceptive

processes in migraine pain and other vascular headaches [88]. In migraineurs, the infusion of

nitrovasodilators leads to headaches that are reported to be very similar to spontaneous migraine

or cluster headache attacks [89–92]. NO-producing structures in the rat dura mater have been

localized using different methods. NO-synthase activity in endothelial cells and some dural

nerve fibers has been verified by immunohistochemical methods [93,94]. Nicotinamide adenine

dinucleotide phosphate diaphorase (NADPH-diaphorase) activity also indicates NO-synthase

activity in brain and peripheral tissues [95]. Enzymatic activity of NADPH-diaphorase was

found to be localized exclusively in the wall of arteries and arterioles up to their transition into

capillaries. Nerve fibers and other dural cells showed no significant NADPH-diaphorase

activity [96]. Experiments using laser Doppler flowmetry indicate the role of NO, released by

endothelial or neuronal structures, in the regulation of dural arterial flow [97]. Systemic

administration or local application of the NO-synthase inhibitor N!-nitro-L-arginine methyl

ester lowered the basal blood flow in the medial meningeal artery and reduced flow increases

evoked by local electrical stimulation. Because electrically induced flow increases depend on

CGRP release from afferent nerve fibers, a functional connection between these vasodilatory

mediators was suggested. NO may facilitate the release of CGRP from perivascular afferents or

interact with its vasorelaxant effect on the vascular smooth muscle cells. Wei et al. [98] have

found that the vasodilatory effect of the NO donors, nitroglycerin and nitroprusside, on cerebral

arterioles of the cat was reduced after trigeminal ganglionectomy and after preapplication of the

CGRP receptor antagonist CGRP8–37. In a recent series of experiments, our group has shown a

similar inhibitory effect of CGRP8–37 on blood flow increases induced by NO donors in the rat

dura mater. The same NO donors caused concentration-dependent increases in CGRP release in

an in vitro preparation of rat cranial dura mater [96]. Endothelial cells seem to produce NO

constitutively in the dura mater as in other tissues. However, nerve fibers, mast cells, and immune

cells are also potential sources of NO, especially under inflammatory conditions, when

NO-synthase activity is upregulated. Interactions of NO with CGRP release and the dilatory effect

of CGRP on vascular smooth muscle cells may contribute to the sensitization of perivascular

afferents and could contribute to the peripheral mechanism of nociception in headaches.

8. MODIFICATION OF THE CGRP RECEPTOR SENSITIVITY AS A POTENTIAL

REASON FOR ENHANCED INFLAMMATORY AND NOCICEPTIVE REACTIONS

The CGRP receptor can activate multiple signal transduction pathways although its

actions are most commonly mediated by a G-protein-coupled receptor increasing the

intracellular cAMP levels. The CGRP receptor consists of three different parts: the

198 Mária Dux and Karl Messlinger



seven-transmembrane calcitonin-like receptor (CLR) and two further subunits, receptor

activity-modifying protein-1 (RAMP1) and receptor component protein (RCP) [99].

RAMP1 is a small single-transmembrane protein that is required for CGRP binding to

CLR [100]. RCP is an intracellular protein that interacts with CLR and facilitates cAMP

production [101].

CGRP receptors are located on the meningeal blood vessels, dural mast cells, trigeminal ganglion

cells, and sensory neuronal structures within the trigeminal nuclei. All these localizations of CGRP

receptors may be relevant for the pathophysiology of headaches. RAMP1 seems to be functionally

limiting for CGRP effects in the trigeminovascular system. Factors elevating neuronal RAMP1

level could potentially sensitize the individuals to CGRP. Sensitization may also include increased

CGRP synthesis and enhanced intensity of neurogenic inflammation, which could potentially

prolong and intensify the nociceptive reactions in migraine [102].

9. INVOLVEMENT OF THE PARASYMPATHETIC NERVOUS SYSTEM IN THE

NEUROGENIC INFLAMMATION OF THE DURA MATER

Based on clinical and experimental observations, a role of parasympathetic nerve fibers in

neurogenic vasomotor reactions of intracranial blood vessels has been suggested. An increased

plasma level of the vasodilatory transmitter VIP, which is normally of parasympathetic origin,

was measured in external jugular vein blood samples taken from patients during cluster head-

ache [18]. Experimental studies in the cat indicate that electrical stimulation of the trigeminal

ganglion and the superior sagittal sinus activates a reflex circuit involving trigeminal afferents,

the sphenopalatine ganglion, and parasympathetic efferents, which induces an increase in

cortical blood flow [103,104]. Using the laser speckle-contrast imaging technique, the role of

parasympathetic nerve fibers in the cortical spreading depression-induced elevation of menin-

geal blood flow was studied in rats. Cortical spreading depression is probably the phenomenon

underlying visual aura and other aura phenomena that are typically experienced by migraineurs

who suffer from migraine with aura. In these experiments, blood flow elevation was found to be

neurogenically mediated, in part through the brainstem connections of parasympathetic effer-

ents. Perivascular trigeminal afferents with cell bodies in the trigeminal ganglion synapse

predominantly in the trigeminal nucleus caudalis. Neurons with cell bodies in the trigeminal

nucleus caudalis project to central structures that are involved in nociception. Activation of this

pathway also activates the superior salivatory nucleus and parasympathetic efferents via the

sphenopalatine ganglia. Release of vasoactive substances such as VIP, acetylcholine, and NO

from postganglionic parasympathetic nerve fibers promotes vasodilatation and augments blood

flow increases generated by sensory neuropeptides in the dura mater. In this experimental

model, transection of parasympathetic nerve fibers innervating the dura mater significantly

suppressed blood flow elevation in the medial meningeal artery supporting the significance of

this central trigeminal-parasympathetic reflex [14].

The role of parasympathetic nerve fibers in the generation of plasma extravasation is not yet

clear. Direct electrical stimulation of the sphenopalatine ganglion of rats induces a significant

increase in plasma extravasation of bovine serum albumin in the dura mater [105]. However,

another study has shown that experimental activation of the central trigeminal-parasympathetic

reflex did not influence plasma leakage in dural venules [14]. The release of parasympathetic

vasodilator substances involved in meningeal blood flow regulation may in turn be regulated by

stimuli acting at parasympathetic nerve terminals. [106].
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10. INVOLVEMENT OF 5-HYDROXYTRYPTAMINE RECEPTORS IN

NEUROGENIC INFLAMMATORY REACTIONS

Clinical and experimental observations have shown that 5-HT, for which several types of

receptors are located on blood vessels, can exert opposite effects on the processes that

presumably underlie the generation of headaches. It is therefore not surprising that 5-HT

receptor agonists can either initiate or abort migraine attacks. Cerebrovascular endothelial

5-HT2B receptors have been suggested to be activated at the beginning of a migraine attack

[107,108]. 5-HT2 receptor antagonists are therefore used in the prophylaxis of migraine.

Activation of other 5-HT receptor types, 5-HT1B/1D receptors, cause vasoconstriction and

inhibition of trigeminovascular reactions. When used clinically, 5-HT1B/1D agonists can alle-

viate headache and other symptoms of migraine. Sumatriptan, a 5-HT1 receptor agonist, is

effectively used in the treatment of acute pain in migraine and other forms of primary headache.

The beneficial effects of 5-HT1 receptor agonists on headache seem to be associated with their

direct vasoconstrictor effect on dilated arterioles, the so-called postjunctional effect. The

prejunctional effect of 5-HT1 receptor agonists is the inhibition of CGRP and SP release from

trigeminal afferents. The postjunctional vasoconstrictor effect of 5-HT1 receptor agonists is

mediated by 5-HT1B receptors on vascular smooth muscle cells. Prejunctional suppression of

transmitter release is mediated by 5-HT1D and possibly 5-HT1F receptors localized on trigem-

inal nerve fibers [109–112]. A wide variety of experimental results have shown that 5-HT1

receptor agonists inhibit plasma extravasation and other elements of neurogenic inflammation

in the dura mater encephali of rats and guinea pigs [107–110]. Increased levels of CGRP

measured in venous blood after electrical stimulation of the trigeminal ganglion or the superior

sagittal sinus in rats and cats could be reduced by 5-HT1 receptor agonists such as sumatriptan

and dihydroergotamine [44,46]. Pretreatment with the 5-HT1 receptor agonist sumatriptan and

the 5-HT1B receptor agonist CP93,129 has been shown to be effective in inhibiting neurogenic

plasma extravasation in the rat dura mater [113–116]. Blood flow increases in meningeal blood

vessels, induced by electrical stimulation of dural nerve fibers, seem to be much less sensitive to

5-HT1 receptor agonist pretreatment. Doses of sumatriptan and CP93,129, which have been

shown to be effective in inhibiting plasma extravasation caused by electrical and chemical

stimulation of trigeminal afferents, were much less effective in inhibiting neurogenic vasodila-

tation, measured as increases in dural blood flow induced by electrical stimulation [117].

Moderate inhibition of neurogenic vasodilatation was achieved only with the local application

or systemic (i.v.) administration of higher doses of 5-HT1 receptor agonists. The different

threshold doses required to inhibit neurogenic plasma extravasation and blood flow increases

in the dura mater may be explained by different sensitivities of trigeminal neuron populations to

5-HT1 receptor agonists: the small SP-immunoreactive population of trigeminal neurons seems

to be more sensitive to 5-HT1 receptor agonists than the much larger CGRP-immunoreactive

population, which is thought to be mainly responsible for vasodilatation in the meninges.

11. RELEVANCE FOR THE PATHOPHYSIOLOGY OF HEADACHES

The intensity of pain experienced during headache depends on the inflow of sensory informa-

tion to the pain processing system via the trigeminal nerve. Although it is not yet clear what

factors are responsible for the activation or sensitization of nociceptive afferents under these

conditions, disturbances of peripheral and/or central mechanisms seem to be present in different
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types of headaches. Neurogenic inflammation induced by neuropeptide release and mast cell

degranulation has been proposed to be an important pronociceptive peripheral mechanism in

pain-sensitive intracranial structures. Moskowitz and his group focused their attention on the

plasma extravasation component of neurogenic inflammation in meningeal tissues. Although

drugs used in migraine therapy (e.g., the 5-HT1 receptor agonist sumatriptan) can effectively

block plasma extravasation from dural blood vessels under experimental conditions, periph-

erally acting NK1 receptor antagonists, inhibiting plasma extravasation in experimental models

[118,119], failed to show any antimigraine effects in humans [120]. The endothelin antagonist

bosentan also blocks plasma extravasation in rat dura mater, but this antagonist was also

ineffective in the treatment of migraine pain [121]. It is very likely that the plasma-extravasation

component of neurogenic inflammation is not an important factor contributing to headache

generation, because neither release of the neuropeptide SP nor signs of plasma extravasation

could clearly be shown to occur in any type of headache [18].

The vasodilatation component of neurogenic inflammation seems to be a more important

mechanism in the pathophysiology of headaches. Clinical data show increased levels of

vasodilator neuropeptides in the venous outflow from the head in headache patients. During

attacks of migraine, increased blood CGRP levels have been reported, whereas during cluster

headache attacks, both CGRP and VIP content in venous blood was significantly increased.

Treatments reducing CGRP levels during migraine attacks were effective in producing

pain relief in most patients and, in parallel, normalizing blood flow in intracerebral arteries

[18,44]. A few years ago, the introduction of a highly specific and potent CGRP-receptor

antagonist BIBN4096BS was a breakthrough in CGRP receptor pharmacology. Preclinical

and clinical investigations have shown that BIBN4096BS has a significant antimigraine poten-

tial [122–124]. Recent electrophysiological recordings from the rat spinal trigeminal nucleus

have shown that BIBN4096BS reduces the neuronal activity of neurons with afferent input from

the cranial dura, confirming the antinociceptive principle of CGRP receptor inhibition in the

trigeminal system [125]. Thus, animal experiments that examine changes in neurogenic vaso-

dilatation and trigeminal neuronal activation have a high predictive value in testing the efficacy

of potential antimigraine drugs.

Although there is an obvious correlation between CGRP release, vasodilatation, and pain,

the role of vasodilator peptides in headache attacks is not yet clear. Migraine patients often

report throbbing pain, the origin of which is most likely a pulsatile mechanical activation of

perivascular afferents innervating meningeal or intracerebral arteries [126]. Techniques

measuring regional cerebral blood flow during migraine attacks indicate a significant dilata-

tion of intracerebral blood vessels during the painful phase in most of the patients [127].

Infusion of vasodilator substances (e.g., the NO-donor nitroglycerin or histamine) also

produces pain [128]. A likely common pathway for migraine pain, therefore, is the increased

level of trigeminal afferent activation in response to vasodilatation although vasodilatation

alone is probably not sufficient to produce pain. The temporal relationship between vasodi-

latation and headache is complex. Experimental headache is produced following the infusion

of vasodilators although in some cases the latency to headache onset is long. In these cases, it

is not clear whether the pain sensation results from the vasodilatation [129,130]. Delayed

headache after infusion of NO donors or histamine is probably independent of vasodilatory

processes. Instead, they seem to result from the sensitization of meningeal and/or central

trigeminal processes [131]. CGRP-induced vasodilatation might even have a secondary

protective function, because it may accelerate washout of nociceptive metabolites in the

meninges.
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208 Mária Dux and Karl Messlinger



125. Fischer MJC, Koulchitsky S, Messlinger K. The nonpeptide calcitonin gene-related

peptide receptor antagonist BIBN4096BS lowers the activity of neurons with meningeal

input in the rat spinal trigeminal nucleus. J Neurosci 2005;25:5877–5883.

126. Humphrey PP, Goadsby PJ. The mode of action of sumatriptan is vascular? A debate.

Cephalalgia 1994;14:401–410.

127. Cutrer FM, O’Donnell A, Sanchez del Rio M. Functional neuroimaging: enhanced under-

standing of migraine pathophysiology. Neurology 2000;55:S36–45.

128. Iversen HK. Experimental headache in humans. Cephalalgia 1995;15:281–287.

129. Thomsen LL, Kruuse C, Iversen HK, Olesen J. A nitric oxide donor (nitroglycerin)

triggers genuine migraine attacks. Eur J Neurol 1994;1:73–80.

130. Fanciullacci M, Alessandri M, Figini M, Geppetti P, Michelacci S. Increase in plasma

calcitonin gene-related peptide from the extracerebral circulation during nitroglycerin-

induced cluster headache attack. Pain 1995;60:119–123.

131. Reuter U, Bolay H, Jansen-Olesen I, Chiarugi A, Sanchez del Rio M, Letourneau R

et al. Delayed inflammation in rat meninges: implications for migraine pathophysiology.

Brain 2001;124:2490–2502.

Neurogenic Vascular Responses in the Dura Mater 209



This page intentionally left blank 



Neurogenic Mechanisms in Arthritis
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ABSTRACT

Neurogenic inflammation occurs in many tissues, but has been principally studied in skin. Evidence

accumulated over the last two decades supports the hypothesis that neurogenic inflammation is of

prime importance in arthritis. Joints are richly innervated by neuropeptide-containing primary

afferent and autonomic fibers, peptides are released into the synovial cavity of arthritic joints, and

exogenous and endogenous neuropeptides exert proinflammatory actions on articular tissues. Acute

and chronic interruption of the articular nerve supply renders joints less susceptible to arthritis.

Evidence also indicates that neuronal activation and neurogenic inflammation may underlie

the symmetrical nature of arthritis, in both humans and experimental animals. The evidence for

neurogenic inflammation in the maintenance of arthritis is reviewed, and a hypothesis is

suggested for mechanisms by which the spread of arthritis may occur.

1. INTRODUCTION

Neurogenic inflammation, whereby inflammatory changes are caused by activation of sensory

afferents, was described in detail by Bayliss (1900), who showed that electrical stimulation of

sensory neurons and activation of antidromic action potentials could result in peripheral

vasodilatation that was not due to activation of either spinal or sympathetic neurons [1].

This work was extended by many others, notably Thomas Lewis [2] who proposed a physio-

logical mechanism whereby sensory nerves could contribute to inflammatory processes in the

periphery. He observed that stimulation of sensory terminals evoked a flare and wheal, the

so-called “triple response” in skin. His hypothesis was that invasion of branched sensory

afferent terminals by antidromic action potentials resulted in the release of substances that

acted to cause hyperemia and edema in local tissues (Fig. 1). Although Lewis thought it likely

that histamine or acetylcholine were mediating these vascular effects [2], work over the last

century has demonstrated that more likely candidates are the sensory neuropeptides; primarily

the tachykinins substance P (SP) and neurokinin A (NKA), and calcitonin gene-related peptide

(CGRP) (for review see Ref. [3]). It is now well accepted that SP and NKA act to increase

vascular permeability in the capillary beds and postcapillary venules [4], and that CGRP acts

on precapillary arterioles to cause vasodilatation and increased local blood flow [5]. The

actions of these peptides on the vascular system therefore results in hyperemia and local
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edema that affect both the site of injury or stimulation and surrounding areas innervated by

terminal branches of the activated primary afferents (Fig. 1). Other vasoactive neuropeptides

such as vasoactive intestinal polypeptide (VIP) and neuropeptide Y (NPY), derived principally

from autonomic nerve terminals also exert similar effects on local vasculature, at least in the

skin [6].

Although neurogenic inflammation was initially demonstrated in skin there is no clear

reason why inflammation in joints should not also have a neurogenic component. It was,

however, only in the 1980s that the possibility was first mooted that neuronal peptides and

neurogenic inflammation could affect the degree of inflammation in arthritis [7]. The con-

tribution of neurogenic mechanisms in arthritis has been debated over the last two decades but

AUTONOMIC EFFERENT

SENSORY AFFERENT

Mast cell degranulation

Vasodilatation

Plasma extravasation

Chemotaxis

Figure 1. The axon reflex as first proposed by Lewis. Stimulation of primary afferent terminals results in orthodromic

action potentials conducted to the CNS. Invasion of primary afferent terminal branches by antidromic action potentials

(arrows) results in the release of proinflammatory neuropeptides such as substance P and calcitonin gene-related peptide

(CGRP). These act on arterioles to cause vasodilatation (CGRP), on capillaries and postcapillary venules to cause

plasma extravasation, on mast cells resulting in degranulation, and attract leukocytes out of the bloodstream (chemo-

taxis). Autonomic fibers may also release neuropeptide Y and vasoactive intestinal polypeptide, which also cause

vasodilatation. (See color Plate 3.)
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it is now clear that the majority of evidence supports a role for neurogenic inflammation in

arthritis.

In this review I will consider the evidence for neurogenic inflammation in arthritis through

discussion of (i) articular innervation by neuropeptide-containing nerve fibers, and the main-

tenance of innervation during arthritis; (ii) release of neuropeptides into articular tissues or the

synovial space during arthritis allowing these peptides to exert their effects locally;

(iii) proinflammatory effects of neuropeptides on the articular tissues; and (iv) the effect of

interruption of the articular innervation on both experimental and clinical arthritis. It seems

clear that in order for neurogenic inflammation to play a major role in the pathogenesis of

arthritis, neuropeptidesmust be found in the locale, must be released from sensory fibers andmust

have proinflammatory actions on joints, and finally that abolition of innervation inhibits arthritis.

I will then discuss the evidence, and proposed mechanisms for a central component to neurogenic

inflammation in arthritis and its contribution to the spread of arthritis to distant joints.

2. PEPTIDERGIC JOINT INNERVATION

2.1 Innervation of normal joint tissues

Many studies have investigated innervation of synovial joints either directly to visualize the

sensory and autonomic fibers innervating specific articular tissues, or by using retrograde

labeling to verify the origin of the articular nerve terminals. In the immunochemical study of

joint tissue innervation, it is assumed that the neuropeptides SP and CGRP are markers of

sensory fibers, and that VIP and NPY are markers of parasympathetic and sympathetic fibers,

respectively. In general VIP and NPY are found only in small numbers of uninjured dorsal root

ganglion (DRG) neurons [8–10]. Many rigorous studies using retrograde labeling have shown

that synovial joints in different species are innervated by sensory, sympathetic, and parasympa-

thetic fibers containing a range of neuropeptides [11–14]. In determining whether specific

articular tissues have a substantial innervation by neuropeptide-containing afferents that is

maintained during arthritis, I will consider evidence garnered from studies directly localizing

peptidergic fibers to articular tissues, rather than studies on peptide-containing neurons in

innervating ganglia, as these investigations give direct evidence of the structure/tissue inner-

vated within the joint.

Peptidergic fibers have been found to innervate most if not all articular tissues in many

different species (Table 1). There is clear evidence of sensory innervation of the joint capsule

[15] and connective tissue [16], synovium (both superficial and deep layers) [16–19], bone

marrow [20], bone and periosteum [17,20], and ligaments and tendons [21] (see Table 1). There

has been some controversy over the sensory innervation of cartilage, as this tissue has long been

considered to be devoid of innervation. In joints, however there is evidence that peptidergic

fibers innervate the epiphyses of growing long bones in young animals [22], knee joint menisci

(fibrocartilage) show peptidergic nerve terminals innervating the superficial layers [23,24] and

sensory fibers may also directly innervate hyaline cartilage [25].

In agreement with the findings that sensory neuropeptides act to regulate blood flow and

vascular permeability in joints (see Section 3.1), many peptidergic fibers have been found in

close apposition to blood vessels, in particular CGRP-positive fibers are found in close apposi-

tion to arterioles in the stroma or synovium [16,19,21,26]. Many of the sensory terminals found

in articular tissue present as free nerve endings rather than being associated with specialized end
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organs or terminal boutons. Autonomic fibers containing VIP or NPY are most often found in

close apposition to blood vessels in synovium [15,27] and connective tissue or joint capsule

[28,29].

Table 1 summarizes the data from selected studies on peptidergic joint innervation and

illustrates the types of joints, the species, and the articular tissues in which peptidergic nerve

fibers have been localized using immunochemical techniques. It is clear from many investiga-

tions that most, if not all articular tissues in many different species receive both sensory and

autonomic innervation. These fibers contain neuropeptides known to exert proinflammatory

effects, and therefore if these peptides are released into inflamed joints, they may contribute the

degree of inflammation.

2.2 Innervation of joint tissues in arthritis

Evidence is accumulating that peptidergic innervation of joints may be altered in many experi-

mental articular disease states. It is now clear that there are increases not only in the number of

DRG neurons expressing SP and CGRP in arthritis [30,31], but also in the absolute amount of

peptide expressed per neuron [9]. In addition, the expression of peptides considered to be

analgesic or anti-inflammatory, such as somatostatin (SS) [32] or galanin [8] are also increased

in primary afferents in experimental arthritis, suggesting that complex controls may exist on

both central peptidergic neurotransmission and peripheral neurogenic inflammation. The dual

regulation of neuropeptide expression in primary afferent neurons in terms of neuronal expres-

sion level and neuronal number could result in increased neuropeptide synthesis and release at

both central terminals in the spinal cord and peripheral terminals in articular tissues. It is

Table 1 Peptidergic innervation of normal articular tissues

Peptides Structures innervated Species Ref.

Sensory neuropeptides

Substance P

and/or

CGRP

Connective tissue and synovium of knee joint Human [16]

Synovial blood vessels

Bone marrow and subchondral regions of the proximal tibia Rat [20]

Cruciate and collateral ligaments, meniscus, fat pad, synovium, and capsule

of knee joint

Cat [21]

Associated with blood vessels in all tissues plus free nerve endings

Joint capsule, ligaments, synovium, periosteum, subchondral bone, and bone

marrow (mostly around blood vessels) of metacarpal joint

Horse [19]

Joint capsule, disc, periosteum, and synovium of Temporomandibular Joint.

Some fibers very close to the synovial lining surface.

Rat [18]

Joint capsule, periosteum, synovium, fat pad, subchondral bone, and patella

of knee joint

Mouse [17]

Arteries in the medial anterior capsule of the knee joint Cat [26]

Autonomic neuropeptides

VIP and NPY Posterior attachment of Temporomandibular Joint Human [29]

Nerve endings associated with vascular structures

Synovium of Temporomandibular Joint (VIP, Pituitary Adenylate

Cyclase-Activating Polypeptide)

Rat [15]

NPY-positive nerve endings in blood vessels in sublining layer of synovium and

bone marrow

Rat [27]

Perivascular fibers (NPY) and free endings (VIP) in lumbar facet capsule Human [28]
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estimated that 80% of SP synthesized in the afferent cell body is transported to peripheral, rather

than central terminals [33]. Evidence for the transport and release of neuropeptides in joints has

come from studies of synovial neuropeptide content in clinical and experimental studies (see

Section 2.1). There are few studies of the effect of arthritis on neuropeptides in peripheral nerve

terminals, but in studies in which quantitation has been attempted it appears that articular

peptidergic innervation may be decreased in chronic arthritis in animals [17,34–36] and humans

[37–39]. This is possibly a consequence of terminal degeneration [17,35]; however, clinical data

have demonstrated an increase in SP labeling, particularly in synovium, in joint disease [40,41].

Close inspection of studies suggests that apparent reductions in the innervation of synovium and

other joint tissues may be explained by the release of SP and CGRP from terminals, resulting in

less intense immunostaining. In addition proliferation of synovium with no concurrent increase

in innervation density, could also be incorrectly interpreted as an overall loss of nerve fibers

[42]. This combination of effects would be interpreted as a net loss of innervation. There is

however ultrastructural evidence of damage to afferent terminals in arthritis [35], so a net loss of

afferent terminals cannot be definitively ruled out.

3. LOCAL RELEASE OF NEUROPEPTIDES INTO JOINTS

3.1 Release of sensory neuropeptides into arthritic joints

Numerous studies have investigated the neuropeptide content of synovial fluid in various

arthropathies in humans to determine the relationship (if any) between joint disease and

articular neuropeptide release/synovial fluid content. Many other cell types, such as fibroblasts

may express and release SP [43], although neuropeptides found in synovial fluid in experi-

mental arthritis were not derived from synoviocytes [44], excluding synovium as a potential

local source of neuropeptides.

Only a limited number of studies have investigated alterations in synovial neuropeptide

content in experimental arthritis, but all have shown clear increases in the concentrations of

sensory and autonomic neuropeptides in arthritis in synovial fluid and articular tissues. Injection

of Freund’s complete adjuvant (FCA) injection into the temporomandibular (TMJ) or knee joint

resulted in significant increases in synovial fluid content of SP, neurokinin (NKA), CGRP, and

NPY [45,46]. In neither study were significant changes in plasma or cerebrospinal fluid

neuropeptides observed, indicating a local rather than a systemic mechanism for the alteration

in synovial neuropeptide content.

In two studies in the horse, osteoarthritis and osteochondrosis resulted in increased intra-

articular SP concentrations [47,48]. These latter findings are of particular interest as neurogenic

mechanisms have been assumed to be predominant in inflammatory arthritis; these studies

in the horse suggest that traumatic, noninflammatory arthritis may also have a neurogenic

component.

Unlike experimental studies where disease duration and progression can be accurately

assessed, in many clinical studies the interpretation of the data is confounded by a lack of

information on whether patients suffer from acute, chronic, or acute exacerbation of a chronic

arthritis. In addition, in some studies adequate disease-free controls are lacking for direct

comparison with arthritic patients. Table 2 summarizes the clinical studies on synovial neuro-

peptide content reported to date. The majority of studies have compared patients with osteoar-

thritis and rheumatoid arthritis (RA), and found that SP levels are generally increased in patients
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Table 2 Neuropeptide content of synovial fluid in joint disease

Conditions studied Intra-articular peptides

studied

Findings – intra-articular peptide concentrations Ref.

RA vs. osteoarthritis (no disease-free controls) SP, CGRP, VIP RA> osteoarthritis [49]

SP No significant difference [38]

SP RA> osteoarthritis [52]

SP, CGRP, VIP SP: RA> osteoarthritis. No significant difference in other [50]

peptides [180]

SP, NGF SP: RA> osteoarthritis [51]

SP, Somatostatin SP, Somatostatin: RA> osteoarthritis [58]

VIP, Somatostatin VIP: RA> osteoarthritis

Inflammatory vs. degenerative joint disease (no disease-free

controls)

SP, NKA, CGRP, NPY No significant difference between groups [53]

RA, osteoarthritis, traumatic arthritis (no disease-free controls) SP SP: Posttrauma [55]

Other conditions – no significant difference

RA (no disease-free controls) SP, CGRP, NKA, NPY High peptide concentrations in RA associated with pain

and joint destruction

[56]

RA, ankylosing spondylitis, psoriatic arthritis (no disease-free

controls)

CGRP Peptide concentration correlated with intra-articular

NPY temperature

CGRP +ve correlation [57, 190]

NPY –ve correlation

Temporomandibular Joint disc derangement (some with RA,

some with osteoarthritis) (no disease-free controls)

SP, NKA, CGRP, VIP,

NPY

No significant difference between groups [54]

Temporomandibular Joint concentrations > knee joint

RA vs. ligament injury (no disease-free controls) SP, NKA, CGRP, NPY,

VIP

No SP found in any group [59]

NKA: ligament injury >RA

CGRP and NPY: RA> ligament injury

Arthritis SP and metabolites Only very low levels detected [61]



with RA [38,44,49–52]. Generally, changes in other neuropeptide levels have not been reported

[38,53–55] although one study has shown increased somatostatin levels in RA [51]. It is

particularly surprising that no significant changes in synovial CGRP levels have been found,

although high intra-articular CGRP content has been associated with pain, joint destruction, and

intra-articular temperature [56,57], potential symptoms of active disease. Neuropeptides postu-

lated to be released from autonomic fibers, NPY, and VIP have an even less clear profile than

sensory neuropeptides when studied in synovial fluid. One study has found significantly higher

VIP levels in RA compared to osteoarthritis [58], and one has identified higher NPY levels in a

similar comparison [59].

If osteoarthritis (and indeed other arthritides) does have a neurogenic component, as is

suggested by both studies in the horse [48] and the human [60], then alteration in synovial

neuropeptide concentration would also be predicted in this condition. A lack of significant

alteration in neuropeptide concentration in RA when compared to osteoarthritis may therefore

mask any changes, resulting in a nonsignificant difference, due to the use of a diseased control

group. Alternatively, lack of significant findings may be due to differences between studies in

the disease duration or diagnostic factors. Significantly, one group has reported that they were

unable to find significant quantities of SP in synovial fluid from patients with arthritis and that

the levels they identified were up to 10,000-fold lower than those reported in other studies [61].

It is therefore also a possibility that synovial neuropeptide concentrations could be affected by

the way in which clinical samples are treated before assay.

4. ACTIONS OF NEUROPEPTIDES ON ARTICULAR TISSUES

4.1 Proinflammatory effects of exogenous neuropeptides

Exogenous neuropeptides injected into normal joints are known to have proinflammatory

effects on many parameters of joint physiology that are similar to those seen in other tissues.

Perfusion of normal joints with SP in anesthetized animals results in a dose-dependent synovial

plasma extravasation [62], as does perfusion with CGRP [63]. CGRP also enhances the plasma

extravasation stimulated by SP, histamine, or bradykinin [5,64], probably because of the

concurrent CGRP-dependent vasodilatation and subsequent increase in articular blood flow

[65]. The effect of the interaction of SP and CGRP on articular blood flow is complex; both

peptides induce vasodilatation with that produced by CGRP being more prolonged than SP

whereas coadministration of the peptides results in a more transient vasodilatation than that seen

with CGRP alone [66].

SP and CGRP can both exert direct effects on the immune system. SP can activate, induce

proliferation of, and induce chemotaxis in peripheral leukocytes [67] through both NK1 and

NK2 receptors [68] and through receptor-independent mechanisms [67]. CGRP is also a

chemoattractant for peripheral blood leukocytes [69]. Neuropeptides also induce endothelial

cell adhesion molecule expression [70,71], aiding extravasation of leukocytes, and may recruit

immature dendritic cells to sites of inflammation [72].

With specific reference to articular tissues, CGRP in particular has profound effects on

osteoclastic activity and therefore bone resorption. CGRP-positive fibers have been shown to

contact osteoclasts and osteoblasts [73], and sensory denervation with capsaicin reduces

osteoclast number and active bone resorption [74]. SP can also stimulate proliferation of

synoviocytes, which is a particular feature of RA [75,76].
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4.2 Proinflammatory effects of endogenous neuropeptides

Activation of articular sensory afferents by electrical stimulation or by local capsaicin applica-

tion results in the release of tachykinins into the synovial fluid [77], and so provides a model for

the study of endogenous neuropeptide action in joints. Electrical stimulation of mixed sensory

and autonomic articular nerves results in sympathetically mediated vasoconstrictor and sensory

nerve mediated prolonged vasodilator responses. The latter is inhibited by the NK1 receptor

antagonist D-Pro4D-Trp7,9,10-SP(4-11) [78] and is attributable to SP release. The related

tachykinins, NKA and NKB also cause transient vasodilatation in the knee [66]. The sympa-

thetic vasoconstrictor response seen in normal joints is reversed to give a vasodilator response in

acute arthritis and when exogenous sensory neuropeptides are administered concurrently with

sympathetic stimulation, suggesting that under inflammatory conditions normal sympathetic

vasomotor control is modified by neuropeptides released from sensory afferents [79]. In chronic

inflammation, normal vasoconstrictor and vasodilator responses disappear [80]. T cell infil-

trates, swelling (edema), and joint destruction are all reduced following sensory denervation of

joints, suggesting that the source of peptides mediating these effects is indeed the articular

afferent innervation [81].

Most studies have concentrated on the proinflammatory neuropeptides SP and CGRP, but

evidence is accumulating that other sensory neuropeptides such as somatostatin may also

modulate the inflammatory response in arthritis. Although the numbers of somatostatin contain-

ing afferents is not altered in arthritis [30], the expression level per DRG neuron is increased in

the chronic stages of an experimental model [32]. Somatostatin can also be released from

sensory nerve terminals by antidromic electrical stimulation [82] where it exerts an anti-

inflammatory effect, probably through inhibition of SP and CGRP release from afferent

terminals [83]. This peptide may therefore act as an endogenous anti-inflammatory agent;

exogenous somatostatin can reduce synovial hyperplasia in RA [84] and inflammation in

experimental arthritis [84].

In addition, somatostatin may also act as an endogenous analgesic peptide. Clinical studies

show that intra-articular injection of somatostatin is an effective analgesic in both RA and

osteoarthritis [85,86], possibly acting to directly inhibit nociceptors innervating the inflamed

joint [87].

In general therefore, the evidence appears to support the hypothesis that neuropeptides are

released intra-articularly in inflammatory arthritis in humans and experimental animals, pepti-

dergic fibers innervate most if not all articular tissue types and neuropeptides exert both

proinflammatory and anti-inflammatory effects in articular tissues. However, to verify that

neuropeptides are derived from sensory afferents, and to substantiate the claim that neurogenic

mechanisms are of significance in the pathogenesis of arthritis then the hypothesis that

denervation protects joints from the development of arthritis, or attenuates preexisting arthritis

in both clinical and experimental situations needed to be tested.

5. PERIPHERAL NEUROGENIC MECHANISMS IN ARTHRITIS

Levine and colleagues were the first to suggest that SP may contribute to the severity of

experimental joint inflammation, and that the source of intra-articular SP may be neuronal

[88]. In 1985 Levine, Moskowitz, and Basbaum first hypothesized that there may be a

neurogenic component in inflammatory arthritis [7] based on experimental and clinical data.
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This hypothesis was later reiterated by others [89,90] and the use of many denervation strategies

in experimental arthritis over many years has shown that in most animal models, arthritis either

does not develop or is significantly attenuated in denervated joints [91–98], supporting the

Levine hypothesis.

5.1 Effect of articular denervation on arthritis

Axotomy is the most profound denervation injury. Initial reports suggested that this injury did

protect joints from arthritis in the FCA-induced polyarthritis model [99] although this has been

difficult to reproduce [91]. A less profound denervation injury, either systemic capsaicin

treatment in the neonate or adult, local application of capsaicin to nerve trunks, or local

capsaicin injection in the joint results in degeneration of only a subset of primary afferents

expressing the capsaicin receptor. This injury attenuates experimental arthritis

[81,93,94,96,100], articular neuropeptide concentrations [92] and the density of peptidergic

innervation in joints [98]. According to Lewis’ hypothesis of the triple response, where

neurogenic inflammation results from the activation of a peripheral sensory terminal and the

antidromic invasion of terminal branches (Fig. 1), local capsaicin application would be pre-

dicted to yield these results, as terminal invasion by antidromic action potentials would be

prevented. From these experimental data, it is now widely accepted that capsaicin-sensitive

transient receptor potential vanilloid receptor-1 (TRPV1) (also known as VR1) expressing

primary afferents are the fibers upon which neurogenic arthritis is dependent.

Interestingly, blockade of the sciatic nerve with local anesthetic also inhibits the development

of paw edema and mechanical allodynia in rats [101], an intervention that also prevents the

increase in neuropeptide mRNA usually seen in acute inflammation [102]. Capsaicin lesion also

inhibits alterations in primary afferent neuropeptide expression and release [92,94], suggesting

that the mechanism of attenuation of inflammation by both capsaicin and local anesthetic is

through blockade of neuropeptide upregulation and consequent increased peripheral release.

5.2 Effect of denervation injury on remote joint involvement in arthritis – neurogenic

mechanisms in the spread of disease

The evidence outlined above for the involvement of the peripheral nervous system, particularly

capsaicin-sensitive primary afferents, in arthritis is strong. In their original hypothesis, Levine

et al. [103] suggested that not only was the peripheral nervous system intimately involved in the

maintenance of inflammation in an arthritic joint, but that the peripheral and central nervous

systems may also be involved in remote effects in inflammatory arthritis. Consequently,

arthritis may initially present in a single joint but then spreads to other, specifically symmetrical

contralateral joints through a neurogenic action.

This hypothesis is supported by clinical observation in patients with RA, although increas-

ingly osteoarthritis may be considered to be subject to similar neurogenic inflammatory effects.

Clinically, RA is defined as a symmetrical disease [104]. When patients with RA are followed

over several years, their disease shows a high tendency to become more symmetrical over time,

particularly in patients who are rheumatoid factor positive [105]. Although osteoarthritis is

often not thought to be an inflammatory arthritis, recent epidemiological study shows that

osteoarthritis also appears to have a higher incidence of symmetrical joint involvement than

nonsymmetrical joint involvement [60]. Many reports have documented that patients who

develop inflammatory joint disease after nerve injury, hemiplegia, or poliomyelitis show
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sparing of the denervated joints [106–109], closely agreeing with the experimental data that an

intact nerve supply seems to be necessary for the development of arthritis at a site distant to the

initial lesion. Although clinical and experimental studies have usually reported on the effect of

prior denervation on the subsequent development of inflammation, it was recently reported that

a patient with established RA showed resolution of joint inflammation in the paralyzed limbs on

subsequent development of hemiplegia, even though paresis occurred some time after the onset

of inflammatory joint disease [110]. Experimental studies have also shown that in experimental

arthritis, capsaicin inhibits the spread of disease to distant joints in addition to ameliorating

disease at the initial inflammatory focus [94,111].

These findings are not limited to arthritis; dermatitis does not affect denervated skin in which

sensory nerve terminal numbers are significantly reduced [6] and psoriasis is also reported to

resolve following denervation [112].

It is difficult to logically attribute symmetry in arthritis to immunological or systemic mechan-

isms as an explanation as to why specific joints, particularly symmetrical homologous joints, are

more prone to inflammation than others. Circulating factors or increased contralateral joint usage

could be suggested as explanations for the symmetry in RA. Experimentally, however, immobi-

lization does not protect joints from arthritic involvement as would be predicted if increased usage

or altered weight bearing were to act as a predisposing factor. Indeed, immobilization can both

exacerbate arthritis [113,114] and neuronal activity in articular nerves [115]. The involvement of

circulating systemic factors has also been addressed in experimental models, where interruption of

the blood supply to a joint does not prevent the development of disease [97].

Therefore, the experimental evidence to date shows that an intact innervation by capsaicin-

sensitive primary afferents is key to both neurogenic maintenance of an existing arthritis, and

the spread of arthritis to remote joints. Alterations in neuropeptide expression levels and/or

peripheral release are important. Clinical evidence also suggests that the central nervous system

(CNS) may have a role to play (as hemiplegia or poliomyelitis also attenuate arthritis), and it is

logical to assume that the capsaicin-sensitive primary afferents must have some connection with

their mirror image counterparts through the CNS.

6. NEURONAL MECHANISMS IN THE SPREAD OF ARTHRITIS

The hypothesis for a neurogenic component in the spread of arthritis therefore proposes that an

initial arthritic focus activates ipsilateral afferents that can act to maintain that inflammatory

process. In addition, activation of these innervating afferents must somehow activate the

homologous contralateral afferents, initiating neurogenic inflammation in the contralateral

homologous joint. There are few direct connections between primary afferent neurons on

each side of the spinal cord; therefore, this contralateral activation must occur either through

the spinal cord, or through higher CNS centers.

In consideration of this hypothesis, I will discuss evidence for the ipsilateral and contralateral

activation of spinal neurons, ipsilateral and contralateral primary afferent activation, and

putative mechanisms through which these events may occur.

6.1 Contralateral neuronal activation – alteration of contralateral neuronal phenotype

In experimental models of unilateral arthritis, there have been frequent reports of bilateral

contralateral alterations in neuronal phenotype similar to those seen on the inflamed side, but
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often with slightly different kinetics or of a smaller magnitude. Alteration in neuronal phenotype in

any pathological condition is often considered as a reactive process – which is reflective of some

activity or perturbation in the neuron because of the pathological process. It has therefore been

assumed that changes in phenotype (mRNA or protein expression) may reflect an activation of the

cell as a consequence of the pathology. As with most studies of neurogenic inflammation, the

majority of studies have concentrated on the proinflammatory neuropeptides, SP, and CGRP. SP

and its receptors have been shown to be upregulated contralaterally in unilateral arthritis

[111,116,117] although this is not a universal finding [9,118]. Many other molecules expressed

in the spinal cord show bilaterally altered expression levels or activation. These molecules have

varied functions but include second messenger molecules such as NADPH-diaphorase [119]

(thought to equate with nitric oxide synthase expression), cyclooxygenase-2 [120], protein kinase

C [121], and CREB (cAMP response element binding protein) [122], proinflammatory molecules

such as tumor necrosis factor a and interleukin-1 [123], and neurotransmitter receptors N-methyl-D

aspartic acid (NMDA receptors) [124]. Alterations in expression of such molecules could be

interpreted as being indicative of contralateral spinal neuronal activation. Other transmitters and

receptors such as gamma-aminobutyric acid (GABA) are found to show only unilateral alteration in

monoarthritis [125,126] suggesting that bilateral spinal alteration of phenotype is not a universal,

nonspecific consequence of peripheral inflammation but rather a specific, appropriate, possibly

protective response to a peripheral inflammatory focus [127].

In addition to alterations in these proinflammatory molecules in spinal neurons, contralateral

DRG neurons also show altered expression levels of different molecules including many

receptors; e.g., tachykinin, prostaglandin, and bradykinin receptors in monoarthritis

[117,128], 5-HT (5-hydroxytryptamine) receptors following bee venom injection [129], and

markers of neuronal activation such as phosphorylated p38 [123,130]. Altered primary afferent

receptor expression could underpin the altered primary afferent neuronal function also seen in

monoarthritis (Section 6.2).

6.2 Contralateral neuronal activation – alteration of ipsilateral and contralateral primary

afferent neuronal function

Do alterations in cellular phenotype necessarily reflect cellular activation? No study to date has

yet investigated spinal neuronal function, in terms of electrophysiological properties, in neurons

contralateral to an inflamed joint. It has been known for some time that deep dorsal horn

neurons receiving afferent input from an inflamed joint develop expanded receptive fields (RFs)

that often include the mirror image areas on the contralateral uninflamed limb [131]. It is

therefore not possible to determine how alteration in spinal neuronal phenotype relates to

cellular function in the contralateral spread of arthritis. It would seem feasible, however, that

the molecules that show bilateral regulation in unilateral arthritis may have some role in the

process, and are therefore potential “target genes” for initial studies investigating this process.

The majority of evidence suggesting that contralateral neurons do indeed show alterations in

function, in addition to phenotype during unilateral arthritis has been gathered by the groups

headed by Westlund and Willis in Galveston, Texas, in a series of studies on both ipsilateral and

contralateral primary afferent neuronal activity in monoarthritis. Initially Rees and colleagues

demonstrated that mechanically evoked antidromic activity could be recorded in ipsilateral

articular primary afferent neurons innervating an inflamed joint [132]. These antidromic action

potentials (also known as dorsal root reflexes (DRRs) as they were first identified in dorsal

roots) have been shown in sensory afferents prior to the studies of Willis and Westlund, but
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generally in hypothermic anesthetized animals (for an in depth review of DRRs, see Ref. [133]).

This DRR activity was inhibited by local anesthetic application but not by sympathectomy,

showing that the activity was truly antidromic in sensory neurons. This was the first study in

which DRRs, either occurring spontaneously or evoked by somatosensory stimulation have

been demonstrated to occur in normothermic animals. Subsequent studies from the same groups

have demonstrated that blockade of ipsilateral DRRs reduces parameters of inflammation such

as joint swelling, further supporting a neurogenic contribution to experimental arthritis and

secondly that DRR generation may be a process that is fundamental to the generation of

neurogenic inflammation in joints [132,134]. DRRs are not unique to arthritic lesions; however,

such activity can also be recorded in sensory afferents following a local injection of capsaicin

into the footpad where dermal neurogenic inflammation caused by capsaicin can be blocked by

sciatic nerve section [135]. The occurrence of spontaneous and evoked action potentials

recorded in sensory afferents at their central terminals (in dorsal roots), and the demonstration

that inhibition of this activity reduces inflammation in that joint suggests that antidromic

activation of the afferents does not only occur in the afferent terminals as proposed by Lewis,

but may (also) occur through a central mechanism. Supporting a role for the CNS in contral-

ateral activation of primary afferents are the significant findings that mechanically evoked and

spontaneous DRRs can also be recorded in the contralateral homologous articular sensory

afferents in monoarthritis [136,137]. In unilateral inflammation, blockade of peripheral neuro-

transmission with local anesthetic applied either ipsilaterally or contralaterally reduces swelling

[138]. These findings indicate that bilateral alteration in spinal and primary afferent neuronal

phenotype is accompanied by bilateral activation of primary afferent neurons and the generation

of antidromic activity that may initiate or contribute to the remote inflammatory effects seen in

clinical and experimental arthritis and inflammation. Significant spontaneous antidromic activ-

ity is seen in homologous contralateral afferents at a frequency known to result in neuropeptide

release [139] and it is therefore likely that this neuronal activity contributes to the sustained

neurogenic inflammation seen in experimental models. Indeed, very early in the process of

arthritis when a single joint is inflamed but there are no obvious signs of remote joint disease,

but when spontaneous and evoked DRRs can be recorded, the vasculature in the contralateral

joint is more permeable to albumin-bound Evans blue [137].

In a search for potential spinal mechanisms through which arthritis spreads, understanding of

how DRRs are generated centrally could give ideas as to how homologous contralateral

afferents may also be activated. Current understanding is that primary afferents do alter their

electrophysiological properties in a manner that could predispose a joint to inflammation both

ipsilateral and contralateral to a monoarthritis. How then could these alterations be effected

centrally?

6.3 Potential spinal mechanisms through which ipsilateral neurogenic inflammation may

occur in arthritis

A potential spinal mechanism through which primary afferent activation can occur has also

been studied and described by the Galveston groups. In their studies on monoarthritis, the spinal

pathways through which ipsilateral DRRs can be generated have been partially described. DRRs

are generated by the action of GABA on the central terminals of primary afferent neurons; this

has also been termed primary afferent depolarization and is one mechanism through which

neurotransmitter release from primary afferent central terminals can be inhibited. When GABA

activates GABAA receptors on the central terminals of these neurons, as a result of a high
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intracellular chloride concentration in these neurons, Cl– movement is outward and hence

neurons are depolarized. The high intracellular chloride concentration in primary afferent

neurons is maintained at a high level by the action of the sodium–potassium–chloride cotran-

sporter, NKCC1. Antagonists at GABAA but not GABAB receptors applied to spinal cord

during arthritis block DRRs [140]. In addition, spinal administration of glutamate antagonists

reduces DRRs [140] and both joint inflammation and thermal hyperalgesia [141] in the same

model, showing that spinal generation of DRRs by the central actions of both GABA and

glutamate can contribute to the degree of inflammation found in the joint. Modulation of

GABAergic effects can also come about through changes in chloride gradients in DRG or

spinal neurons [142,143]. Inhibition of the NKCC1 and KCC chloride cotransporters in the

spinal cord inhibits DRRs and neurogenic edema caused by intradermal capsaicin injection

[144], suggesting that neuronal chloride gradients are key to the generation of DRRs.

Other neurotransmitters implicated in ipsilateral DRR generation in monoarthritis are SP

[145] and 5-HT [146]; the latter is probably released by descending neurons projecting from

supraspinal sites. The reason that SP and glutamate antagonists also block DRRs is that primary

afferent nociceptors release these two neurotransmitters at their central terminals. SP and

glutamate then activate GABAergic interneurons, which then depolarize the central terminal

of the primary afferent. When depolarization is sufficient, DRRs may be generated, a hypothesis

suggested by Willis [133]. Many other neurochemicals are also involved in the central sensi-

tization of primary afferent terminals, including centrally released prostaglandins and nitric

oxide [147–152].

Studies have clearly demonstrated a central component in unilateral neurogenic arthritis, and

have begun to elucidate a potential mechanism through which spinal neurotransmitters could act

to cause this. The challenge facing us now is to determine how arthritis on one side of the body

activates the central and peripheral nervous systems on the other side of the body to initiate

development of arthritis in remote joints.

Figure 2 shows that neurogenic inflammation involves interactions between the nervous and

immune systems. Although the nervous system appears to have a role in the initiation, devel-

opment, and maintenance of inflammatory joint disease, I would not wish to underplay the

major role of the immune system. It is clear however that the spread of arthritis to involve

remote joints cannot be solely dependent on immune mechanisms. The often symmetrical

nature of the disease cannot be completely explained by immune system activation, as why

should one symmetrical homologous joint be targeted above others? The hypothesis presented

in Fig. 2 suggests an intimate relationship between the nervous and immune systems, involving

priming and targeting of specific joints by the nervous system that then become the site at which

destructive immune system activation subsequently occurs. The hypothesis extended in Fig. 2

for the generation of contralateral inflammation is that ipsilateral arthritis activates ipsilateral

afferents resulting in centrally generated DRRs that add to the neurogenic component of the

existing monoarthritis. In addition, the contralateral primary afferents are also activated through

an as yet unknown spinal mechanism. Contralateral DRRs are generated and the contralateral

homologous joint is “primed” for inflammation by the local release of proinflammatory

neuropeptides. This is supported by data on increased vascular perfusion/permeability in the

contralateral joint [137]. This then predisposes the contralateral joint to the development of

arthritis due to the combined effects of the vascular and chemotaxic effects of, in particular, SP

and CGRP and an activated immune system as is found in RA. Working on the hypothesis that

centrally generated DRRs reflect ipsilateral and contralateral primary afferent activation, how

then could contralateral DRRs be generated?
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6.4 Hypothesized spinal pathways through which contralateral DRRs could be generated

If a peripheral sensory nerve is damaged, resulting in changes in phenotype or function, similar

changes, but of lower magnitude or slower kinetics, have often been reported in the contralateral

homologous neurons. This area was thoroughly reviewed by Koltzenburg and colleagues [153].

This review suggested potential anatomical pathways through which these contralateral changes

could be mediated. It is probable that contralateral inflammatory changes are mediated through

similar or even identical pathways.

It is clear from electrophysiological evidence that functional connections between the two

sides of the spinal cord exist but that these connections may be under tonic inhibitory control by

glycinergic and glutamatergic systems [154]. Many dorsal horn neurons have contralateral

inhibitory RFs [155], which expand, and in some cases become excitatory in arthritis.

In addition, the numbers of neurons with a bilateral RF also increases in chronic inflammation

[131]. In the trigeminal system, monoarthritis of the temporomandibular joint causes long-term

bilateral CNS activation, evidenced by bilateral cFos expression [156].

Figure 3 summarizes different hypothesized anatomical pathways that could explain con-

tralateral DRR generation. Figure 3A proposes an activation of a GABAergic interneuron

(crosshatched) by primary afferent activity and subsequent DRR generation (arrow). The

same primary afferent has a contralateral projection that also activates contralateral neurons,

either interneurons or the homologous primary afferent. This generates contralateral antidromic

Histamine,
prostaglandins,
bradykinin, 5-HT,
cytokines

SP,
CGRP

SP,
CGRP

Vascular effects

Chemotaxis
Immune activation

Inflammation

Joint destruction

Figure 2. Hypothesis for the neurogenic spread of arthritis. Activation of capsaicin-sensitive primary afferents by an

initial inflammatory focus (left) through the actions of inflammatory mediators causes increased afferent input to the

spinal cord. The initial left-sided arthritis is maintained in part by neurogenic mechanisms; both the peripheral axon

reflex and centrally generated activity through generation of DRRs. Through a transneuronal mechanism that is still

unclear, the homologous contralateral capsaicin-sensitive primary afferents are activated centrally to produce antidromic

action potentials (arrows). This results in the peripheral release of SP, CGRP, and other neuropeptides in the mirror

image joint. These peptides initiate an inflammatory reaction that, together with actions of the immune system, results in

joint destruction. The central anatomical and neurochemical pathways through which contralateral capsaicin-sensitive

primary afferents are activated are still unclear.
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action potentials, possibly through GABA in a similar manner to ipsilateral DRRs, or by direct

activation by other primary afferent transmitters.

Direct projections to the contralateral dorsal (laminae I–IV) and ventral horns have been

described in many mammalian species; however, most of these studies have been carried out in
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E
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Figure 3. Proposed anatomical pathways through which the spread of arthritis to contralateral joints may be mediated.

See main text for full explanations. GABAergic interneurons are crosshatched. (A) Direct contralateral projection by

capsaicin-sensitive primary afferents onto the central terminals of homologous primary afferent neurons. (B) Direct

contralateral primary afferent projection onto contralateral GABAergic interneuron that activates the contralateral

primary afferent through primary afferent depolarization. (C) Contralateral projection at the segmental level through a

single GABAergic interneuron that activates the contralateral primary afferent through primary afferent depolarization.

(D) Contralateral projection at the segmental level through multiple GABAergic interneurons. Activation of the

contralateral interneuron may be through nitric oxide release (see Fig. 4). (E) Connection between spinal dorsal horns

through a purely supraspinal, rather than spinal segmental route. Projection neurons (unshaded) receive excitatory input

from primary afferent neurons. Descending neurons activate GABAergic interneurons resulting in contralateral primary

afferent depolarization.
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the sacral cord, where the dorsal horns fuse in the midline [157,158]. These contralateral

projections are seen in the superficial (lamina I [159]) and deeper dorsal horn [160,161] and

mostly represent the central terminals of visceral afferents. Direct contralateral projections in

the lumbar region, the segment of the spinal cord receiving hind limb joint input, are sparse in

the rat, as noted by Koltzenburg and colleagues [153], and the numbers seen in this region may

also be species dependent [162]. It is therefore unlikely that direct primary afferent projections

to the contralateral dorsal horn are of importance in contralateral DRR generation, partly due to

the relatively small numbers of such projections and partly through the possible neurotransmit-

ters involved. It is possible that contralateral DRRs are not generated by the central action of

GABA, as ipsilateral DRRs are, but there is no evidence on which to speculate which other

transmitters may be involved, as the neurochemical basis of contralateral DRRs has not yet been

fully tested.

Figure 3C and D proposes a contralateral projection by GABAergic interneurons. There is

evidence that there are interneuronal connections at the segmental level in the spinal cord

through the commisure [163], although their neurotransmitter content has not been determined.

Very few experimental studies have been able to investigate the effect of spinal cord lesion on

the spread of arthritis, due to obvious ethical considerations in working with animals with both

hindquarter paralysis and arthritis. In one study where bilateral cartilage degradation was found

in monoarthritis [164], spinal cord compression injury inhibited contralateral cartilage degra-

dation. This could indicate that a direct segmental spinal connection exists between homo-

logous primary afferents as shown in Fig. 3B and C. This could either be through interneurons

that project directly from one dorsal horn to the contralateral homologous primary afferent

(Fig. 3C), or through a multisynaptic pathway involving two or more interneurons (Fig. 3D).

Supporting the hypothesis that the contralateral projection is segmental is the observation that

joint inflammation is unaffected by thoracic spinal cord transection [165], and that contral-

ateral DRG neuronal activation is restricted to the segments receiving inputs from the inflamed

joint [123]. If one accepts the premise that contralateral changes in neuronal phenotype are

indicative of neuronal activation in this pathway, activation of the neurons as depicted in

Fig. 3D would be in the order 1! 2! 3! 4, as spinal phenotypic changes (minutes to hours)

occur prior to contralateral primary afferent activation (days). If model 3C is considered,

activation of primary afferent 4 would occur prior to activation of interneuron 3 (i.e., 1! 2!
4! 3), which does not fit with experimental observations of phenotypic and electrophysiolo-

gical changes.

Figure 3E depicts circuitry in which there is no direct connection between dorsal horns at the

spinal level, i.e., that contralateral spread of arthritis is solely dependent on supraspinal

activation. However, as spinal transection did not inhibit contralateral DRRs but spinal com-

pression injury at the thoracic level did inhibit contralateral cartilage degradation [165], it is

possible that both spinal and supraspinal sites play a role. Direct electrical activation of the

periaqueductal gray, a brainstem area of pivotal importance in descending control of spinal cord

function, enhances DRRs in normal animals [146], but there is as yet no evidence that

supraspinal sites modulate DRRs in inflamed animals. The potential involvement of supraspinal

sites in neurogenic arthritis is therefore still not resolved. It is much more likely that none of

these relatively simple models accurately depicts the correct wiring of this pathway and that it is

a combination of Fig. 3C–E, involving both direct spinal projections, and ascending and

descending pathways that results in the contralateral activation of primary afferents and anti-

dromic action potential generation.
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6.5 Spinal neuronal phenotype and putative neurotransmitters involved in the generation

of contralateral DRRs

The anatomical pathways involved in the remote spread of arthritis are one area in which there

is still much work to be done before we clearly understand the neuronal processes involved.

There is a little more information on the potential involvement of specific neurotransmitters on

which speculation can be based. Our knowledge on the GABAergic dependence of ipsilateral

DRR generation suggests that it is unlikely that GABA is not involved, and pharmacological

study on DRRs in monoarthritis gives insight into other potential neurotransmitter candidates,

such as glutamate and SP. It is also feasible that regulatory molecules such as CREB, nitric

oxide, or cyclooxygenases that show bilateral alteration in expression in monoarthritis may be

involved in contralateral neuronal activation, either upstream or downstream of the GABA,

glutamate, or SP. As yet, no studies have fully investigated the neurochemical basis for

contralateral DRRs in monoarthritis, although our work shows that contralateral spontaneous

DRRs can be inhibited by the centrally acting analgesic dipyrone (metamizol, related to

acetaminophen) [137]. The exact mechanism of action of this drug is under debate, but its

effect on contralateral DRRs suggests a role for either the nitric oxide [166] or cyclooxygenase

enzymes [167,168] in generation of this neuronal activity.

Willis, in an excellent review on DRRs [133] proposed that in ipsilateral DRR generation,

primary afferent neurons release both SP and glutamate onto spinal GABAergic interneurons

resulting in activation. Subsequent release of GABA on the central terminal of the primary

afferent initiates antidromic activity (Fig. 4, left side). This model explains in a simple and logical

fashion the findings of Willis and Westlund, and fits well with data from other groups [145].

1

2 3

4

GABA

SP, Glu SP, Glu

NO

GABA

Figure 4. Proposed multisynaptic pathway for the contralateral activation of primary afferent neurons (composite of

Fig. 3B–D for simplicity) with proposed neurotransmitters at each synapse. Primary afferent stimulation in unilateral

inflammation results in SP and glutamate release onto GABAergic interneurons (crosshatched). GABA depolarizes the

ipsilateral primary afferent, causing DRRs (arrow). Contralateral projection of the GABAergic interneuron either

directly causes contralateral DRRs by release of GABA onto primary afferent terminals, or activates a second

GABAergic interneuron through nitric oxide (NO) release. Contralateral DRRs result in the initiation of contralateral

inflammation (see Fig. 2).
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There is as yet no experimental evidence on which to base a hypothesis for the neurotrans-

mitters released at contralateral synapses in Fig. 4. If there is a direct interneuronal synapse onto

the contralateral primary afferent, DRRs could be generated by direct GABA release onto

primary afferent 4. The interneuron 2 (crosshatched) is proposed to be GABAergic and there-

fore inhibitory, but some GABAergic interneurons are known to express nitric oxide synthase

[152]. It is therefore possible that contralateral GABAergic interneuron three may be excited

through the release of nitric oxide or some other excitatory transmitter; however, this hypothesis

is highly speculative and requires experimental evidence.

6.6 Does the sympathetic nervous system contribute to neurogenic inflammation in arthritis?

The original hypothesis proposed for a neurogenic contribution arthritis included actions of both

the sensory and sympathetic nervous systems in contributing to arthritic inflammation [90,100].

Joints have a rich sympathetic innervation [169] and sympathetic regulation of vascular tone is

clearly seen in joints as in other tissues, where sympathetic stimulation results in vasoconstric-

tion [170]. Whether sympathetic efferents contribute to arthritis in ways other than direct effects

on the vasculature remains equivocal.

Kidd et al. [171], proposed that sympathetic activity could persistently stimulate articular

afferents thereby contributing to the progress of the disease and the pain experienced. Normal

blood flow in joints depends upon endogenous tachykinins as shown in a series of studies by

Ferrell and colleagues. Endogenous tachykinins maintain basal blood flow, (as NK1 antagonists

reduce basal blood flow), opposing the sympathetically mediated vasoconstriction seen in these

structures [172]. Therefore, in the normal joint the sympathetic and sensory nervous systems

seem to have opposing effects on blood flow. Plasma extravasation and alterations in blood flow

in acute arthritis also appear to be mediated though the sensory rather than the sympathetic

nervous system [79,96,173]. Indeed the peptidergic vasodilatory effects seen on sensory

stimulation increase while the sympathetic vasoconstriction decreases in acute arthritis [79].

Exogenous SP or CGRP attenuate sympathetically mediated articular vasoconstriction in acute

arthritis, suggesting that in inflammation, the sensory nervous system may modulate sympa-

thetic function in joints rather than the converse [79].

Bradykinin-induced plasma extravasation in the knee joint has been hypothesized to be

dependent on postganglionic sympathetic neurons (PGSN) [174]. Evidence supports the

hypothesis that nociceptive afferents innervating inflamed sites can be activated by adrenergic

agonists, particularly noradrenaline [175], but this effect is not dependent on the PGSN [176].

Intra-articular perfusion with 6-hydroxydopamine (6-OHDA), thought to be a stimulator of

PGSN causes plasma extravasation, a finding that was interpreted as sympathetic contribution

to arthritis [177], although again this has not been shown by all groups [178]. 6-OHDA has been

shown to also exert effects through sensory rather than sympathetic neurons [179], which could

suggest that there is little sympathetic involvement.

The evidence from studies of joint perfusion and plasma extravasation would seem to suggest

that rather than the PGSN further activating sensory afferents, and thereby exacerbating

inflammation, sympathetic and sensory afferents may have opposing actions with most proin-

flammatory effects being largely attributable to the sensory nervous system.

If PGSNs do play a role in neurogenic inflammation in arthritis, and there is some evidence

that this is the case, lesion of the sympathetic nervous system should reduce inflammation and

hyperalgesia in arthritis, as the proposed “feedforward” stimulation of the primary afferents

through the PGSN would be lost. Sympathectomy has been shown to reduce inflammation in
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experimental arthritis [100,180], and pain and stiffness in patients [181]. This finding has not

been universally observed however – combined surgical and chemical sympathetic lesioning

did not alter joint swelling or hyperalgesia in kaolin/carrageenan arthritis in the rat [165], other

models of arthritis show little or no sympathetic dependence [95], but capsaicin-enhanced

DRRs are blocked by sympathectomy [182]. In contrast, arthritis even be exacerbated following

sympathectomy [183]. Surgical sympathectomy does exert profound effects on immune system

stimulation in the early stages of adjuvant arthritis [184] and may therefore affect disease

progression through this action. Chemical sympathectomy using 6-OHDA, in addition to the

potential effects on sensory neurons noted above, seems to be dependent on the route of

administration – systemic 6-OHDA administration exacerbated arthritis while local lymph

node administration attenuated the disease [183]. The potential role of the PGSN in neurogenic

arthritis is therefore not clear. One study suggests that activation of the sympathetic system is of

importance and that adrenaline and noradrenaline can have profound effects on sensory

afferents [175], but the interaction may be at the level of the hypothalamic–pituitary–adrenal

(HPA) axis rather than the PGSN [176,185–187]. Certainly HPA activation is seen as a stress

response in animals with relatively mild arthritis [188]; therefore, endogenous adrenergic

agonists, in addition to glucocorticoids may modify the inflammatory response. Concurrent

HPA and sympathetic activation has recently been proposed to contribute to a generalized

sensitization of sensory neurons [189].

With respect to the potential involvement of the sympathetic nervous system in the spread of

arthritis, Kidd and colleagues suggested that joint damage activates ipsilateral PGSN. Ipsilateral

PGSN project to the contralateral PGSN and activate contralateral sympathetic output, which

then activates contralateral nociceptors resulting in contralateral inflammation [90]. In this

scenario, lesion of either the sensory or sympathetic nervous systems should inhibit the spread

of arthritis; therefore this hypothesis is difficult to test experimentally. We did note increased

sympathetic efferent activity contralateral to arthritis, but the possibility that this contributes to

the spread of arthritis requires further investigation [137]. Chemical sympathectomy has been

reported to inhibit the spread of arthritis [100] but as mentioned above chemical sympathectomy

may have nonspecific effects on other, and importantly, sensory systems. Significantly, the only

study to investigate surgical sympathectomy and arthritis found no effect [165], but this study

did not look at the spread of arthritis to remote sites.

The major challenge for future study in this area is the mechanism of the spread of arthritis. It

is clear from the experimental and clinical evidence that neurogenic inflammation, involving

capsaicin-sensitive primary afferents adds to the severity of the disease process. Synovial joints

receive a rich sensory peptidergic innervation to all joint tissues and in clinical and experimental

arthritis, neuropeptides are released from the sensory terminals into the joint space, where it is

likely they induce proinflammatory changes. These peptidergic neurons increase their activity,

firing spontaneous and evoked antidromic action potentials, giving a functional correlate for the

behavioral observation that interruption of the sensory supply to joints in both the experimental

and clinical settings results in an attenuation of arthritis. Sympathetic activation may also exert

proinflammatory effects in arthritis.

The neurogenic spread of arthritis requires a great deal of further study. Our understanding of

the anatomical pathways, sympathetic versus sensory, the spinal versus higher center controls is

currently rudimentary. Acceptance of the hypothesis that arthritis can affect remote joints

through a neurogenic mechanism is now widespread. Rigorous scientific investigation of the

mechanisms involved may aid in the amelioration of a disease that affects significant numbers

of people worldwide.
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Neurogenic Regulation of Bradykinin-Induced Synovitis
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ABSTRACT

Substantial evidence is described supporting the hypothesis that bradykinin-induced synovial inflam-

mation is dependent on the sympathetic postganglionic neuron. In addition, experimental data indicate

that a sympathetic–C-fiber afferent neuron integration plays a role in acute and chronic inflammation

in the synovium and other tissues. For example, sympathetic–C-fiber coupling takes place during

the skin inflammatory response [146,212,213]. Specifically, sympathetic efferent activity acts on

peripheral adrenergic receptors to enhance C-fiber sensitization, thereby augmenting the generation of

dorsal root reflexes that produce vasodilatation. However, to firmly establish such integration in

synovial tissue, further studies are needed that employ controlled selective activation of the afferents

supplying the synovium, e.g., by electrical stimulation of the corresponding dorsal roots [211].

Furthermore, the evidence suggests that there exists a functionally distinct sympathetic

efferent pathway that enables the central nervous system to modulate the inflammatory response

by acting on components of the immune system [103,116]. Specifically, at a systemic level

activity in the sympathetic neurons modulates immune cell function via innervation of lym-

phoid organs and by direct contact with lymphocytes and macrophages [214], and at the local

level the sympathetic modulates the sensitivity of nociceptors, directly or via immune cells and

their signaling molecules (e.g., cytokines). A schematic representation of the interaction of

some key systems in the control of synovial inflammation is shown in Fig. 4.

1. INTRODUCTION

Inflammation is normally a protective response to injury, irritation, or infection and serves to

remove invading microorganisms and aid in tissue repair through multiple mechanisms. It is

characterized by increased blood flow, vascular permeability, attraction of leukocytes, and the

sensitization of primary afferent neurons, and constitutes a positive feedback inflammatory

cascade. While inflammation is a protective mechanism, if allowed to continue unimpeded, it

results in tissue destruction and chronic disease. For example, chronic synovitis (inflammation of

synovial membranes) leads to joint damage and eventually rheumatoid arthritis [1]. Arthritis and

other chronic inflammatory diseases are among the most prevalent chronic medical conditions,

with rheumatoid arthritis affecting an estimated 46 million adults in the United States alone [2].

Synovitis is even more common, but in up to half of patients the disease resolves spontaneously
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over a few months [3–5]. This suggests that mechanisms exist to regulate the magnitude and

duration of synovitis and similar inflammatory responses, so that they do not develop into

chronic disabling inflammatory diseases. There is evidence that the control of inflammation is

a multicomponent system, involving both the innate immune system and the nervous system.

Understanding the complexities of this regulation is therefore of great importance.

It has been known since the early nineteenth century that stimulation of peripheral nervous

system produces inflammation and changes in blood flow and capillary diameter [6–10]. More

recently, it has been shown that both sympathetic neurons as well as sensory (C-fiber) neurons

contribute to inflammatory processes. In particular, synovial joints are abundantly innervated by

primary afferent and sympathetic neurons and the inflammatory response in the synovium

appears to be under extensive modulation by these neurons. Classically, synovial C-fiber

primary afferent neurons have a sensory function, while sympathetic neurons serve to control

blood flow. However, it is now appreciated that efferent primary afferent C-fibers and sympa-

thetic neurons regulate multiple aspects of the early inflammatory responses including blood

flow, plasma extravasation, and immune cell recruitment. In addition to affecting the acute

inflammatory response, there is clinical and experimental evidence that suggest that sympa-

thetic and C-fiber neurons affect the course of chronic inflammatory diseases. For example, it

has long been known that surgical or chemical sympathectomy reduces the severity of rheu-

matoid arthritis in humans [11–13] and experimental arthritis in animals [14–16], and destruc-

tion of C-fibers by treatment with capsaicin also attenuates the severity of experimental arthritis

[14,17]. The peripheral nervous system exerts both proinflammatory and anti-inflammatory

actions at multiple levels, including C-fiber afferent, sympathetic postganglionic, and vagal

neurons, and integrates immune and vascular responses. Furthermore, there is compelling

evidence that sympathetic efferent activity plays a key role in mediating the central nervous

system control of the inflammatory response. I shall therefore review details of both C-fiber and

sympathetic neuron roles and their interactions and mediators in inflammation.

2. C-FIBER NEURONS

Several lines of evidence have established a role of small-diameter sensory neuron (C-fiber)

afferents in neurogenic inflammation [18–21]. For example, activation of C-fiber afferents

by noxious chemical or mechanical stimuli [22–25] or C-fiber strength electrical stimulation

[26–31] locally increases signs of inflammation, such as plasma extravasation and blood flow.

Such noxious stimulus-induced inflammation is attenuated by physical ablation of primary

afferents or chemical ablation with high-dose capsaicin treatment [32–35]. This noxious stimulus-

induced inflammation is believed to be due to release of C-fiber sensory neuron neuropeptides such

as substance P, neurokininA, and neurokinin B, which have been shown tomarkedly increase plasma

extravasation and blood flow [21,36–38], and calcitonin gene-related peptide (CGRP) enhances

plasma extravasation produced by other mediators [38–40]. In in vitro studies, inflammatory

mediators, e.g., bradykinin [41,42], prostaglandin E2 [43], and interleukin 1b [44] release substance

P and other proinflammatory neuropeptides from primary afferent neurons.

In experimental models of chronic inflammation, there is evidence that substance P and other

C-fiber-derived neuropeptides affect the magnitude of the inflammatory response. For example,

substance P exacerbated experimental arthritis when infused into the knee joint of a rat [45], and

a selective substance P receptor (NK1) antagonist reduced joint damage [46] reduced inflam-

mation in mouse models of inflammatory bowel disease [47,48]. While there is evidence for a
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contribution of C-fiber neurons to neurogenic inflammation in many tissues, including skin

[18,49,50], airways [51–53], gastrointestinal tract [54–56], the trigeminovascular system

[57,58] as well as synovium [59–61], the significance of C-fiber-induced neurogenic inflamma-

tion in chronic inflammatory disease is unclear, and, to date, clinical trials involving tachykinin

receptor antagonists appear not to be effective in asthma [62], arthritis [63,64], or migraine [65].

Importantly, plasma extravasation observed in inflammatory disease is quantitatively different

from that produced by activation of unmyelinated afferents. Specifically, in experimental

inflammatory models C-fiber afferent-mediated plasma extravasation is smaller in magnitude

than that seen in inflammatory disease states, and unlike the plasma extravasation of chronic

inflammation, C-fiber afferent plasma extravasation evoked by capsaicin demonstrates rapid

tachyphylaxis [38,66] (Fig. 1). However, there are data to suggest (see below) that C-fiber

afferent-mediated neurogenic inflammation has a key role as one component of a constellation

of coordinated responses that constitute a full inflammatory response.
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Figure 1. Magnitude and duration of synovial plasma extravasation produced by capsaicin (C-fiber-dependent) is less

than that produced by bradykinin (sympathetic neuron-dependent). Pentobarbital-anesthetized rats were pretreated with

Evans blue dye given i.v. (Evans blue binds to albumin and does not normally leave the vascular space), and then the

knee joint was perfused with vehicle (250ml/min). Plasma extravasation of the synovia into the knee joint cavity was

determined by collecting perfusate every 5 min and measuring the concentration of Evans blue spectrophotometrically

(at a wavelength of 620 nm), which is proportional to the degree of extravasation (ordinate scale) shown as an increase

over baseline. Bradykinin (BK, 150 nM, n= 8 open circles) or capsaicin (1.6mM, n= 8 filled triangles) was added to the

perfusate 15 min after the beginning of the perfusion and remained in the perfusion fluid for the remainder of the

experiment (55 min after baseline). Both the bradykinin and capsaicin increased plasma extravasation, but capsaicin

produced a smaller increase in plasma extravasation than did bradykinin and unlike bradykinin exhibited complete

tachyphylaxis within 40 min (adapted from Refs [38,99]).
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3. POSTGANGLIONIC SYMPATHETIC NEURON

Sympathetic postganglionic neurons are the final motor neurons of the autonomic nervous

system, and there is substantial evidence suggesting that the sympathetic postganglionic neuron

terminal plays an important role in the regulation of inflammation [67–69] and integrates with

C-fiber-dependent inflammation (see below). The role of the sympathetic postganglionic

neuron in inflammation has been most extensively studied in the synovium (see Ref. [16] for

review). For example, selective activation of the sympathetic postganglionic neuron terminal

with 6-hydroxydopamine, to displace sympathetic neurotransmitters from vesicular stores

[70,71], increases plasma extravasation in the rat knee joint [72], and plasma extravasation is

decreased by surgical [73–79] or chemical (with guanethidine or 6-hydroxydopamine) [72,80–89]

sympathectomy. In particular, surgical or chemical sympathectomy attenuates the magnitude of both

basal plasma extravasation and that induced by bradykinin, a principal inflammatory mediator, in the

rat knee joint by 60–70% [88,90,91] and producing a large leftward shift in the dose–response curve

for bradykinin (Fig. 2).

Importantly, at least within the synovium, sympathetic postganglionic neuron-dependent

plasma extravasation can be maintained for hours [91], demonstrating considerably less
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Figure 2. Bradykinin-induced plasma extravasation in the synovium is dependent on the postganglionic sympathetic

neuron. Increase of plasma extravasation induced by bradykinin in control rats (open circles, N= 12 knees) is

significantly attenuated 14 days after sympathectomy (closed squares, N= 12 knees) but was not significantly different

from control after decentralization (closed circles, N= 12 knees). Horizontal black bar indicates presence of bradykinin

in perfusion fluid. Inset: Shift in bradykinin dose–response curve (presented as percent of maximum effect produced).

Surgical sympathectomy shifted the dose–response curve for bradykinin to the right (data modified from Refs [90,91]).
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tachyphylaxis (as well as greater magnitude of response) than that produced by C-fiber afferent-

mediated plasma extravasation (which lasts <40 min) [38] (see Fig. 2).

Furthermore, destruction of C-fibers with neurotoxic doses of capsaicin in neonatal rats does

not affect the magnitude of sympathetic postganglionic neuron-dependent plasma extravasation

produced by bradykinin [73]. While the synovium may have unique characteristics regarding

the dependence on the sympathetic postganglionic neuron in neurogenic inflammation, possibly

due to the density of sympathetic postganglionic neuron innervation which accounts for

between half and two-thirds of the nerve fibers in the synovium [92,93], sympathetic post-

ganglionic neurons also contribute to neurogenic inflammation in other tissues, such as skin,

adipose tissue, colon, and lungs [67,69,74,80,86,89,94].

It is not clear what mediators contribute to sympathetic-dependent plasma extravasation in the

synovium. As mentioned above, this effect is independent of impulse propagation in the sympa-

thetic neuron. Importantly, in this regard, there is a stimulus dependence in the generation and/or

release specific sympathetic postganglionic neuron neurotransmitters [95], with high and low

frequency of electrical stimulation differentially releasing mediators such as norepinephrine and

neuropeptide Y (NPY) [96], that inhibit plasma extravasation [86,97,98]. Furthermore, activation of

the sympathetic postganglionic neurons by electrical stimulation of the lumbar sympathetic chain

reduces both resting and bradykinin-induced plasma extravasation, possibly because of a reduction

of blood flow through the synovium [91]. However, catecholamines, acting via a- and b-adrenergic
receptors, can also sensitize nociceptors and recruit leukocytes to the site of inflammation, thereby

releasing proinflammatory neuropeptides and cytokines to increase plasma extravasation and

vasodilatation. It has also been suggested that the sympathetic postganglionic neuron releases

proinflammatory mediators such as prostaglandin E2 [91] and nitric oxide [99] that act, either

directly or via cells closely associated with the sympathetic neuron terminal, to enhance the

inflammatory process. This contribution of the sympathetic nervous system, at least at initial stages

of inflammatory response, is key to the establishment of severe, long-lasting inflammatory diseases.

For example, administering a or b-adrenergic (but not the mixed a/b-adrenergic receptor agonist
SH1293) given during administration of Freund’s adjuvant, exacerbated experimental arthritis in

rats, but reduced it when given later at disease onset [100]. Furthermore, the sympathetic nervous

system may play a regulatory role in secondary lymphoid organs as it has been shown that selective

sympathectomy in secondary lymphoid organs exacerbates experimental arthritis [16,101].

4. ROLE OF BRADYKININ IN SYMPATHETIC POSTGANGLIONIC NEURON

SYNOVIAL INFLAMMATION

Perfusion of bradykinin through the synovium produces a marked increase in the magnitude of

plasma extravasation [73,84,90,91,97,102–104]. In patients with joint pain, there is a positive

correlation between concentration of bradykinin in the synovium and magnitude of synovitis

[105], with an increase in expression of the constitutive G-protein-coupled bradykinin B2

receptors [106]. Bradykinin acts directly on sympathetic postganglionic neuron terminals

[107–110] via bradykinin B2 receptors present on sympathetic neuron terminals [111] to

enhance sympathetic neurotransmission [112]. Importantly, while bradykinin-induced plasma

extravasation is markedly attenuated by sympathectomy (see above), in the rat synovium it is

unchanged following ablation of preganglionic axons that innervate the postganglionic neurons

to the hind limb (i.e., decentralization of the lumbar sympathetic chain), acute interruption of

the lumbar sympathetic chain, or perfusion of tetrodotoxin through the knee joint synovial
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cavity [90,91]. This provides strong evidence that sympathetic postganglionic neuron-dependent

synovitis produced by bradykinin is not dependent on the excitability of the sympathetic

postganglionic neuron, but is due to proinflammatory mediator synthesis and release from the

sympathetic postganglionic neuron terminal itself. It is not known whether the other inflamma-

tory mediators, such as 5-HT (5-hydroxy tryptamine) [113,114], that produce sympathetic

neuron-dependent synovial inflammation also do so in an action potential-independent manner.

5. INTEGRATIVE CONTROLS IN SYNOVITIS

There is a growing understanding that the development and maintenance of acute and

chronic inflammation is affected by cross talk between the sympathetic nervous system

and peptidergic C-fiber afferents, and further modulated by mediators released from the

hypothalamo–pituitary–adrenal (HPA) and the sympathoadrenal axes, as well as by vagal

afferents [16,103,115,116].

5.1 Sympathetic–C-fiber afferent coupling in the inflammatory response

Sympathetic–C-fiber afferent coupling has been most comprehensively studied in the context of

nociception (see Ref. [117] for review), but is also highly relevant in the inflammatory response

(see Ref. [16] for review). Coupling is believed to occur following either excitation-dependent

or independent release of norepinephrine from sympathetic postganglionic neuron to act

directly or indirectly on primary afferent neurons in the periphery. Importantly, sympathetic–

C-fiber coupling only becomes apparent following injury, such that C-fiber nociceptor

excitatory responses may increase with sympathetic efferent activity or exogenously applied

adrenergic agonists [118–121], at least in part due to the increase of a2-adrenergic receptors in

C-fiber nociceptors after nerve injury [122]. In addition to nerve injury, inflammation is also

believed to promote sympathetic–C-fiber afferent coupling to further enhance the inflammatory

response (i.e., a local positive feedback loop) as well as the sensitization of nociceptive afferents

[123]. In contrast to sympathetic mediated neurogenic inflammation, C-fiber afferent neuro-

genic inflammation is dependent on dorsal root reflexes conducted antidromically, since the

inflammatory response after capsaicin administration is prevented by interruption of peripheral

nerves, dorsal rhizotomy, or pharmacological blockade of spinal glutamate or gamma-amino

butyric acid (GABA)-A interneurons [124,125].

In the synovium, sympathetic neuron-dependent plasma extravasation produced by bradyki-

nin is independent of impulse activity in sympathetic neurons (see above), and acting through

B2 receptors, bradykinin depolarizes mouse and rat sympathetic ganglia [109,126–129]. This

Ca2+-independent protein kinase C sympathoexcitation [109] results in the release of neuro-

transmitters [130] and other mediators such as prostaglandin E2 from sympathetic neurons [131]

or from nonneuronal cells in the synovium such as fibroblasts [132]. These mediators sensitize

C-fiber nociceptors that, in turn, release substance P and CGRP; the sensitization of C-fibers by

bradykinin is further enhanced in the presence of these sympathetic-derived mediators such as

norepinephrine and prostaglandin E2 [133]. Importantly, norepinephrine excites and sensitizes

C-fibers only after bradykinin [134], other inflammatory stimulus and after nerve injury there is

a well-described phenomenon of sympathetic–afferent coupling wherein norepinephrine con-

tributes to the generation of pain and underlies the pathophysiological mechanisms of sym-

pathetically maintained pain (see Ref. [117] for review). Sympathetic neurons also release NPY,
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and it has been shown that activation of its Y1 receptor activation is necessary and sufficient for

substance P release and the subsequent development of neurogenic inflammation and plasma

extravasation [135]. Despite the inferential evidence for sympathetic–C-fiber sensory coupling

in synovial inflammation, it has not yet been fully established how the sympathetic neuron and

C-fiber neuropeptide mediators co-operate to control the inflammatory response.

It is likely that during chronic inflammation the pattern of mediator release and sympathetic–

C-fiber coupling changes with time, since chronic exposure to inflammatory cytokines upregu-

lates the bradykinin B1 receptor component of bradykinin’s effect in a prostaglandin-dependent

process [136] and while bradykinin acts on a small (�14%) subpopulation of C-fibers [136],

chronic inflammation upregulates both B2 and B1 receptors on sensory neurons [137,138]. Since

B1 receptors are only expressed in nonpeptidergic neurons [138], this suggests that bradykinin

acts through B2 receptors to mediate the C-fiber-dependent inflammatory response. In addition

to these changes in bradykinin receptor expression, there are important anatomical changes.

There is a great loss of sympathetic neurons in the synovial tissue of patients with rheumatoid

arthritis, but there is a concomitant gain in C-fiber neurons, with an increase in abundance of

substance P [139]. These changes have several implications: loss of sympathetic neurons would

be expected to decrease sympathetic-dependent inflammation, while an enhance C-fiber popu-

lation would be expected to both increase C-fiber-dependent inflammation (through antidromic

neuropeptide release) as well as enhance (orthodromic) nociceptive transmission thereby

activating the negative feedback inhibition of sympathetic-dependent inflammation (see below).

In addition to a change in receptor expression with chronic inflammation, there is also a

change in the immune cell population (see below) as well as sympathetic and C-fiber innerva-

tion. Specifically, it has been shown that sympathetic innervation is reduced while C-fiber

innervation is increased in the synovium from patients with chronic rheumatoid arthritis

compared to osteoarthritis patients, and that there is a differential patterns of innervation that

is dependent on the severity of the inflammation [140].

5.2 Stress axes

The inflammatory response in the synovium is affected not only by sympathetic–C-fiber

afferent neuronal activity, but also by release of mediators from stress axes and immune cells

(see below) that act to affect synovial micromilieu. Acute inflammatory stimuli activate

nociceptive C-fiber afferents that, in turn, activate negative feedback circuits to regulate the

magnitude and duration of the inflammatory response. For example, bradykinin-induced syno-

vial inflammation is modulated by two neuroendocrine circuits, the HPA and the sympathoa-

drenal stress axes, both of which are activated by noxious stimuli.

In rats, activation of the HPA axis with cutaneous electrical stimulation at C-fiber strengths

inhibits synovial bradykinin-induced plasma extravasation. This effect is sympathetic neuron-

specific, since following surgical sympathectomy, residual (i.e., sympathetic neuron-independent)

plasma extravasation produced by bradykinin is not inhibited by the noxious stimulation-induced

feedback inhibition, and neither is the sympathetic neuron-independent plasma extravasation

produced by platelet activating factor. Systemically administered corticosterone also inhibits

bradykinin-induced plasma extravasation at a time course that was similar during reflex activation

of the hypothalamo–pituitary axis, an effect that is not seen in sympathectomized joints [104,141].

However, corticosterone does not appear to act directly on the sympathetic neuron terminal, but

rather via peptide annexin I (lipocortin I), which is released from many cells, e.g., polymorpho-

nuclear leukocytes, upon corticosterone exposure [142].
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Activation of the sympathoadrenal axis with capsaicin activating somatic or visceral noci-

ceptors inhibits bradykinin-induced plasma extravasation, and is abolished following denerva-

tion of the adrenal medulla or adrenal enucleation [143]. This negative feedback

sympathoadrenal axis is likely to be mediated by epinephrine acting on b-adrenergic receptors
Jänig et al. 2000 [143,144,145]. Of note, activation of a1-adrenergic receptors is believed to

enhance C-fiber-dependent neurogenic inflammation [146]. While it is not known on which

cells epinephrine may be acting, C-fiber neurons (cultured dorsal root ganglion neurons)

respond to b2-adrenergic agonists [147] and also express a2c-adrenergic receptors [148], or it

could act on mast cells immune cells (eosinophils, macrophages, T-lymphocytes, neutrophils, or

on receptors on postcapillary venule cell [149]). While noxious input activates circuits that

inhibit a sympathetic dependent inflammatory response, it is not yet known whether this

feedback system also affect C-fiber-dependent inflammation.

Thus, central nervous system activity, which controls sympathoadrenal and HPA function,

may markedly affect the inflammatory response. Activation of these two neuroendocrine

circuits appear to be differentially activated depending on pattern and intensity of noxious

input. Thus, continuous cutaneous noxious electrical stimulation, which synchronously acti-

vates all C-, Ad-, and Ab-fibers, primarily activates the HPA axis to release corticosterone. By

contrast, somatic or visceral stimulation with capsaicin, which selectively activates primary

afferent C-fiber and a subpopulation of Ad-afferents, primarily activates the sympathoadrenal
axis to release catecholamines and possibly other adrenal medulla mediators. This differential

pattern of activation could be responsible for specific encoding of nociceptive signals to

selectively activate specific neuroendocrine circuits, but it is yet to be determined how specific

natural stimuli (e.g., chronic inflammatory pain or traumatic injury pain) are differentially

encoded to produce divergent effects on the stress axes.

As mentioned above, there is a loss of sympathetic nerve fibers with a concomitant increase

in substance P-positive C-fibers in synovia from rheumatoid arthritis patients [140,150,151].

These changes are likely to markedly decrease the contribution of sympathetic-dependent

inflammation, due to loss of sympathetic efferent activity as well as an enhancement of noxious

input mediated negative feedback and a significant alteration in sympathetic–C-fiber coupling.

It is reasonable to hypothesize that such changes have significant consequences regarding the

maintenance of rheumatoid arthritis, and, in fact, a disturbance in the sympathetic–C-fiber

equilibrium may signal the progression from short-term synovitis to the development of full-

blown chronic inflammatory disease.

5.3 Vagal visceral afferents

Integral to sympathoadrenal and HPA axis modulation of bradykinin-induced synovitis is the

activity of vagal visceral afferents. Complete subdiaphragmatic vagotomy markedly inhibited

noxious stimulation-induced plasma extravasation, an effect which increases over time with a

maximal effect occurring 7–14 days postvagotomy [152] (Fig. 3). Furthermore, celiac branch

vagotomy or surgical removal of the duodenum mimics this effect of total subdiaphragmatic

vagotomy [153].

This suggests that celiac branch vagal afferent activity tonically inhibits ascending impulse

transmission in the neuraxis projecting to both the hypothalamus and the adrenal medulla, and

that vagotomy removes central inhibition acting on these neuroendocrine pathways, thus

leading to the release of mediators from the adrenal medulla (e.g., catecholamines) and cortex
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(e.g., corticosterone). A similar enhancement of the inhibitory effect of capsaicin was seen in

rats that were fasted, which removes the stimulation of mechanically sensitive polymodal

afferents in the proximal gastrointestinal tract. This effect was reversed in fasted rats by

mechanically activating duodenal celiac branch vagal afferents using a balloon, while mechan-

ical stimulation in postvagotomy had no effect. Mechano-sensitive duodenal vagal afferents

appear to play an integral role in the physiological response to infection, perhaps since it is the

first segment of the gastrointestinal tract that has a predominantly absorptive function. Inflam-

mation, or infectious or toxic agents in the duodenum can rapidly signal central circuits via

polymodal duodenal vagal afferents to coordinate specific neural and endocrine signals that can

differentially regulate vascular and immune function in different parts of the body.

5.4 Immune cell component

Leukocyte infiltration is a key pathological feature of many inflammatory diseases [154–157].

Leukocytes are found in arthritic joints at the site of joint-destroying erosions [158], and

neutrophils within the joint participate directly in both acute and chronic inflammation [159].

Within the synovium, bradykinin induces leukocytes migration [160,161] and accumulation
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Figure 3. Vagotomy enhances noxious stimulation-induced inhibition of plasma extravasation. Noxious stimulation of

the hind paw by either electrical stimulation (25 mA) (A) or capsaicin (B) depresses bradykinin-induced plasma

extravasation. Compared to sham surgery control rats (open circles, n= 7 (A); n= 9 (B)), acute subdiaphragmatic

vagotomy (filled circles) markedly potentiated the effect of noxious electrical (n= 6) or capsaicin (n= 9) stimulation,

shifting dose–response curve significantly to the left (adapted from Refs [152,153]).
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[162,163] by direct action on its receptors on leukocytes [164], or indirectly by acting on

sympathetic neurons [162], to release sympathetic neurotransmitters, such as norepinephrine

[107] that, in turn, releases other chemoattractant mediators such as prostaglandin [165], or on

C-fibers to release mediators such as substance P and CGRP [42], which attract leukocytes

[166].

Peripheral sensitization of C-fibers by bradykinin and other inflammatory mediators, such as

prostaglandin, during synovial inflammation may activate both stress axes described above that

powerfully affect this leukocyte component of the inflammatory response, in part by the effect

of stress hormones on leukocyte function [167–172]. In particular, release of catecholamines

from the adrenal medulla or from sympathetic nerve terminals that innervate the lymphoid

organs [173] mediate interactions between the sympathetic and the immune systems, to alter

immune cell activity [174–178]. Norepinephrine, released from sympathetic nerve terminals,

and epinephrine, released from the adrenal medulla [175], act primarily on a1-, a2-, and

b2-adrenergic receptors expressed on most resting and activated immune cells [149,179–183]

to play a role in regulating immune cell proliferation, trafficking, and functional activity

[175,184–186]. For example, epinephrine suppresses reactive oxygen species generation

[187,188] but enhance phagocytic activity [189] in neutrophils. The sympathetic cotransmitter

NPY increases or decreases neutrophil migration, phagocytosis, and reactive oxygen species

production, depending on the pathogen or specific leukocyte studied [190,191]. These adrener-

gic or NPY effects on leukocyte function may be due to a direct effect on cell or due to release

of proinflammatory factors such as tumor necrosis factor alpha that can then act on other

leukocytes to affect their function [192]. It is well established that C-fiber-derived neuropeptides,

such as substance P, CGRP, and gastrin-releasing peptide, have proinflammatory and

anti-inflammatory actions on leukocyte function, including a role in modulating synovial inflam-

mation [193–200]. For example, substance P, released locally from C-fiber terminals, firstly acts

as a chemoattractant for monocytes and neutrophils [201–204] and then as a stimulus for cytokine

release [205,206]. Neurogenic recruitment of immune cells also facilitates wound healing with

norepinephrine [207] and stimulation of sympathetic nerves [208], as well as substance P [209]

and CGRP [210] having beneficial effects on tissue repair.

6. SUMMARY

The foregoing sections have described substantial evidence supporting the hypothesis that

bradykinin-induced synovial inflammation is dependent on the sympathetic postganglionic

neuron. While there is good evidence that a sympathetic–C-fiber afferent neuron integration

plays a role in acute and chronic inflammation in the synovium and other tissues, to convin-

cingly substantiate such an integration requires further studies employing controlled selective

activation of the afferents supplying the synovia, e.g., by electrical stimulation of the corre-

sponding dorsal roots [211], similar to that demonstrated for sympathetic–C-fiber coupling in

skin inflammatory response [146,212,213] wherein sympathetic efferent activity acts on per-

ipheral adrenergic receptors to enhance C-fiber sensitization, thereby augmenting the genera-

tion of dorsal root reflexes that produce vasodilatation.

Furthermore, the evidence suggests that there exists a functionally distinct sympathetic

efferent pathway that enables the central nervous system to modulate the inflammatory response

by acting on components of the immune system [103,116]. Specifically, at a systemic level

activity in the sympathetic neurons modulates immune cell function via innervation lymphoid
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organs and direct contact with lymphocytes and macrophages [214], and at the local level the

sympathetic modulates the sensitivity of nociceptors, directly or via immune cells and their

signaling molecules (e.g., cytokines, see above). A schematic representation of the interaction

of some key systems in the control of synovial inflammation is shown in Fig. 4.
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Hypothalamus

Anterior pituitary

Adrenal

Epinephrine Corticosterone

Bradykinin

Pro-inflammatory
mediators (e.g. PGE2)

Norepinephrine and
Neuropeptide Y

Substance P and
CGRP

Histamine/serotonin

Synovium

Sympathetic
fibers

C-fiber

Mast cell

Extravasation

Figure 4. Production of synovitis by bradykinin. Bradykinin acts on B2 or B1 bradykinin receptors on the sympathetic

postganglionic neuron to release pro-inflammatory mediators. These inflammatory mediators (e.g., prostaglandin E2) are

released independent of electrical activity of the sympathetic neuron, and act directly on the postcapillary venule and/or

on other cell types associated with the sympathetic neuron. Bradykinin can also act directly on its receptors on C-fiber

neurons to release proinflammatory mediators (e.g., substance P). Sympathetic C-fiber peptidergic coupling is bidirec-

tional, with norepinephrine/neuropeptide Y acting on C-fibers and substance P/CGRP acting on sympathetic neuron

terminals. Two neuroendocrine pathways, HPA and sympathoadrenal, that are activated by ongoing noxious input from

inflammatory sites, mediate a negative feedback control of inflammation by releasing mediators (e.g., glucocorticoids

and epinephrine); these circuits are tonically inhibited by activity in duodenal vagal afferents, exerted at the level of the

spinal cord [144]. Immune cells, which play an essential role in the inflammatory response, are attracted to the synovium

and activated by mediators released from sympathetic and C-fiber afferent neurons as well as by bradykinin and other

tissue-generated inflammatory mediators. Other mechanisms, including the proinflammatory and anti-inflammatory

cytokine network, sympathetic innervation of lymphoid organs [214], and the anti-inflammatory cholinergic efferent

vagal pathway [215], contribute to the pathophysiology of synovial inflammation, but for the sake of clarity are not

included in this schematic figure. (See color Plate 4.)
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ABSTRACT

Ischemic heart disease is a major cause of mortality in civilized societies. Effective therapeutic

strategies for protecting the ischemic myocardium are much sought after. Ischemic pre- and

postconditioning of myocardium is a well-described adaptive response in which brief exposure to

ischemia markedly enhances the ability of the heart to withstand a subsequent ischemic insult.

The underlying molecular mechanisms of ischemic stress adaptation have been extensively

investigated. Despite the intensive research in the past decade, the exact biochemical mechanism

of pre- and postconditioning is still a question of debate. Among a variety of cellular mechanisms,

cardiac capsaicin-sensitive sensory nerves are certainly involved in the mechanism of cardiac

stress adaptation via their ability to sense chemical signals during ischemia and to release

cardioprotective neurotransmitters, such as nitric oxide (NO) and calcitonin gene-related peptide

(CGRP).

NO is an important cardioprotective molecule via its vasodilator, antioxidant, antiplatelet,

and antineutrophil actions and it is essential for normal heart function. However, NO is

detrimental if it combines with superoxide (O2
�) to form peroxynitrite (ONOO�) which rapidly

decomposes to highly reactive oxidant species. There is a critical balance between cellular

concentrations of NO, superoxide, and superoxide dismutase, which physiologically favor NO

production but in pathological conditions such as ischemia and reperfusion result in ONOO�

formation. However, exposure of the heart to brief episode(s) of ischemia markedly enhances its

ability to withstand a subsequent ischemic injury. The activation of this endogenous cardiopro-

tective mechanism known as preconditioning, requires both NO and superoxide synthesis.

However, preconditioning in turn attenuates the overproduction of NO, superoxide, and

ONOO� during subsequent ischemia and reperfusion, thereby protecting the heart. However,

still very little is known about the role of NO superoxide and ONOO� in postconditioning.

CGRP is a potent vasodilator, increases heart rate and myocardial contractility, and it has

been shown to protect the heart against ischemia and reperfusion. CGRP is an important

endogenous cardioprotective substance and it has been shown to contribute to the mechanism

of ischemic stress adaptation. However, little is known about the exact role of CGRP in cardiac

pathologies.
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� 2009 Elsevier B.V. All rights reserved



Here we review the possible roles of capsaicin-sensitive sensory nerves, NO, and CGRP in

both ischemia–reperfusion injury and cardiac stress adaptation.

1. MYOCARDIAL ISCHEMIA–REPERFUSION INJURY

Ischemic heart disease, a major cause of mortality in the civilized societies, is characterized by

insufficient blood supply to certain regions of the myocardium which leads to tissue necrosis

(infarction). Ischemic heart disease develops as a consequence of hypertension, atherosclerosis,

dyslipidemia, diabetes, etc. The treatment of this condition has entered a new era where

mortality can be approximately halved by procedures which allow the rapid return of blood

flow, i.e., reperfusion, to the ischemic zone of the myocardium. Reperfusion, however, may

lead to further complications such as diminished cardiac contractile function (stunning) and

arrhythmias (see Ref. [1] for review). Therefore, development of cardioprotective agents to

improve myocardial function, decrease the incidence of arrhythmias, lessen the necrotic tissue

mass, and to delay the onset of necrosis during ischemia–reperfusion are of great clinical

importance. Previous attempts to attenuate the consequences of ischemia–reperfusion injury

with pharmacological tools have been largely unsuccessful. However, the heart was found to be

able to adapt to ischemic stress, and this phenomenon was termed ischemic pre- and post-

conditioning [2–4].

2. MYOCARDIAL ADAPTATION TO ISCHEMIA: PRE- AND POSTCONDITIONING

Ischemic preconditioning is a well-described adaptive response in which brief exposure to

ischemia markedly enhances the ability of the heart to withstand a subsequent ischemic injury

(see Ref. [5] for review). Preconditioning confers a remarkable cardioprotection in a variety of

species including humans (see Ref. [5] for review), although the cardioprotective effectiveness

of ischemic preconditioning might be attenuated in the heart during aging and some disease

states such as hyperlipidemia and diabetes (see Refs [3,6,7] for reviews). Preconditioning can be

elicited by different sublethal stress signals, such as brief periods of ischemia, hypoxia,

rapid electrical pacing, heat stress, or administration of bacterial endotoxin. The cardioprotective

effect of preconditioning shows two distinct phases. The early phase is manifested within minutes

after the preconditioning stimulus and has a duration of less than 3 h. The late phase is character-

ized by a slower onset (20 h) and a duration of up to 72 h. Both phases of preconditioning involve

reduction of necrotic tissue mass (infarct size), improvement of cardiac performance, and reduc-

tion of the incidence of arrhythmias following ischemia and reperfusion (see Refs [4–6] for

reviews).

Moreover, brief cycles of ischemia–reperfusion applied following a longer period of ischemia

also confer cardioprotection against the consequences of myocardial ischemia–reperfusion, a

phenomenon called ischemic postconditioning [8].

The discovery of this endogenous cardioprotective mechanism encouraged the exploration of

the cellular mechanisms responsible for this remarkable adaptation. However, the exact cellular

mechanism of pre- and postconditioning is still a question of debate. A variety of substances and

ion channels, i.e., adenosine, bradykinin, nitric oxide (NO), superoxide, peroxynitrite (ONOO�)
[9], calcitonin gene-related peptide (CGRP), cGMP, protein kinases, norepinephrine, and ATP-

sensitive Kþ-channels (KATP) have been implicated in the mechanisms of ischemia–reperfusion
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injury and in the development of the cardioprotective effect of preconditioning (see Refs

[3,4,10,11] for reviews). The inconsistent findings in the literature as to the trigger and the

mediator of preconditioning are generally attributed to species differences (see Refs [12–14] for

reviews), the different triggers of preconditioning, like rapid pacing and no-flow ischemia [15],

and different study end points, i.e., myocardial function, arrhythmias, or infarct size. The

mechanisms of early and late pre- and postconditioning seem to be different [3]. Moreover,

the possible ischemia sensor, if any exists, and the formation site of the potential mediators of

preconditioning are still not known. It is plausible to assume that cardiac sensory nerves are

involved in the mechanism of cardiac stress adaptation via their ability to sense chemical signals

and to release NO and CGRP.

3. ROLE OF CAPSAICIN-SENSITIVE SENSORY NERVES IN THE MECHANISM

OF ISCHEMIA–REPERFUSION INJURY AND IN THE DEVELOPMENT

OF ENDOGENOUS CARDIAC STRESS ADAPTATION

In contrast to the adrenergic and cholinergic innervation of the heart, less attention has been

paid to the functional significance of the rich sensory innervation of the myocardium and the

coronary vascular system. Available experimental evidence shows that most cardiac sensory

nerves associated with the vagus nerves and the sympathetic system display polymodal beha-

vior responding to mechanical and chemical stimuli [16,17]. Capsaicin is a highly selective

sensory neurotoxin which leads to a selective functional blockade and/or ablation of a morpho-

logically well-defined population of primary sensory neurons [18,19]. Hence, capsaicin has

become one of the most important probes for investigations of sensory neural morphology,

physiology, pathology, and pharmacology (see Refs [16,20,21] for reviews). A subpopulation of

capsaicin-sensitive cardiac C-fiber afferents costore CGRP, substance P (SP), neurokinin A, and

NO. Capsaicin-sensitive sensory nerves may exert a strong influence on cardiac function and

adaptive responses due to their NO and vasoactive peptide content, such as CGRP and SP

[16,22–26]. The roles for CGRP and tachikinins in the local sensory control of cardiac

contractility and coronary vascular tone is reviewed in depth in the nonischemic heart by

Fraco-Cereceda [16].

Myocardial ischemia, via the resulting decrease in pH, increase in Kþ and lactate concentra-

tions, and release of bradykinin and adenosine, is known to activate the nerve endings of the

capsaicin-sensitive subpopulation of the thin afferent fibers (see Refs [16,27] for reviews).

These afferent C-fibers show local efferent functions which are attributed to their CGRP, NO,

and SP content [19]. NO [28,29] and CGRP [30] were found as important mediators of

preconditioning. It is well known that CGRP is located only in afferent axons in the heart

[16,20]. The cellular sources of NO in the heart includes cardiac myocytes, vascular and

endocardial endothelium [31] as well as specific cardiac neurons. In our previous study,

systemic capsaicin-treatment decreased cardiac NO signal approximately as low as the detec-

tion limit as assessed by electron spin resonance spectroscopy in left ventricular tissue samples

[32]. Moreover, capsaicin-sensitive neurons seem to regulate basal myocardial NO–cGMP

signaling [33]. This suggests that a significant portion of the total cardiac NO content may

derive from capsaicin-sensitive afferent nerve fibers [32,33]. This is supported by another

observation showing that capsaicin-sensitive sensory ganglion cells express NO synthase

(NOS) [22]. An earlier study by Pabla and Curtis [34] suggesting a neural origin of cardiac

NO release in the rat also strongly supports this assumption. Further studies show strong
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interaction between sensory neuronal CGRP and NO in the rabbit coronary circulation [35] and

also in human internal mammary artery [36]. We have shown earlier that in hearts isolated from

capsaicin-treated rats, the protective effect of preceding rapid ventricular pacing against

the deterioration of myocardial function and lactate dehydrogenase release due to coronary

occlusion was not observed, demonstrating that an intact sensory innervation is a prerequisite to

elicit pacing-induced preconditioning in the rat heart [32]. We have also shown that selective

sensory denervation by capsaicin aggravates adriamycin-induced cardiomyopathy in rats [37].

Moreover, we have recently shown that capsaicin-sensitive sensory neurons regulate

gene expression pattern of rat heart, including the capsaicin receptor gene, as shown by a

DNA-microarray study [38].

Based on the aforementioned studies, capsaicin-sensitive nerve endings are obvious candi-

dates to be involved in the mechanism of cardiac stress adaptation as sensors for metabolic (e.g.,

ischemia) stressors and local effectors via CGRP and NO release.

4. CGRP IN CARDIAC ISCHEMIA AND REPERFUSION

CGRP is a potent vasodilator and positive inotropic and chronotropic peptide that has been

shown to have a physiological and/or pathological role in neurogenic inflammation, headaches,

thermal injury, circulatory shock, pregnancy and menopause, hypertension and heart failure,

and it is known to be cardioprotective. Clinical trials have shown beneficial effects of the

vasodilatory action of CGRP in hypertension, angina, heart failure, and Raynaud’s disease.

However, the clinical potential of CGRP is limited as it has to be given by infusion and is

quickly broken down. Oral long-acting CGRP mimetics may have potential in disorders in

which CGRP has been shown to be beneficial. CGRP mimetics include capsaicin/vanilloid

receptor agonists and gene transfer of an adenoviral vector that encodes prepro-CGRP. CGRP

inhibitors have therapeutic potential in conditions in which excessive CGRP-mediated vasodi-

latation is present. CGRP inhibitors include capsaicin, antagonists at capsaicin/vanilloid recep-

tors, civamide, CGRP receptor antagonists, and 5-HT1D-receptor agonists. CGRP interacts with

specific G-protein-coupled receptors; however, still relatively little is known about the different

types of CGRP receptors (see Refs [39,40] for reviews). In the heart, significant amounts of

specific CGRP binding were identified in atrial and ventricular myocardium, all portions of the

conducting system, coronary arteries, the aorta and pulmonary trunk and intracardiac ganglia.

The high density of CGRP receptors in the distal conducting system and the presence of CGRP

receptors in intracardiac ganglia further suggest that CGRP could have important effects on

cardiac conduction velocity and parasympathetic regulation of the heart [41]. Future advances

are dependent on a better understanding of the structure and function of CGRP receptor(s) and

the concomitant identification of selective and potent agonists and antagonists useful for

addressing therapeutic hypotheses [42].

The potential cardioprotective effect of CGRP has been shown in several experimental models

of ischemia and reperfusion. CGRP exerts a direct protective effect against severe hypoxia and

simulated reperfusion inmyocardial cells [43]. In this model, protection of cardiac cells by CGRP

was associated with changes in membrane fluidity [44]. CGRP has been also shown to play a role

in long-term cardiac preservation with nitroglycerin-containing cardioplegic solutions [45]. In a

pig coronary occlusion reperfusion model, an aggravation of myocardial infarction was observed

after capsaicin-induced depletion of CGRP [46]. However, exogenously administered CGRP,

although caused systemic hypotension and augmented postischemic coronary flow, had no
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cardioprotective effect in pigs after coronary occlusion and reperfusion, possibly due to the short

half-life of the peptide [47]. Nevertheless, the potential cardioprotective effect of CGRP is

observed in a rat reperfusion arrhythmia model of short coronary occlusion/reperfusion. In this

model, CGRP reduced and delayed the occurrence of ischemic reperfusion-induced arrhythmia

such as ventricular tachycardia and fibrillation, especially in the early period, and decreased the

mortality [48].

The cardioprotective effect of CGRP against myocardial ischemia is well established in

humans [49]. In myocardial ischemia with its clinical manifestations angina pectoris and

infarction, C-fiber afferents not only convey the sensation of pain, but there is also a local

“efferent” release of CGRP in the heart. After being released, CGRP causes coronary

vasodilatation and attenuates the development of myocardial infarction. CGRP may thus

represent an endogenous local myocardial protective substance with interesting clinical

implications (see Ref. [50] for review). The ischemia-related outflow of CGRP during

cardiac surgery indicates that the vasodilating and cardioprotective properties of this peptide

may be of importance in myocardial ischemia in humans [51]. Intravenous CGRP has

been shown to dilate coronary arteries at the site of atheromatous stenoses and delays the

onset of myocardial ischemia during treadmill exercise testing in patients with chronic stable

angina [52].

Recent studies with deletion of the mouse a-CGRP gene or TRPV1 gene increase the

vulnerability of the heart to ischemia–reperfusion injury [53,54].

5. NITRIC OXIDE IN ISCHEMIA AND REPERFUSION: CARDIOPROTECTIVE

OR DETRIMENTAL?

In the normal heart, NO is synthesized by Ca2þ-dependent NOSs in cardiac myocytes, vascular

and endocardial endothelium (NOS III) as well as in specific cardiac neurons (NOS I) and plays

an important role in the regulation of cardiac function by induction of coronary vasodilatation,

inhibition of platelet and neutrophil actions, modulation of cardiac contractile function, and

inhibiting cardiac oxygen consumption and free radical actions [55,56]. Very little is known

concerning the proportion of cardiac NO originating from cardiac sensory fibers. At least in the

rat heart, basal NO release is most probably related to the intact function of cardiac sensory

nerves [22,32,34,38,57].

NO plays protective roles in the heart by (i) stimulating soluble guanylate cyclase and thus

reducing [Ca2þ]i partly through activation of cGMP-dependent protein kinase, (ii) terminating

chain propagating lipid radical reactions caused by oxidative stress [58], and (iii) by inhibiting

the activation of platelets and neutrophils and their adhesion to the endothelial surface [59,60].

NO (produced either via activation of NOS or through NO donors) protects against the toxic

effects of exogenously supplied ONOO� on the coronary circulation [61], platelets [62], and

liposomes [58].

5.1 Toxicity of NO via reaction with superoxide to form ONOO�

NO is necessary for normal cardiac function, but it is potentially toxic in excess concentrations

[63–66]. It is now understood that many of the toxic actions of NO are not directly due to NO

itself but are mediated via production of ONOO�, the reaction product of NO with superoxide

[67–70]. NO and superoxide combine at a reaction rate which is only limited by diffusion to
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form ONOO�. ONOO� at pH< 8 is protonated to form the unstable intermediate, peroxyni-

trous acid, which spontaneously decomposes to yield highly reactive oxidant species. Under-

standing the balance between local concentrations of NO, superoxide, and superoxide dismutase

(SOD) is critical in understanding NO biology and its potential toxicity in the form of ONOO�

[67,68]. One must consider the competition between NO and SOD for superoxide. Under

normal physiological conditions in vascular endothelium, [NO] is �10 nM and [SOD]

is �1 mM. Therefore, the reaction rate of superoxide to form ONOO� is only a fraction of the

dismutation rate of superoxide by SOD, and, as a result, very little ONOO� is formed. However,

at maximal vascular rates of NO production (i.e., which may occur during acute reperfusion of

ischemic tissue or during inducible NOS (iNOS) expression), [NO] is 1 mM. Therefore, the

formation of ONOO� will predominate over the dismutation of superoxide. Under a variety of

cellular stress conditions where NO production is upregulated in the endothelium and cardio-

myocytes, either by acute increase in Ca2þ-dependent endothelial NOS (eNOS) activity via

changes in shear stress or high [Ca2þ]i which occurs during acute reperfusion and ischemia, or

via de novo expression of iNOS in cells or tissues as a result of the action of proinflammatory

cytokines, one predicts the formation of ONOO� [70–73].

5.2 Pathophysiology of NO and ONOO� in myocardial ischemia-reperfusion

Myocardial stunning (acute injury) ONOO� is produced during the acute reperfusion of

ischemic hearts and that drugs which inhibit ONOO� formation or antagonize its toxicity

protect the heart from this injury [74]. Rapid generation of ONOO� during reperfusion of the

ischemic heart has also been detected using luminol chemiluminescence in the perfusate and

antinitrotyrosine labeling of myocardial proteins [75]. Low concentrations of the NOS inhibitor

L-NMMA: NG-nitro-mono-methyl-L-arginine, or a cell-permeable SOD mimetic, MnTBAP

protected the hearts from ischemia–reperfusion injury. The beneficial effect of L-NMMA fell

within a narrow range and was lost at higher concentrations which further reduced coronary

flow [74]. Previous studies showed that a NO donor, at subvasodilatory concentration, protected

hearts from endogenous ONOO�-mediated injury. This study provided the first mechanistic

evidence of how either NO donors or NOS inhibitors reduce ischemia–reperfusion injury [74].

5.2.1 Myocardial infarction (late injury, neutrophil dependent)

What is the importance of the neutrophil-independent free radical release during acute reperfu-

sion, as opposed to the neutrophil-dependent reperfusion events which occur several hours

later? It should be noted that the late influx of neutrophils does not substantially contribute to

the development of infarction; however, the literature is somewhat controversial in this regard

[76–79]. One very important defect in the heart resulting from acute reperfusion following

ischemia is endothelial “stunning,” which is manifested by reduced endothelium-dependent

vasodilator response within the first minute of reperfusion [80]. We speculate that this damage

is self-inflicted, resulting from the burst of endogenous ONOO� from the vascular endothelium

immediately at reperfusion. This would cause enhanced susceptibility of the endothelial surface

to neutrophil and platelet adhesion, platelet aggregation and neutrophil activation, events which

are normally inhibited by the physiological production of endothelium-derived NO [59,60].

Villa et al. [61] showed that bolus injection of ONOO� into isolated hearts acutely inhibited

endothelium-dependent coronary vasodilatation. Myocardial ONOO� generation has also been

shown to occur during the neutrophil-dependent phase of ischemia–reperfusion injury, seen
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5 h after reperfusion, using an in vivo model of regional ischemia in rats [81]. An understanding

of the oxidative damage which occurs during acute reperfusion following ischemia is thus

crucial to help devise strategies to reduce a possible subsequent neutrophil-mediated damage in

the later stages of reperfusion injury.

5.3 Cellular targets of ONOO�

The possible downstream targets of ONOO� which mediate its toxicity are several. Its highly

reactive decomposition products at physiological or acidic pH can attack protein (oxidation of

sulfhydryls, nitration of tyrosine residues), lipids (formation of lipid peroxides), and DNA

(strand breakage). This results in the depletion of low-molecular-weight antioxidants such as

glutathione and most often the inhibition of several enzyme activities including SOD, aconitase,

and other enzymes of the mitochondrial respiratory chain, creatine kinase, Ca2þ-ATPase, Naþ–
Kþ-ATPase, glutathione peroxidase, prostacyclin synthase, antiproteinase, and many others,

just to name a few (see Refs [67,68,82,83] for reviews). As a result of DNA strand breakage,

activation of the NADþ consuming DNA repair enzyme poly-ADP-ribose polymerase contri-

butes further to the depletion of cellular energy stores [82]. An important question is that which

of these multiple effects represents an early event in ONOO�-mediated toxicity, at a time point

prior to the onset of irreversible energy depletion, cellular damage and death. Interestingly,

ONOO� may also activate some proteins, again due to its ability to react with critical thiol

residues. ONOO� has been shown to activate the zymogen form of matrix metalloproteinases

[84–86]. This family of proteolytic enzymes, best known for their ability to degrade and

remodel the extracellular matrix, are now recognized to contribute to myocardial ischemia–

reperfusion injury [74,87].

5.4 Can ONOO� protect the heart against myocardial ischemia–reperfusion?

The literature is somewhat controversial as to whether ONOO� is either cytotoxic or cytopro-

tective [70,88,89]. It seems that deleterious effects of ONOO� in the heart are predominantly

observed in in vitro or ex vivo crystalloid buffer-perfused systems; however, ONOO� is

cardioprotective if applied in vivo. However, this controversy derives solely from the rapid

reactions of exogenously administered ONOO� with a variety of biomolecules. Simply,

exogenous administration of ONOO� does not accurately reflect pathological conditions in

which endogenous generation of ONOO� is enhanced.

Due to the very short half-life of ONOO� at physiological pH, it has very little chance to reach

its cellular targets when it is applied via the blood, as it rapidly reacts with plasma proteins and

thiols such as glutathione and cysteine. Thus, ONOO� is likely to be detoxified before it has a

chance to reach tissues downstream of the injection site, let alone the intracellular compartment

[90]. ONOO� oxidizes thiols [91], e.g., it reacts with glutathione (GSH) to form the nitrosothiol,

nitrosoglutathione, a NO donor [61,92,93]. ONOO� is a vasodilator [61,94] and inhibitor of

platelet aggregation [62] by this reaction. Thus nature has a built in a mechanism to return toxic

ONOO� into a NO donor. Indeed, hearts with enhanced endogenous GSH levels are less

susceptible to ischemia–reperfusion injury [95] and micromolar concentrations of GSH added

to the perfusate protects isolated hearts from stunning injury through the reduced formation of

ONOO� at reperfusion [96]. Exogenously administered ONOO� was also shown to inhibit

leukocyte–endothelial cell interactions and to protect against ischemia–reperfusion injury in

rats in vivo [97] Intraventricular infusion of ONOO� reduced myocardial infarct size and
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preserved coronary endothelium after ischemia and reperfusion in cats [98], which effect was

mediated by the intermediate formation of S-nitrosothiols [99].

Exogenously applied ONOO�, however, has been shown to be detrimental to cellular

functions when it was applied in crystalloid buffer systems, in which the concentrations of

extracellular antioxidants and both free and protein-bound thiols are limited. In this case,

exogenous ONOO� and its toxic metabolites have a greater chance to reach their cellular

targets and cause injury, this of course being dependent on concentration and the duration of

exposure. We have shown that continuous infusion of 40 but not 4 mM ONOO� into isolated

working rat hearts perfused with Krebs–Henseleit buffer impaired cardiac contractile function

within 45 min [100]. Authentic ONOO� inhibited contractile function in cardiac myocytes

[101] and in isolated rat papillary muscle [102] Administration of the ONOO� generator SIN-1:

morpholinosydnonimine exerted either cardiodepression in crystalloid buffer-perfused or car-

dioprotection in blood-perfused rat hearts [103].

One can conclude that exogenous ONOO� is toxic when applied in crystalloid-perfused

hearts; however, it can be protective under experimental conditions in which ONOO� first

reacts with thiol groups, thereby forming NO donors. It is questionable, whether this mechanism

of ONOO� detoxification is always of the capacity to eliminate a sufficient portion of ONOO�

at the site of its endogenous formation, especially under conditions of ischemia–reperfusion. To

our knowledge, there is no literature showing any tissue protective effect of endogenously

formed ONOO�. In contrast, many studies show that enhanced formation of ONOO� is the

myocardium is cytotoxic to the heart and contributes to: ischemia–reperfusion injury in isolated

rat hearts [74,75] and anesthetized rats [81], and in different other pathological models of

myocardial dysfunction in several species in vivo or ex vivo [73,104–108] including myocardial

inflammation in humans [109]. Many of these studies showed a correlation between endogenous

ONOO� formation and deterioration of cardiac function.

Taken together, there is a consensus in the literature that endogenously formed ONOO�

contributes to the injury to the heart as a result of ischemia–reperfusion and other cardiac

pathologies.

However, recent results also suggest that basal production of ONOO� in physiological amount

in the heart may have important regulatory functions [70]. For example, we have recently shown

that cardiac capsaicin-sensitive sensory nerves regulate myocardial relaxation via S-nitrosylation

of SERCA: sarcoplasmic reticulum Ca2+-ATPase, and that this mechanism involves basal

peroxynitrite formation [57].

5.5 NO is cardioprotective in ischemia–reperfusion injury

A number of ex vivo studies using isolated crystalloid buffer-perfused hearts have shown that

enhancing NO levels, either by applying NO donors, NO-dependent vasodilators, L-arginine

supplementation, angiotensin converting enzyme inhibitors, or pretreating the animal with

endotoxin analogs which enhance myocardial iNOS activity, functionally protect the heart

from acute stunning injury, and/or infarct size development [74,110–113]. Whether this

protective effect is due to the antioxidant properties of NO, lowering [Ca2þ]i via guanylate

cyclase, or other mechanisms is unclear at the moment.

In vivo studies show that NO donors improve the recovery of mechanical function and/or

reduce infarct size following ischemia–reperfusion. Subvasodilatory doses of NO donors [80],

L-arginine [114], or agonists of endothelium-derived NO [115] were shown to be protective (see

Ref. [116] for review). In vivo studies using eNOS knockout mice enhance the notion that the
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basal release of NO in the heart is an important endogeneous cardiac protectant, particularly in

regard to the prevention of neutrophil sticking and platelet activation. Infarct size in eNOS

knockout mice was larger than in the wild-type controls, with higher P-selectin expression and

significantly more neutrophils in hearts from eNOS knockout mice [117]. Yang et al. [118]

showed that the protective effect of an angiotensin converting enzyme inhibitor in ischemia–

reperfusion injury in wild-type mice was lost in the corresponding eNOS knockout mouse. In

contrast, an ex vivo study showed that the functional recovery of hearts from eNOS knockout

mouse was improved in comparison to wild-type controls [119], suggesting that NO generated

from eNOS contributes to stunning injury seen in early reperfusion.

6. NO, SUPEROXIDE, AND ONOO� IN EARLY PRECONDITIONING

The role of NO in early preconditioning was suggested first by Vegh et al. [29]. They demon-

strated that 10mg/kg L-NAME, NG-nitro-L-arginine-methyl esther administered both before and

after preconditioning abolished the antiarrhythmic effect of preconditioning in a coronary occlu-

sion model of anesthetized, open chest dogs [29]. Bilinska et al. [120] reported that infusion of the

NO donors nitroglycerin (500mM) or SIN-1 (10mM) for 5 min before coronary occlusion

mimicked the antiarrhythmic effect of ischemic preconditioning in isolated rat hearts. Using the

electron spin resonance technique to directly measure cardiac NO content we have shown that a

decrease in basal cardiac NO content before preconditioning, due to either in vivo pretreatment

with 1mg/kg L-nitroarginine [28], experimental hypercholesterolemia [121], or selective deple-

tion of neurotransmitters including NO from cardiac sensory neurons [32] lead to the loss of

pacing-induced preconditioning in isolated working rat hearts. However, preconditioning, in turn,

markedly decreased the accumulation of NO in the heart tissue during subsequent ischemia and

reperfusion in isolated working rat hearts [72]. In the presence of 4.6mM L-nitroarginine, a

nonvasoactive concentration in this model which reduced basal NO synthesis, preconditioning

failed to protect against ischemia–reperfusion and failed to attenuate NO accumulation produced

by ischemia–reperfusion. When L-nitroarginine was applied after the preconditioning protocol, the

effect of preconditioning on test ischemia–reperfusion and ischemic NO accumulation was not

affected [72,121]. These results prove that intact NO biosynthesis is required for the triggering

mechanism of preconditioning and further show that the cardioprotection provided by precondi-

tioning involves a mechanism which decreases the accumulation of NO in the myocardium during

ischemia and reperfusion. In accordance with this, Woolfson et al. [122] reported that the

limitation of infarct size after inhibition of NO synthesis by L-NAME shares a common mechan-

ism with ischemic preconditioning in rabbit hearts. Furthermore, preliminary studies byWang and

Zweier [123] showed that preconditioning decreases NO synthesis during subsequent ischemia

and this is associated with the protective effect of preconditioning in isolated rat hearts.

The nature of preconditioning-induced inhibition of NO synthesis is not known. Precondi-

tioning may decrease the rate of enzymatic and/or nonenzymatic [124] NO production during

ischemia–reperfusion by altering cellular pH and the availability of cofactors and/or arginine for

NO synthesis, or may possibly stimulate the formation of endogenous NOS inhibitors [125].

In contrast to the aforementioned studies, Lu et al. [126] reported that 10mg/kg L-NMMA or

L-NAME did not affect the antiarrhythmic effect of preconditioning in anesthetized rats with

coronary occlusion/reperfusion. Weselcouch et al. [127] showed that in rat hearts, 30 mM
L-NAME did not interfere with the effect of preconditioning on postischemic myocardial

function. In an isolated rabbit heart study, 100 mM L-NAME failed to block the infarct size
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limiting effect of preconditioning, nor it had any effect on infarct size without preconditioning.

However, exogenous NO production by during SNAP: S-nitroso-N-acetylpenicillamine

pretreatment was able to induce preconditioning via an antioxidant pathway [128]. In these

studies, surprisingly, the different NOS inhibitors neither interfered with preconditioning nor

the outcome of ischemia– reperfusion without preceding preconditioning. Since neither NO

generation nor NOS activities were determined in these studies and only a single dose of NOS

inhibitors were used, it is difficult to interpret these negative results.

The possible role for oxygen free radicals in preconditioning was suggested by Tanaka et al.

[129] who showed that the free radical scavengers SOD or mercaptopropionyl-glycine were

both able to inhibit the protective effect of preconditioning on infarct size in rabbits. Osada et al.

[130] reported that the antiarrhythmic effect of preconditioning was lost when the precondition-

ing ischemia was applied in the presence of both SOD and catalase in isolated rat hearts. Tritto

et al. [131] showed that a 5 min infusion of O2
� generated by purine–xanthine oxidase prior to

ischemia–reperfusion resulted in a reduction of infarct size in rabbit hearts, similar to the effect

of preconditioning. Activation of mitochondrial KATP channels has been shown by several

studies to play a role in preconditioning [11,132]; however, it was recently suggested that

opening of mitochondrial KATP channels triggers the preconditioned state by generating free

radicals [133]. These studies strongly suggest that the generation of free radicals during

preconditioning stimuli is necessary to trigger the protective machinery of preconditioning.

Preconditioning, in turn, attenuates the increased free radical synthesis during subsequent

ischemia–reperfusion [134]. Others, however, showed that preconditioning was not affected

by SOD in rabbit hearts [135,136].

As the majority of studies show that NO and oxygen free radicals are both required to elicit

preconditioning, it was plausible to speculate that formation of ONOO� is an important oxidative

stimulus to trigger cellular adaptive mechanisms. Altug et al. [137,138] have found that brief

exposure of isolated rat hearts to 1mMexogenousONOO�was capable ofmimicking the beneficial

effects of ischemic preconditioning, and this was abolished by the administration of the antioxidant

N-2-mercaptopropionylglycine. Others have shown that administration of ONOO�-generating
system triggered early preconditioning in rabbits in vivo. As exogenous ONOO� may not properly

reflect the effect of endogenous ONOO� formation, we have recently measured endogenous

ONOO� formation during preconditioning induced by three brief cycles ischemia and reperfusion

and also during subsequent test ischemia–reperfusion in isolated working rat hearts to clarify the

possible contribution of endogenous ONOO� to ischemic preconditioning.When test ischemia and

reperfusion was preceded by preconditioning, ONOO� formation was markedly attenuated upon

reperfusion [9]. We have also found that the first brief period of ischemia significantly enhanced

endogenous ONOO� formation upon the first brief period of reperfusion, which was significantly

reduced after subsequent cycles of brief ischemia–reperfusion periods [9]. These results show that

ONOO� formation during ischemia–reperfusion might act as a trigger for preconditioning, but

preconditioning in turn decreases formation of ONOO� upon subsequent cycle(s) of ischemia–

reperfusion (see Ref. [66] for review).

7. CGRP IN EARLY PRECONDITIONING

CGRP is an endogenous myocardial protective substance which plays an important role in

cardiac stress adaptation, i.e., preconditioning (see Ref. [30] for review). We have shown that in

capsaicin-pretreated rats, the cardioprotective effect of pacing-induced preconditioning was
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abolished in rats togetherwith depletion of cardiac CGRP and a decrease in basal NO content [32].

Others have shown that CGRP released by brief periods of ischemia triggers preconditioning in

isolated rat hearts, and that exogenous CGRP or low doses of capsaicin are able to induce

cardioprotection similar to that of induced by ischemic preconditioning. The mechanism of

CGRP-induced preconditioning is not exactly known. CGRP-mediated ischemic preconditioning

has been shown to be related to inhibition of cardiac tumor necrosis factor (TNF)-alpha produc-

tion, but not to activation of the KATP channel [139]. Whatever the mechanism of ischemic

preconditioning is, the aforementioned findings strongly suggest that CGRP is a key endogenous

mediator of preconditioning [140].

Drug-induced preconditioning has been also shown to stimulate release of CGRP from the

heart. In an isolated rat heart study, the cardioprotection afforded by nitroglycerin was abolished

by CGRP-(8-37), a selective CGRP receptor antagonist. Pretreatment with capsaicin, which

specifically depletes the transmitter content of sensory nerves, also abolished the protective

effects of nitroglycerin and markedly reduced the release of CGRP from the heart during

nitroglycerin perfusion. These findings suggest that nitroglycerin-induced preconditioning is

related to stimulation of CGRP release in rat hearts [141]. The cardioprotective effect

of bradykinin-induced preconditioning was also related to stimulation of CGRP release in the

rat [142].

We have previously shown that the cardioprotective effect of ischemic preconditioning is

attenuated in some disease states such as hyperlipidemia, diabetes, and aging (see Ref. [6] for

review). It has been shown that the decreased protection afforded by ischemic preconditioning

in aging and in diabetic hearts is related to reduction of the release and effect of CGRP in the rat

heart [143,144]. Moreover, a recent study by Zhong at al. showed that TRPV1 gene knockout

impairs preconditioning protection against myocardial injury in isolated perfused hearts in

mice.

8. NO AND ONOO� IN LATE PRECONDITIONING

In a conscious rabbit model of preconditioning with repetitive coronary occlusion/reperfusion,

Bolli et al. [145] reported that L-nitroarginine given either during preconditioning or 24 h later

abrogated the protective effect of preconditioning and that the selective iNOS inhibitors

aminoguanidine or S-methylisothiourea abolished preconditioning only when applied 24 h

after preconditioning. They also showed that preconditioning induces an increase in iNOS

mRNA levels in the ischemic regions of the rabbit heart, and that this induction is triggered

by increased generation of NO during the preconditioning stimulus [146]. Targeted disruption

of the iNOS gene in mice led to a complete blockade of late preconditioning [147].

Dexamethasone or selective iNOS inhibitors inhibited the late effect of preconditioning on infarct

size in anesthetized rabbits [148] and on arrhythmias in anesthetized dogs [149]. These results

suggest a dual role of NO in late preconditioning, as intact NO synthesis by eNOS is necessary to

trigger late preconditioning and NO derived from iNOS is a mediator of late protection (see Ref.

[10] for review). However, the exact role of iNOS in late preconditioning is not known as neither

NO level nor NOS activities were determined in the aforementioned studies.

The involvement of oxygen free radicals in late preconditioning was suggested by Sun et al.

[150] who showed that a combination of antioxidants (SOD, catalase, mercaptopropionyl-

glycine) infused during the preconditioning stimulus completely abolished the late effect of

preconditioning on stunning in conscious pigs. Zhou et al. [151] reported that isolated rat
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myocytes preconditioned with anoxia or with administration of superoxide both induced

late cytoprotection which was characterized by increased Mn SOD activity and decreased

superoxide production. Takano et al. [152] demonstrated that i.v. infusion of the NO donors

DETA/NO: diethylenetriamine-NONOate or SNAP induces cardioprotection 24 h later in con-

scious rabbits and this effect was lost when they were infused with mercaptopropionyl-glycine

[152]. This suggests that the mechanism whereby NO induces preconditioning involves the

generation of oxidant species, possibly ONOO�.
Taken together, these results suggest that both NO and oxygen free radicals are necessary

to trigger late preconditioning. Xuan et al. [153] have suggested that eNOS is the source of

NO during the trigger phase of delayed preconditioning. Since both free radical scavengers

and inhibitors of eNOS abolish delayed preconditioning, it has been proposed that the

formation of ONOO� is an important upstream event upon the triggering mechanism of

delayed preconditioning [154]. Preliminary studies by Emani et al. [155] have reported that

administration of a ONOO� generating system to rabbits evoked a delayed protective

response 24 h later, although interpretation in this study is difficult because under these

conditions ONOO� could serve as a donor of NO as discussed in detail above. It should be

noted that most of the aforementioned conclusions are based on mainly pharmacological

studies. To elucidate the exact role of NO, superoxide, and ONOO� in preconditioning

requires further biochemical evidence.

9. CGRP IN LATE PRECONDITIONING

The possible role of CGRP in late preconditioning has not been extensively studied, but

available experimental evidence suggests that CGRP release from cardiac sensory nerves may

be involved in the cardioprotective effect of late preconditioning.

Monophosphoryl lipid-A (MLA), an analog of bacterial endotoxin which evokes the late

phase of preconditioning, caused a significant increase in the expression of CGRP and hemox-

igenase-1 (HO-1) and in plasma concentrations of CGRP in rats. The cardioprotection as well as

the synthesis and release of CGRP induced by MLA were completely abolished by pretreatment

with zinc protoporphrin IX, an inhibitor of HO-1, or by capsaicin. These results suggest that the

delayed cardioprotection afforded by MLA is mediated by CGRP via activation of the HO-1

pathway [156].

It has been also shown that MLA-induced delayed preconditioning enhanced preservation

with cardioplegia and that the protective effect of MLA was related to stimulation of CGRP

release. MLA caused a significant increase in the expression of alpha-CGRP mRNA, but not

beta-CGRP mRNA, concomitantly with an increase in plasma concentrations of CGRP. The

increased level of CGRP expression happened before stimulation of CGRP release. The effect

of MLA was completely abolished by pretreatment with L-NAME, an inhibitor of NOS, or by

capsaicin. These results suggest that the delayed cardioprotection afforded by MLA involves the

synthesis and release of CGRP via the NO pathway, and that the protection is mainly mediated

by alpha-CGRP isoform [157].

Heat stress, similarly to brief ischemia, protects the myocardium against ischemia–

reperfusion injury. The early or delayed protection by heat stress has been shown to

involve endogenous CGRP synthesis and that can be abolished by pretreatment with

capsaicin [158]. Improvement of preservation with cardioplegia induced by heat stress

has been also demonstrated to be mediated by CGRP [159].
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10. NO, ONOO�, AND CGRP IN POSTCONDITIONING

Very little is known about the role of NO, ONOO, and CGRP in postconditioning, although

some preliminary studies has been published recently showing that both CGRP and NO might

play a role in postconditioning [3,160–162].

11. CONCLUSIONS/RELEVANCE

Severe myocardial ischemia and reperfusion deteriorates myocardial function and leads

to development of infarction. However, brief episodes of ischemia trigger an endogenous

cardioprotective mechanism knows as preconditioning. Cardiac capsaicin-sensitive nerves are

stimulated during ischemia and reperfusion and they are involved in the development of cardiac

stress adaptation known as early and delayed preconditioning via their ability to act as a sensor

of ischemia and a local effector due to release of cardioprotective mediators such as NO and

CGRP. Development of modulators of cardiac sensory nerve endings is an exciting new strategy

to protect the heart from ischemic stress injury and to preserve the endogenous stress adaptation

in some disease states.

ACKNOWLEDGMENTS

P.F. acknowledges the support of grants from the Hungarian National Scientific Research

Found (OTKA T046417), Hungarian Ministries of Health (ETT 597/2006) and Economy and

Transport (GVOP-TST0095/2004), the Wellcome Trust, as well as the National Office for

Research and Technology (5let-2006ALAP1-00088/2006, Jedlik-NKFP A1-2006-029, Asboth

2005). G.J. acknowledges the support of grants from the Hungarian National Scientific

Research Found (OTKA T046469, 63663) and Hungarian Ministry of Health (ETT 193/

2006).

REFERENCES

1. Braunwald EK. Myocardial reperfusion: a double-edged sword? J Clin Invest

1985;76:1713–1719.

2. Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a delay of lethal cell

injury in ischemic myocardium. Circulation 1986;74:1124–1136.

3. Ferdinandy P, Schulz R, Baxter GF. Interaction of cardiovascular risk factors with

myocardial ischemia/reperfusion injury, preconditioning, and postconditioning. Pharma-

col Rev 2007;59:418–458.

4. Baxter GF, Ferdinandy P. Delayed preconditioning of myocardium: current perspectives.

Basic Res Cardiol 2001;96:329–344.

5. Przyklenk K, Kloner RA. Ischemic preconditioning: exploring the paradox. [Review]

[263 refs]. Prog Cardiovasc Dis 1998;40:517–547.

6. Ferdinandy P, Szilvassy Z, Baxter GF. Adaptation to myocardial stress in disease states: is

preconditioning a healthy heart phenomenon? Trends Pharmacol Sci 1998;19:223–229.

Capsaicin-Sensitive Sensory Nerves in Myocardial Ischemia 279



7. Ferdinandy P. Myocardial ischaemia/reperfusion injury and preconditioning: effects of

hypercholesterolaemia/hyperlipidaemia. Br J Pharmacol 2003;138:283–285.

8. Zhao ZQ, Corvera JS, Halkos ME, Kerendi F, Wang NP, Guyton RA et al. Inhibition of

myocardial injury by ischemic postconditioning during reperfusion: comparison with

ischemic preconditioning. Am J Physiol Heart Circ Physiol 2003;285:H579–H588.

9. Csonka C, Csont T, Onody A, Ferdinandy P. Preconditioning decreases ischemia/reperfu-

sion-induced peroxynitrite formation. Biochem Biophys Res Commun

2001;285:1217–1219.

10. Bolli R, Dawn B, Tang XL, Qiu Y, Ping P, Xuan YT et al. The nitric oxide hypothesis of

late preconditioning [review]. Basic Res Cardiol 1998;93:325–338.

11. Schulz R, Cohen MV, Behrends M, Downey JM, Heusch G. Signal transduction of

ischemic preconditioning. Cardiovasc Res 2001;52:181–198.

12. Parratt JR. Possibilities for the pharmacological exploitation of ischaemic precondition-

ing. J Mol Cell Cardiol 1995;27:991–1000.

13. Baxter GF, Marber MS, Yellon DM. Myocardial stress response, cytoprotective

proteins and the second window of protection against infarction. In: Wainwright CL,

Parratt JR, eds. Myocardial Preconditioning. Austin, Texas: R.G. Landes Company, 1996;

pp. 233–250.

14. Walker DM, Yellon DM. Ischaemic preconditioning: from mechanisms to exploitation.

Cardiovasc Res 1992;26:734–739.
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ABSTRACT

Tachykinin-containing projections of capsaicin-sensitive primary afferent neurons widely

distribute to visceral organs of the respiratory, gastrointestinal, and genitourinary systems.

At this level, tachykinins, along with calcitonin gene-related peptide and other neuropeptides,

can be released by adequate stimuli having pathological rather than physiological relevance.

Such stimuli may represent chemical irritants to the respiratory tree or alimentary tract, or

noxious agents secreted into the urinary system. Tachykinins produced in the visceral organs are

part of the responses obtained at somatic level by antidromic activation of capsaicin-sensitive

nerve terminals and collectively known as “neurogenic inflammation”: that is, increase in

vascular permeability and plasma protein leakage followed by edema. In addition, tachykinins

produced at visceral level elicit smooth muscle contraction, neuronal stimulation, mucus

secretion, and recruitment/activation of immune cells. The physiological significance of these

effects is that to afford protection toward chemical irritants or noxious stimuli by facilitating

their removal from the body. Nonetheless, a large body of preclinical evidence exists indicating

that tachykinins participate to the genesis and/or maintenance of symptoms accompanying

various human diseases, such as asthma/bronchial hyperreactivity, cystitis of various etiologies,

inflammatory bowel diseases, and irritable bowel syndrome. Tachykinin receptor antagonists,

which are proved to prevent/reduce tachykinin-mediated effects in experimental animal models

of these pathologies, are expected to afford therapeutically relevant effects in humans.

1. INTRODUCTION

The term “neurogenic inflammation” is generally used to describe the inflammatory response

evoked by certain neurotransmitters released from the peripheral terminals of a subpopulation

of capsaicin-sensitive primary afferent neurons. Among the neurotransmitters which are stored

and released from the nerve terminals of these sensory neurons, the tachykinins (substance

P (SP) and neurokinin A (NKA)), and calcitonin gene-related peptide (CGRP) produce the

majority of the neurogenic inflammatory effects. Such inflammation occurs in peripheral

tissues, as documented by a large amount of studies appeared during the last 20 years. Here

we review the available evidence on tissue distribution of tachykinin-containing neurons, the
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nature of the stimuli required for evoking the release of neuropeptides from capsaicin-sensitive

nerve fibers, and the responses produced by tachykinins in organs belonging to the respiratory,

gastrointentinal, and genitourinary tracts, with indication of the tachykinin receptors involved.

The identification of the receptors mediating the effects of tachykinins has been made possible

by the introduction of receptor-selective antagonists since the last 10 years [1–5] and by the use

of tachykinin (NK1) receptor knockout animals. A list of most important studies with these

latter animals is summarized in Table 1. An attempt has also been made to distinguish between a

Table 1 List of studies investigating the role of tachykinins and tachykinin NK1 receptors (NK1R) in visceral

neurogenic inflammation by the use of genetically modified mice

Knockout Animal model/results Reference

NK1 R Chemically induced cystitis. Cyclophosphamide fails to induce plasma

protein extravasation in the urinary bladder of NK1 receptor (�/�) mice.

NK1 receptor-deprived mice also lack to exhibit typical behavioral responses

associated with painful cystitis.

[192]

NK1 R Antigen-induced cystitis. NK1 receptor (�/�) mice are protected from plasma

extravasation, edema, and migration of neutrophils elicited by intravesical

instillation of dinitrophenol 4 (DNP4)-ovalbumin. NK1 receptor-deprived

mice still exhibit antigen-induced mast cells degranulation.

[193]

Preprotachykinin A

gene (PPT-A)

Chemically induced cystitis. Irritation of lower urinary tract (by intravesical

acetic acid) in SP/NKA null mice induces a lower number (compared to

normal animals) of fos-positive neurons in spinal cord areas in which bladder

afferents terminate. Mutant mice also exhibit higher percentage of urinary

retention and overflow incontinence during cystometograms.

[251]

NK1 R Chemically induced colitis. Intracolon instillation of acetic acid or capsaicin

fails to induce tissue edema, acute (cardiovascular) reflex responses, and

behavioral spontaneous reactions to acuté visceral stimulus in NK1 receptor

(�/�) mice.

[192]

NK1 R Clostridium difficile-induced enteritis. NK1 receptor (�/�) mice are protected

from secretory and inflammatory reactions and epithelial damage caused by

intraluminal C. difficile toxin A administration.

[235]

Neutral endopeptidase

(NEP)

Chemically induced cholitis. NEP (�/�) mice undergo fourfold higher basal

protein plasma extravasation in the colon, and a more severe inflammatory

reaction to DNBS-induced colitis. The exacerbated inflammation in knockout

mice was prevented by administration of exogenous NEP or NK1 receptor

antagonist.

[252]

Neutral endopeptidase

(NEP)

C. difficile-induced enteritis. NEP (�/�) mice undergo a twofold higher

inflammatory responses caused by intraluminal C. difficile toxin

A administration. The exacerbated inflammation in knockout mice was

prevented by administration of exogenous NEP.

[253]

NK1 R Caerulein-induced pancreatitis. NK1 receptor (�/�) mice undergo a reduced

hyperlipasemia, neutrophil sequestration in the pancreas, and acinar cell

necrosis induced by caerulein, in comparison with wild-type mice.

[237]

NK1 R Diet-induced hemorragic pancreatitis. Genetic deletion of the NK1 receptor in

(�/�) mice significantly improved survival (100% vs. 8%) and reduced

pancreatic myeloperoxidase (MPO) and acinar cell necrosis, in comparison

with wild-type mice.

[238]

NK1 R Caerulein-induced pancreatitis. NK1 receptor (�/�) mice undergo a reduced

pancreatic plasma protein extravasation caused by caerulein, while they are

totally resistant to SP-induced plasma protein extravasation. Both caerulein-induced

hyperamylasemia and pancreatic MPO are also reduced in knockout mice.

[239]
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physiological (protective or trophic) role of the tachykinin-mediated inflammatory process from

more pathological conditions, although sharp boundaries cannot be easily drawn at the present

state of knowledge. Finally, the ability of tachykinin receptor antagonists to afford anti-

inflammatory effects and their possible use in human pathological conditions are discussed.

2. SOURCE OF TACHYKININS IN PERIPHERAL TISSUES

Tachykinins are a family of neuropeptides, which share the common C-terminal sequence

Phe–Xaa–Gly–Leu–Met–NH2. This sequence is crucial for their interaction with specific

receptors and for producing the most of their biological effects. Nevertheless, other domains

in tachykinin peptidic sequence are responsible for the production of certain effects; e.g., mast

cell degranulation is an effect encoded by the N-terminal sequence of SP [6]. SP, the first

peptide of tachykinin family, was discovered by Von Euler and Gaddum as early as in 1931,

whereas two other mammalian tachykinins, NKA and neurokinin B (NKB) were disclosed more

than 50 years later [7]. SP, NKA, and NKB are the mammalian tachykinins that have actually

reached an established status of neurotransmitters, whereas neuropeptide K and neuropeptide

g (two natural N-terminally extended forms of NKA) although being capable to produce full

biological responses (e.g., Refs [8,9]) have not been proved to play a neurotransmitter role yet.

Two genes have been identified in mammals encoding peptides of the tachykinin family: the

preprotachykinin I gene (PPT-I or PPT-A) which encodes both SP and NKA, and the preprotachy-

kinin II gene (PPT-II or PPT-B) which encodes NKB. The PPT-I gene has been detected in both

central and peripheral nervous system, in enteric neurons of the gut, and in various cells of the

immune system. In contrast, the PPT-II gene is expressed almost exclusively in the central nervous

system [7,10–14]. The lack of PPT-II gene expression in peripheral tissues explains why SP and

NKA are the only two tachykinins detected in appreciable amounts at this level. Recently, the

molecular cloning of a further preprotachykinin gene (termed PPT-C) has been described from

cDNA of murine hematopoietic cells [15]. The novel tachykinin encoded by PPT-C gene (termed

hemokinin I) was suggested to act as an autocrine factor for the growth of hematopoietic cells.

Zhang and coworkers [15] suggested also that hemokinin I would stimulate a specific receptor,

distinct from any other known tachykinin receptors. However, further in vitro and in vivo experi-

mentation has established that hemokinin I behaves as a tachykinin NK1 receptor-preferring agonist

[16]. In normal, noninflamed tissues, tachykinins originate from neuronal cells, being present in

(i) peripheral endings of capsaicin-sensitive primary afferent neurons [14] and (ii) enteric neurons

of both submucousal and myenteric plexuses innervating all layers of the gut [17]. In addition, in

inflammatory processes certain activated immune cells synthesize and possibly release tachykinins,

thus representing a nonneuronal source of releasable tachykinins in inflamed tissues [18–20].

3. TACHYKININ RECEPTORS

Following the discovery of NKA and NKB, evidence was provided for the existence of three

distinct receptors (termed NK1, NK2, and NK3) mediating the biological actions encoded by the

common C-terminal sequence of tachykinins. SP, NKA, and NKB were initially considered to

be the “preferred” ligands for the tachykinin NK1, NK2, and NK3 receptors, respectively

[6,14,21–23]. However, this concept has been challenged by radioligand binding and functional

experiments that have shown both NKA and NKB to be as potent as SP at stimulating the
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tachykinin NK1 receptor [24–26]. Moreover, all three mammalian tachykinins (SP, NKA, and

NKB) possess the ability to act as full agonists at each one of the three receptors, albeit

at different concentrations. The cloning of further tachykinin receptor showing a high degree

of structural homology and a similar binding profile to the previously identified NK3 receptor

protein, has been reported [27,28]. However, a recent attempt to isolate this receptor (referred to

as “NK4” or “NK3B” in literature) or identify the corresponding gene by the use of various

molecular biological techniques in humans and other species, was unsuccessful [29].

The tachykinin NK1, NK2, and NK3 receptors belong to the superfamily of rhodopsin-like,

G-protein-coupled receptors with seven transmembrane spanning segments. Stimulation of

phosphoinositol (Pi) breakdown is a common effector system coupled to each one of the

three tachykinin receptors, although other intracellular pathways are triggered upon occupation

of tachykinin receptors as well, e.g., leading to cAMP formation and increased arachidonic acid

metabolism [30–34]. Marked species-related differences in pharmacology exist for all three

tachykinin receptors, revealed by the use of selective tachykinin receptor antagonists [14,35].

4. TACHYKININ-MEDIATED NEUROGENIC INFLAMMATION IN THE AIRWAYS

4.1 Source of tachykinins in the airways

The presence of a sensory innervation of the airways, from which tachykinins and other

neuropeptides are released from peripheral nerve terminals, has been originally described

in the guinea pig [36–41]. Extrinsic nerve fibers containing tachykinins have also been detected

in human airways [38,40,42], although their density is much lower compared to that found in

other animal species [38,43]. SP and NKA have been found in bronchoalveolar lavage fluid of

both asthmatic and nonasthmatic subjects [44,45]. Application of irritant stimuli thought to

activate capsaicin-sensitive primary afferent neurons provokes production of secretions in

which tachykinin-like immunoreactivity has been detected. It is worth noting that the amount

of tachykinins present in secretions produced by inflamed airways has been found higher than in

normal airways. For example, SP levels in bronchial and nasal lavage fluids of patients

suffereing for allergic asthma challanged with allergens were higher than those measured in

normal subjects [44,46]. Likewise, SP content measured in sputum induced by inhalation of

hypertonic saline was higher in asthmatic patients and in patients suffering for chronic bron-

chitis than in healthy subjects [47]. A possible upregulation of tachykinin-containing nerves in

asthmatics is suggested by certain studies (e.g., Ref. [19]), although other studies have failed to

confirm this finding [48–50]. Lilly et al. [49], failed to detect any increase of SP-like immunor-

eactivity (SP-LI) in tracheal lung extracts from asthmatic subjects, and suggested that this could

be due to augmented release of SP followed by degradation. An alternative explanation of the

discrepancy between the reported increase of tachykinin-LI detected in secretions collected

from patients affected by inflammatory airway diseases on one hand, and the apparent lack of

overexpression of tachykinin-containing nerve profiles in airways of these latter subjects on the

other, is that large amounts of tachykinins are released by cells belonging to the immune

system, that are attracted in respiratory tissues by the inflammatory process [51]. This latter

nonneuronal source of tachykinins is now considered to play a significant role in tachykinin-

mediated inflammatory diseases of the airways (and possibly of other organs). In this regard,

there is an accumulating evidence that immune cells such as eosinophils, lymphocytes, macro-

phages, and monocytes are actually able to synthesize and possibly release SP and other
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tachykinins in peripheral tissues [20,52]. For example, Tramontana and coworkers [53]

have recently shown that the late phase of airway hyperreactivity in guinea pigs induced

by i.v. Sephadex beads is accompanied by increased inflammatory cells (eosinophils and

macrophages) and tachykinins (SP and NKA) in bronchoalveolar lavage fluid. As the late

Sephadex-induced bronchial hyperreactivity was prevented by a tachykinin NK2 receptor-

selective antagonist (nepadutant [53]) but not by capsaicin pretreatment of the animals. It was

concluded that tachykinins, released from inflammatory cells recruited/activated by Sephadex

challenge, were responsible for the observed bronchial hypersensitivity. Furthermore, the

observations that (i) autacoids such as histamine, serotonin, nerve growth factor, and cytokines

(generated by mast cells, macrophages, eosinophils, and lymphocytes) are capable of stimulate

capsaicin-sensitive sensory nerves terminals, which in turn release tachykinins (along with other

neuropeptides) [20,54,55], and (ii) that tachykinins in turn possess the ability to recruit and

stimulate the function of attracted/resident immune cells in inflamed tissues [14], add further

complexity to the existing relationships among immune cells, tachykinins, and capsaicin-

sensitive primary afferent neurons during the inflammatory process.

4.2 Stimuli capable of releasing tachykinins in the airways

A number of stimuli thought to provoke the release of tachykinins in the airways of several

animal species have been described (Table 2). The biological responses produced by these

stimuli are dependent on the presence of intact capsaicin-sensitive sensory innervation, and are

mimicked by exogenous administration of tachykinins and are prevented by tachykinin receptor

antagonists. Since most stimuli capable of releasing tachykinins from sensory nerves are of

Table 2 Examples of adequate stimuli producing tachykinin release from nerve endings of capsaicin-sensitive

primary afferent neurons at visceral level

Respiratory system

Exposure to allergens (e.g., ovalbumin) of sensitized animals.

Inhalation of chemical–physical irritants such as capsaicin, ozone, acrolein, cigarette smoke, industrial pollutants

(e.g., toluene diisocyanate), gastric juice, hydrocloric and other acids, hypertonic saline, and cold air.

Stimulation afforded by proinflammatory autacoids such as histamine, serotonin, bradykinin, cytokins, and nerve

growth factor.

Genitourinary system

Exposure to allergens (e.g., ovalbumin) of sensitized animals.

Administration (e.g., intravesical instillation) of chemical irritants such as capsaicin and capsaicin-like substances,

xylene, cyclophosphamide, acrolein, industrial pollutants (e.g., toluene diisocyanate), acidic media, and

hypertonic media.

Stimulation afforded by products of bacterial metabolism (e.g., FMLP).

Stimulation afforded by constituents of urine such as potassium and bradykinin.

Application of mechanical stimuli (e.g., bladder distension, ureteral catheterization).

Gastrointestinal system

Exposure to allergens (e.g., ovalbumin) of sensitized animals.

Administration (e.g., intracolon instillation) of chemical irritants such as capsaicin, castor oil, dinitro- or trinitro-

benzensulfonic acid, dextran sulfate, formalin, acetic acid, and other acidic media.

Bacterial infection (e.g., Trichinella spiralis, Nyppostrongylus brasiliensis, Salmonella)

Administration of bacterial toxins (e.g., Clostridium difficile toxin A)

Application of physical (e.g., g-irradiation) or mechanical stimuli (intestinal wall distension); caveat: depending on

the intensity of the stimulus either intrinsic neurons or extrinsic nerve fibers can be activated.
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pathological rather than physiological relevance, the idea that tachykinins may participate in the

genesis of asthma/bronchial hyperreactivity and rhinitis was advanced [56]. Several chemical/

physical irritants have been shown to provoke asthmatic-like reactions in laboratory animals,

such as capsaicin [36,57], toluene diisocyanate [58], ciragette smoke [59], gastric juice [60],

hydochloric acid [60,61], ozone [62–64], and cold air [65]. Exposure of sensitized animals

to antigens, like ovalbumin, represents a well-experimented challenge, which produces

tachykinin-mediated bronchoconstriction, plasma protein extravasation, and bronchial hyperre-

sponsiveness [66–68].

4.3 Biological effects of tachykinins in the airways

4.3.1 Airway smooth muscle contraction

One of the most impressive effects produced by tachykinins in the airways of certain mammalian

species, humans included, is tracheal and bronchial smooth muscle contraction (Table 3). In

guinea pig isolated airways, atropine-resistant contractions can be evoked by electrical nerve

stimulation, which is a noncholinergic response and is prevented by capsaicin pretreatment

[36,41]. It was also demonstrated that caspsaicin itself produces atropine-resistant contractions

insensitive to tetrodotoxin [69]. These facts served as the basis for proving the existence of

sensory nerves in the airways that work in an “efferent” mode. Subsequent in vitro and in vivo

studies have demonstrated that both SP and NKA are released from capsaicin-sensitive primary

afferents to produce tracheo-bronchial contraction and that tachykinin NK2 and, at a lesser

extent, NK1 receptors mediate this effect in the guinea pig [14,70,71]. In rabbit isolated airways,

capsaicin is able to produce a contractile response that is somewhat smaller than that obtained

by activation of cholinergic nerves [72,73]. In this species, SP produces tracheo-bronchial

contractions that are reduced by atropine [74], suggesting an additional facilitatory role

of tachykinins on acetylcholine release from cholinergic nerve terminals. Subsequently, Belvisi

et al. [75] have shown that the facilitatory role of tachykinins on cholinergic neurotransmission

in the rabbit is mediated by both NK1 and NK2 receptors, whereas no facilitatory role could be

demonstrated in human isolated bronchus [75]. The failure of tachykinin agonists to enhance

cholinergic neurotransmission in the human bronchus, as reported by Belvisi and coworkers

[75], is at variance with the results obtained by Black et al. [76] who observed a potentiation of

electrically induced cholinergic contractions. However, this latter study was performed in the

presence of K+ channel blockade [76]. In human isolated bronchus, tachykinins behave as

powerful spasmogens [77,78]. Early investigations performed with natural tachykinins

(SP, NKA, and NKB) and certain receptor-selective agonists suggested that tachykinin-induced

contractions of human isolated bronchial smooth muscle are exclusively mediated by receptors

of the NK2 type [79,80]. This conclusion was reinforced by the use of tachykinin receptor-

selective antagonists [81,82]. However, more recent studies performed in human isolated small-

size bronchi (about 1mm diameter [83] and medium-size bronchi 92–95mm diameter [84])

have proved a role also for the NK1 receptor, by showing that tachykinin NK1 receptor

activation leads to prostanoid-dependent and prostanoid-independent contractions, in small-

size vs. medium-size bronchi, respectively. Inhalation of SP or NKA has been reported by

several groups to produce bronchoconstriction in asthmatic patients, NKA being more potent

than SP [85–87], whereas inhalation of these tachykinins failed to change specific airway

conductance in healthy nonsmoking volunteers [85]. Since the bronchoconstriction produced

by inhaled tachykinins in asthmatics can be prevented by either nedocromil sodium or sodium
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cromoglycate [88,89] or partially prevented by zafirlukast [90], the involvement of other

inflammatory mediators in the above responses has been postulated (see Ref. [90] for review).

4.3.2 Plasma protein extravasation

Increase in vascular permeability and plasma leakage are most peculiar signs of neurogenic

inflammation occurring in the skin in response to antidromic activations of capsaicin-sensitive

sensory nerves, as reported by the pioneering studies of Jancsò and coworkers (see Ref. [14] for

review). In rat and guinea pig airways, administration of capsaicin and other irritants or exogenous

tachykinins produce plasma protein extravasation, a response that is prevented by capsaicin

pretreatment of the animals [14,91]. Neurogenic plasma leakage induced by capsaicin or SP has

recently been demonstrated also in mouse airways [92] but only in the presence of inhibitors of

peptidases. In contrast, direct evidence for plasma protein extravasation elicited by capsaicin in

Table 3 Main pathophysiological effects produced by tachykinins at visceral level and tachykinin receptors involved

Effect Receptor

Respiratory system

Tracheo-bronchial smooth muscle contraction NK2/NK1

Plasma protein extravasation NK1 (NK2/NK3)

Mucus secretion (from both upper and lower airways) NK1

Recruitment/stimulation of resident inflammatory cells NK1/NK2 (NK3)

Neuronal stimulation NK3

Genitorurinary system

Smooth muscle contraction of urinary bladder, urethra (corpus

spongiosum), corpus cavernosum, ureter, renal pelvis, vas

deferens, myometrium

NK2/NK1

Smooth muscle relaxation of corpus spongiosum and cavernosum NK1

Plasma protein extravasation NK1

Recruitment/stimulation of resident inflammatory cells NK1/NK2

Activation of chemically induced detrusor muscle hyperreflexia NK2

Gastrointestinal system

Gastrointestinal smooth muscle contraction of both circular and

longitudinal layers. Contribution to peristalsis (under

physiological conditions) or to exaggerated intestinal motility

(associated with inflammatory or infectious diseases: e.g.,

diarrhea)

NK1/NK2/NK3

Gastrointestinal smooth muscle relaxation (afforded by inhibitory

transmitters released from enteric neurons). Contribution to

postsurgical intestinal atony

NK1/NK3

Neuro-neuronal communications in enteric plexuses, leading to

release of excitatory (Ach, tachykinins) or inhibitory (NO, VIP)

transmitters from enteric neurons

NK3/NK1/NK2

Water/ions secretion from intestinal epithelium NK1/NK2/NK3

Genesis and/or maintainance of symptoms associated with acute or

chronic inflammatory diseases (Crohn’s disease, ulcerative

colitis, etc.) and pancreatitis.

NK1

Pain arising from gastrointestinal system (visceral nociception) NK2 (NK3)

Note: See the text for references.
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human airways has not been reported yet [93]. The use of tachykinin receptor-selective

antagonists has allowed to identify the NK1 receptor as the main mediator of plasma protein

extravasation provoked in rat and guinea pig airways by tachykinin receptor-selective agonists,

capsaicin, and other irritant agents [14,51,91,94,95]. In addition, tachykinin NK2 receptors have

been reported to mediate plasma extravasation in the lower respiratory tract (i.e., secondary

bronchi and intraparenchymal airways) of the guinea pig [96,97]. Daoui et al. [98–100] have

shown that the NK3 receptor-selective antagonist SR 142801 prevents the potentiation of hista-

mine-induced microvascular leakage produced by aerosol pretreatment with SP, citric acid, or

NK3 receptor-selective agonists in the guinea pig, thus suggesting a role also for the tachykinin

NK3 receptor in mediating neurogenic inflammatory responses in the airways.

4.3.3 Mucus secretion

Another component of the neurogenic inflammatory response observed in both upper and lower

airways following sensory nerves stimulation is production of secretions. Evidence has been

provided that also this effect is mediated by endogenous tachykinins released from sensory

nerves upon application of irritant stimuli. For example, capsaicin inhaled by animals [101] or

human volunteers (both healthy or suffering from vascular/allergic rhinitis) causes abundant

nasal secretion accompanied by sneezing, pain [102,103], and neurogenic plasma protein

extravasation [104]. This set of responses enlights a defensive role played by capsaicin-sensitive

sensory nerves in the nasal mucosa against environmental inhaled irritant agents. The involve-

ment of tachykinins in capsaicin-induced nasal responses is suggested by the observation that

inhaled tachykinins [101,102] mimic the effects of capsaicin, and can be blocked by a tachy-

kinin receptor antagonist [101]. In the lower respiratory tract, tachykinins are able to elicit

mucus secretion from both submucous glands [105,106] and from goblet cells [107],

via activation of the tachykinin NK1 receptors [106,108].

4.3.4 Further effects of tachykinins in the airways

SP possesses the ability to degranulate mast cells, leading to release of reactive agents such as

histamine, serotonin, prostaglandins, and others: this effect would be encoded by the N-terminal

sequence of SP [109,110]. Furthermore, tachykinins possess the ability to attract and/or

stimulate various resident inflammatory cells in the airways; this ability is nowadays regarded

as an important step in development and maintenance of neurogenic inflammation

[14,20,52,55]. In particular, tachykinins have been shown to enhance lymphocyte proliferation

[111], stimulate alveolar macrophages [112] and monocytes [113], and recruit neutrophils into

the airways [114]. Tachykinin NK1 and NK2 receptors have been indicated as mediators of both

recruitment and activation of leukocytes in the airways [115]. This concept has recently been

reinforced by experiments performed with tachykinin NK1 (SR 140333) and NK2 (SR 48968)

receptor-selective antagonists given by aerosol to ovalbumin-sensitized conscious unrestrained

guinea pigs, before ovalbumin challenge of the animals [116,117]. These authors reported that

SR 140333 reduced allergen-induced infiltration of eosinophils, neutrophils, and lymphocytes

(collected in bronchoalveolar lavage fluid) [116] while SR 48968 inhibited the allergen-induced

infiltration of neutrophils and lymphocytes in guinea pig airways [117]. Additional evidence has

recently been provided for a possible role played by the NK3 receptor in inflammatory cell

recruitment by the use of SR 142801 (NK3 receptor-selective antagonist), which significantly

reduced both neutrophils and eosinophils accumulation in ovalbumin-challenged mice [118].
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4.4 Clinical trials with tachykinin antagonists in respiratory diseases

The available clinical studies reporting on effectiveness of tachykinin receptor antagonists in

human pathological conditions of the airways, consist in few investigations in which these

substances were used to prevent asthmatic reactions provoked by various irritating stimuli

(Table 4). In the first of these reports, Ichinose and coworkers [119] claimed the effective-

ness of the dual (NK1/NK2) tachykinin receptor antagonist FK 224, in preventing both cough

and bronchoconstriction elicited by inhaled bradykinin in asthmatic patients. However,

further investigations with FK 224 failed to prove this compound capable to block NKA-

induced bronchoconstriction in asthmatics [120] or to ameliorate symptoms/lung function in

patients suffering of mild to moderate asthma [121]. The use of a tachykinin antagonist

selective for the NK1 receptor, the nonpeptide compound CP 99994, did not afford better

results, since CP 99994 was proved unable to prevent bronchoconstriction and cough

induced by hypertonic saline in mild asthmatic patients [122]. Likewise, the tachykinin

NK1 receptor-selective antagonist FK 888 failed to afford beneficial effects on exercise-

induced bronchoconstriction in asthmatics, but significantly shortened the recovery times

[123], suggesting a possible role of tachykinin NK1 receptors in the late bronchoconstrictor

response to exercise. On the other hand, SR 48968 (saredutant), a tachykinin NK2 receptor-

selective antagonist [124], has been the first tachykinin antagonist compound found active

(by oral route) in reducing bronchoconstriction provoked by inhaled NKA, in mild asthmatic

patients [125]. The capability of tachykinin NK2 receptor-selective antagonists to prevent

NKA-induced bronchoconstriction in asthmatics has been further demonstrated by the use of

nepadutant [126], in a double-blind, placebo-controlled cross-over trial [127]. Nevertheless, a

recent study [128] has reported that saredutant (100mg once a day, per os) was unable to

reduce airways hyperresponsiveness caused by adenosine 50-monophosphate in allergic asth-

matic patients. Encouraging results have recently been obtained by the use of a dual

tachykinin NK1/NK2 receptor antagonist (DNK 333A, 100mg per os) [129], in preventing

bronchoconstriction evoked by inhaled NKA in mild asthmatic patients. Further trials are

awaited to prove the efficacy of tachykinin receptor blockers to counteract bronchoconstric-

tion and inflammation occurring in asthma, bronchial hyperactivity, and other inflammatory

diseases of the airways.

Table 4 Human visceral diseases in which tachykinins are thought to play a role during the genesis and/or in the

maintenance

Respiratory system

Asthma

Bronchial hyperreactivity

Rhinitis

Genitourinary system

Cystitis of different etiologies

Gastrointestinal system

Inflammatory bowel diseases

Pancreatitis

Irritable bowel syndrome

Note: See the text for references.
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5. TACHYKININ-MEDIATED NEUROGENIC INFLAMMATION

IN THE GENITOURINARY TRACT

5.1 Source of tachykinins in the genitourinary tract

All the organs of upper and lower urinary tract and the genital organs of various species,

including humans, are densely innervated by peripheral projections of capsaicin-sensitive

primary afferent neurons, that represent the main if not the sole source of tachykinins in

noninflamed tissues of this area [14,130]. In the urinary bladder of rats and guinea pigs,

perivascular nerve fibers containing SP-LI and NKA-LI (along with CGRP-LI) enter the base

and distribute throughout the detrusor muscle up to the dome: at this level, the density of these

fibers is significantly less than that observed in the neck [131–134]. Systemic administration of

capsaicin to rats and guinea pigs leads to quite complete loss of fibers containing SP- and

CGRP-LI in both the bladder and urethra, thus proving their sensory origin [132,133,135]. The

human urinary bladder bears tachykinin-containing nerve fibers which follow a similar dis-

tribution to that found in rodents, although their density and levels of extractable tachykinin-LI

in human tissues is lower than that present in small rodents [14,136,137]. Interestingly, the

number of fibers containing tachykinins, as well as tissue content of tachykinins, were increased

by chronic inflammation of the urinary bladder or bladder dysfunction (outflow obstruction) in

rats [138–140]. Tachykinin-containing nerve fibers were also increased in the bladder of

patients affected by idiopathic micturition disorders such as interstitial cystitis [141,142].

Interstitial cystitis is further characterized by an increase in the expression of tachykinin

(NK1/NK2) receptors [143,144]. Tachykinin-containing nerve fibers have been described in

other human organs belonging to the genitourinary tract such as the urethra [145,146], renal

pelvis, and ureter [147–149], uterus and Fallopian tubes [150,151], and erectile tissues of the

penis [145,146,152]. The density is normally lower than that found in corresponding tissues of

other species.

5.2 Stimuli capable of releasing tachykinins in the genitourinary tract

As in the airways, several stimuli of different nature (chemical, physical, or mechanical) of

pathological rather than physiological relevance, have been shown to produce neurogenic

inflammatory responses in the genitourinary tract of several animal species (Table 2).

These inflammatory responses are dependent on the presence of intact capsaicin-sensitive

sensory innervation, and are mediated by tachykinin receptors as shown by the use of either

tachykinin receptor agonists, which mimic these effects, or by tachykinin receptor antagonists

which can prevent them. In addition, the development of tachykinin NK1 receptor knockout

mice has shown that these animals are insensitive/less sensitive to these stimuli (Table 1).

Among the stimuli described to induce tachykinin-mediated inflammatory responses, there are

chemical irritants such as capsaicin and capsaicin congeners [153–155], acrolein [156], xylene

[157], and cyclophosphamide [158]. A local release of sensory neuropeptides, producing

inflammatory effects in the mammalian urinary bladder and urethra, has been reported in

response to low pH media [159], hypertonic media [160], formyl-methionyl-leucyl-phenylalanine

(FMLP) (a product of bacterial metabolism [161]), and certain constituents of urine such as

potassium [162] and bradykinin [163]. Examples of mechanical stimuli capable of producing

responses through activation of capsaicin-sensitive sensory nerves are bladder distension (muscle

stretch) [164] and ureteral catheterization [165] (see Refs [14,167] for reviews).
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5.3 Biological effects of tachykinins in the genitourinary tract

5.3.1 Smooth muscle contraction

Smooth muscle contraction is one of the most investigated effects produced by tachykinins

throughout the genitourinary tract (Table 3). The urinary bladder detrusor muscle and urethra of

all mammalian species thus far examined respond with a contraction to exogenously applied

tachykinins, which stimulate NK1 or NK2 receptors or both, depending on the species

considered (see Ref. [14] for review). In humans, tachykinin-induced urinary bladder contrac-

tion is exclusively mediated by the NK2 receptor [167], as in the human urethra [168,169] and

human ureter [170]. In the urinary bladder of small rodents, capsaicin elicits contractile

responses through release of endogenous tachykinins from sensory nerves [154,171], while it

does not produce any motor effect in bladders from other species, humans included [172]. In the

rat bladder, capsaicin-sensitive sensory nerves can also be activated by application of electrical

stimuli of sufficient long duration [173]. In the spontaneously active guinea pig renal pelvis,

both inotropic and chronotropic effects can be obtained by administration of exogenous tachyki-

nins, as well as by administration of capsaicin or application of electrical nerve stimulation: these

latter treatments being reported to induce release of endogenous tachykinins [174]. Exogen-

ously applied tachykinins also elicit rhythmic phasic contractions in the quiescent ureter of

several species, including humans [170]. However, unlike the renal pelvis, administration of

capsaicin or application of electrical field stimulation to the ureter do not mimic the spasmo-

genic effect of tachykinins. Rather, in the presence of induced ureteral motility, either treat-

ments produce inhibitory effects [14,175]. This is thought to be due to the higher sensitivity of

the ureter (compared to the renal pelvis) to the inhibitory action of CGRP, that is normally

coreleased with tachykinins in these organs [14,175]. On this basis, Santicioli and Maggi [175]

have suggested that the pathophysiological significance of sensory nerve activation in the

pyeloureteral system is to facilitate the removal of chemical irritants, or noxious stimuli, from

the urinary tract. For example, bacterial chemotactic peptides generated during infections and

other harmful constituents or urine may surve as irritants (whose diffusion to the urothelium

may be caused by tissue lesions produced by stones). This goal would be made possible by the

predominant ability of the released tachykinins to increase motor activity in the renal pelvis and

by the concomitant ability of CGRP to inhibit latent pacemakers in the ureter; two effects which

ensure unidiretional peristalsis of urine from kidney to the bladder [175].

Tachykinins have been shown to produce motor effects in smooth muscles of various genital

organs. For example, in the human corpus spongiosum urethrae and corpus cavernosum,

tachykinins produce contraction via NK2 receptors but, in the same tissues, NK1 receptor-

mediated relaxations of precontracted tissues can be evoked by tachykinins, through formation

of endogenous NO of nonneurogenic origin (possibly released from endothelial cells) [176].

In the vas deferens of various species, tachykinins exert a facilitatory effect on twitch contrac-

tions elicited by electrical stimulation [177–179]. Nevertheless, capsaicin produces inhibition of

twitch contractions of the electrically driven vas deferens; an effect due to a higher sensitivity of

the organ to CGRP over the coreleased tachykinins (see Ref. [14] for discussion). Tachykinins

produce excitatory motor responses in the isolated myometrium from nonpregnant rats and mice

(see Ref. [180] for review). Recently it has been shown that tachykinins elicit NK2 receptor-

mediated contractions of human myometrium obtained from pregnant women near term [181];

this finding suggests a possible role of tachykinins in modulating uterine contractility in women

at term [180,181].
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Exogenously administered tachykinins, besides stimulating ureteral peristalsis, are able to

activate the micturition reflex in anesthetized animals (see Refs [166,175] for reviews). Thus, it

could be hypothesized that endogenous tachykinins, released into the bladder wall, take part

into the voiding mechanism of the urinary bladder. However, Lecci and coworkers [164,182]

provided evidence against a peripheral role of tachykinins in initiating volume-evoked micturi-

tion reflex in rats, by showing that peripherally acting tachykinin NK1 and/or NK2 receptor

selective antagonists are unable to modify the urodynamic parameters of distension-induced

micturition, under physiological conditions. Rather, endogenous tachykinins acting via NK2

receptors have been shown to contribute to detrusor hyperreflexia generated by noxious stimuli,

as proved by the ability of tachykinin NK2 (but not NK1) receptor-selective antagonists to

correct altered urodynamic parameters (micturition frequency and bladder tone) following

intravesical administration of irritant agents in rats (such as capsaicin, prostaglandin E2, xylene,

and Escherichia coli lipopolysaccharide) [183–187]. It may be speculated that endogenous

tachykinins mediate chemically induced hyperreflexia of the detrusor muscle by directly

stimulating afferent nerve fibers in the mucosal layers of the bladder, on which specific

(NK2) receptors are expressed. Alternatively, tachykinins might act indirectly by stimulating

generation of other local transmitters such as prostanoids (see Ref. [188] for discussion).

5.3.2 Plasma protein extravasation

As observed in the airways, plasma protein extravasation can be produced in an acute inflam-

matory response by exogenously applied tachykinins in organs of the urinary tract, or by agents

that stimulate the release of tachykinins from sensory nerves, such as capsaicin [94], xylene

[189], cyclophosphamide [156], or antigens in sensitized animals [190]. It has been reported

that the intensity of tachykinin-induced plasma protein extravasation decreases from the ureters

and urethra to the bladder: at this level it is greater in the base than in the dome (see Ref. [14] for

review). As in the airways, tachykinin-mediated plasma protein extravasation in the urinary

tract requires activation of tachykinin receptors of the NK1 type. The involvement of tachykinin

NK1 receptors in mediating this effect has been proved since the introduction of the first

receptor-selective agonists and antagonists [94]. Recently, the involvement of the NK1 receptor

has been confirmed by the failure of cyclophosphamide either to produce plasma protein

extravasation in the urinary bladder or NK1 receptor knockout mice, or to induce pain-related

behavioral responses in these genetically modified animals [191] (Table 1). Likewise, Saban

et al. [192] reported that NK1 receptor knockout mice are protected from plasma extravasation,

bladder edema, and migration of neutrophils in a model of antigen-induced cystitis (Table 1).

However, mice lacking the NK1 receptor exhibited a similar bladder mast cell degranulation in

response to antigen challenge, as did wild-type mice [192]. This latter finding is in keeping with

previous observations showing that SP-induced plasma protein extravasation (in rat bladder)

can be reduced by indomethacin or compound 48/80 [157]. Thus, the evidence so far collected

indicates that party of SP-induced plasma protein extravasation is an effect independent from

NK1 receptor activation, possibly due to mast cell degranulation and release of prostanoids.

5.4 Pathophysiological significance of tachykinin-induced neurogenic inflammation

in the genitourinarty tract

As outlined in the above sections, the physiological significance of the acute effects produced

by tachykinins, released in the genitourinary tract along with CGRP upon stimulation of
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capsaicin-primary afferent nerve terminals, seems to be that to afford protection by facilitating the

removal of the noxae (Table 4). On the other hand, the bulk of data collected in in vitro and in in

vivo studies on animal models of urinary diseases, suggests that tachykinins could be involved in

producing symptoms accompanying cystitis of different etiologies. Nonetheless, the therapeutical

potential of tachykinin receptor antagonists in human diseases of the urinary tract has not been

investigated yet, despite these latter compounds have been proved effective in the preclinical trials.

6. TACHYKININ-MEDIATED NEUROGENIC INFLAMMATION

IN THE GASTROINTESTINAL TRACT

6.1 Source of tachykinins in the gastrointestinal tract

Alike respiratory and genitourinary systems, the quantitatively most abundant source of tachy-

kinins in the gastrointestinal tract is represented by intrinsic (enteric) neurons, localized in the

myenteric and submucosal plexuses and projecting to all tissue layers of the gastrointestinal

channel, including circular and longitudinal smooth muscle layers. Spinal and vagal primary

afferent neurons and immune cells contribute the rest of tachykinin content in gastrointestinal

organs. Unlike tachykinin-containing peripheral fibers of primary afferent neurons, tachykinin-

containing enteric neurons are insensitive to the excitatory and neurotoxin actions of capsaicin

[14,17,193]. In keepingwith the reported distribution of tachykinins in the gut, the levels of SP-LI

in tissue extracts from the gastrointestinal tract do not change significantly in capsaicin-pretreated

animals, compared to controls [194]. Likewise, tachykinin-immunoreactive neural network

innervating the common bile duct of the guinea pig is not modified by capsaicin pretreatment

of the animals [195].

6.2 Stimuli capable of releasing tachykinins in the gastrointestinal tract

Tachykinins stored in primary afferent nerves can be released by stimuli, mainly or irritative

nature, similar to those provoking their release in the airways and genitourinary tracts (Table 2).

The most specific substance capable of stimulating the primary afferent neurons, capsaicin, has

been reported to induce inflammatory responses (plasma extravasation) in the gastrointestinal

tract, with the small intestine being more sensitive than stomach or colon [196]. The adminis-

tration of antigens (e.g., ovalbumin), bacterial toxins (e.g., Clostridium difficile toxin A), acids,

and other irritating substances (e.g., castor oil), provokes the release of tachykinins and other

neuropeptides from extrinsic primary afferent neurons in experimental animal models, which

contribute to the establishment of pathological-like conditions, as documented by a large

number of studies (see Ref. [197] for review). On the other hand, tachykinins stored in enteric

neurons can be released by mechanical (i.e., intestinal wall distension) or chemical (synaptic

input) stimuli having a physiological relevance (see Refs [14,17] for reviews).

6.3 Biological effects of tachykinins in the gastrointestinal tract having

physiological/trophic relevance

Alike the organs belonging to respiratory or genitourinary tract, all gastrointestinal smooth

muscles are contracted by tachykinins (Table 3). Most of tachykinin-induced contractile effects

originate from direct stimulation of tachykinin NK1 and/or NK2 receptors present on smooth
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muscle cells/cells of Cajal of the circular and longitudinal muscle layers [14,17]. In addition,

stimulation of tachykinin receptors (mainly of the NK3 type) present on gastrointestinal neurons

may induce indirect contractile responses mediated by either acetylcholine [198] and/or tachy-

kinins themselves [199,200]. Most of spasmogenic effects produced by tachykinins in human

gastrointestinal organs such as the ileum [200], colon [201], and esophagus [202] are mediated

by NK2 receptors, while NK1 receptors have been reported to contribute tachykinin-induced

contraction in the circular muscle of the human ileum [200]. Several in vitro studies were aimed

at investigating the endogenous mediators of both excitatory and inhibitory neurotransmission

in the human intestine [203–205], biliary tract [206], and esophagus [207]. Tachykinins have

been identified as major noncholinergic excitatory neurotransmitters at gastrointestinal level.

This raised the question whether tachykinins contribute to (gastro) intestinal peristalsis under

physiological conditions. In this regard, in vivo studies in which intestinal contractions were

evoked by mechanical stimuli (e.g., intestinal wall distension) have shown that endogenous

tachykinins are actually involved in these effects (see Ref. [208] for review). However, it should

be noted that the contribution of endogenous tachykinins to intestinal peristalsis is hardly

appreciable under normal condition, unless muscarinic receptors are blocked. Giuliani et al.

[209,210] have shown that in atropine-pretreated animals, distension-evoked intestinal reflex

contractions can be elicited and that tachykinin NK1 and NK2 receptor-selective antagonists

inhibit these atropine-resistant responses, thus proving the involvement of endogenous tachy-

kinins. Likewise, Lecci et al. [211], studying colonic propulsive activity in anesthetized

atropine-pretreated guinea pigs, and Holzer et al. [212], studying in vitro peristalsis of isolated

segments of guinea pig small intestine, arrived at similar conclusions. The former studies also

proved that tachykinins probably do not play a major role in intestinal motor activity under

normal conditions, due to the modest/null ability of tachykinin receptor antagonists to modify

normal peristalsis. This concept has been recently reinforced by studies performed in

unanesthetized dogs [213] and in healthy volunteers [214], in which the tachykinin NK2

receptor-selective antagonist nepadutant [126] did not affect gastrointestinal normal motor

activity per se. Nevertheless, Tonini and coworkers [215] have shown that simultaneous

administration of three tachykinin antagonists, each one selective for the NK1, NK2, or NK3

receptor type, produced a 50% inhibition of velocity of propulsion of a balloon inserted in

isolated segments of guinea pig distal colon. This study indicates that for a conclusive statement

on the contribution of tachykinins to normal peristalsis, further studies in which all tachykinin

receptors are simultaneously blocked are required.

Another effect of tachykinins of possible physiological/trophic significance is regulation

(enhancement) of ion and fluid secretions from both small and large intestines. At this level,

tachykinins would act as endogenous modulators by stimulating secretomotor neurons, which

in turn release acetylcholine and other noncholinergic transmitters, which are the final med-

iators of ion and fluid secretion (see Refs [14,216] for reviews). All three tachykinin receptor

types seem to be involved in mediating the facilitatory effects of tachykinins on intestinal

secretions [217]. In this regard, it should be mentioned that in the rat colon mucosa the

tachykinin NK2 receptors mediating increases in short-circuit current (ISC) responses have

been recently found functionally distinguishable from those mediating contractions in

the muscularis mucosae [218]. Thus, tachykinin-containing primary afferent neurons could

play a homeostatic role in the intestine as well as in the stomach. At this level, the neuropep-

tide CGRP (coreleased from sensory nerve terminals with tachykinins) has been reported to

play a trophic role by increasing blood flow in the gastric mucosa to facilitate removal of the

noxae (see Ref. [14] for discussion).
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6.4 Biological effects of tachykinins in the gastrointestinal tract having pathological

relevance

6.4.1 Abnormal motor activity

While the role of tachykinins in contributing to physiological peristalsis is still matter of debate,

less doubts exist on their contribution to exaggerated intestinal motility, associated with various

inflammatory and infectious intestinal diseases [197] (Table 3). For example, Croci et al. [219]

have clearly shown that tachykinin NK2 (and partially NK1) receptor antagonists may prevent

increased fecal excretion and colonic giant contraction in castor oil-induced diarrhea in rats,

without producing constipation. Carini and coworkers [220] have recently contributed to the

identification of the site of action of tachykinins producing exaggerated intestinal motility, by

showing that tachykinins, released by chemical irritation in the rat colonic mucosa, increase

cholinergic excitatory neurotransmission by stimulating NK2 receptors possibly located on

cholinergic motoneurons. Besides producing excitatory motor responses of pathophysiological

significance, tachykinins have also been reported to produce inhibitory motor effects following

stimulation of tachykinin NK1, NK2, or NK3 receptors [208]. Stimulation of tachykinin (NK2)

receptors present on enteric inhibitory neurons, which in turn release nitric oxide, has been

proposed as possible mechanisms of tachykinin-induced inhibitory motor effects at the intest-

inal level [216,221,222]. In this regard, the observed reduction of the duration of experimental

postsurgical ileus in capsaicin-treated rats [223] has provided evidence for a role of capsaicin-

sensitive primary afferents in postsurgical intestinal atony. Tolouse et al. [224] have recently

shown that a tachykinin NK2 receptor-selective antagonist (nepadutant [126]) significantly

shortens surgery-induced inhibition of intestinal motility (ileus) in the rat, thus proving the

involvement of tachykinins (via NK2 receptors) in this model and suggesting a possible use of

tachykinin NK2 receptor antagonists in postoperative ileus.

6.4.2 Inflammatory gastrointestinal diseases

Tachykinins are thought to be most important mediators involved in the genesis and/or main-

tenance of several inflammatory gastrointestinal diseases (Table 4). This concept arises from

the dramatic changes of both tachykinin content and tachykinin receptor expression measured in

inflamed tissues obtained from either animals, or from patients suffering from inflammatory

bowel diseases. Several animal models of ileocolitis are presently available, in which inflam-

matory reactions are produced by administration of chemical irritants (e.g., trinitrobenzensul-

fonic acid (TNBS), dextran sulfate, formalin), g-irradiations, parasitic – and bacterial infections

(e.g., Trichinella spiralis, Salmonella, Nyppostrongylus brasiliensis) or toxins (e.g., C. difficile

toxin A and T. spiralis toxin A). While conflicting results have been reported on the variations

of tachykinin content measured in tissue specimens obtained from patients affected by Crohn’s

disease or ulcerative colitis [197], a more precise picture arises from the animal studies. Thus, in

the rat model of TNBS-induced colitis tachykinin levels (immunoreactivity) decreased in the

early phase of the injury (possibly due to their massive release caused by the noxae), which was

followed by return to basal values and/or increase of tachykinin mRNAs transcription and

content [225–227]. In the same animal model, a significant decrease of tachykinin NK1 and

NK2 receptor mRNAs has been reported, as an early consequence of the inflammatory reaction

[227,228]. The involvement of endogenous tachykinins in mediating hypersecretory and

inflammatory reactions of the gut induced by these agents has been further supported by
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demonstration that tachykinin NK1 receptor antagonists exert protective effects in several

models of intestinal injury/inflammation [188,216,229]. As an example, Stucchi and coworkers

[230] have recently reported that chronic administration of the tachykinin NK1 receptor

antagonist CP 96345 significantly attenuated colonic inflammation and oxidative stress in an

animal model (dextran sulfate-induced colitis in the rat), which resembles chronic ulcerative

colitis in humans. In rats treated with intraluminal C. difficile toxin A tachykinins, released from

capsaicin-sensitive primary afferents, greatly stimulate NK1 receptors present on enteric

neurons, and subsequently massive internalization (endocytosis) takes place. This latter

phenomenon is absent in rats that are functionally deprived of sensory fibers (by neonatal

capsaicin administration), or in rats pretreated with a tachykinin NK1 receptor antagonist [231].

However, in chronic inflammatory bowel diseases, tachykinin NK1 receptors have been found

markedly upregulated, compared to their density measured in the intestine of normal subjects.

Upregulation involves either sites where NK1 receptors are normally present (e.g., vasculature,

epithelial cells), or even sites where they are normally absent (ectopic expression: e.g., in

intestinal lymphoid aggregates) [197,232]. Recently, Renzi and coworkers [233] have shown

that, in addition to NK1, also NK2 receptor expression is markedly increased on inflammatory

cells (eosinophils) of the lamina propria of patients with Crohn’s disease or ulcerative colitis,

suggesting their possible involvement in the above pathologies. The role of the tachykinin NK1

receptor in mediating inflammatory reactions of the gut has recently been supported by the use

of tachykinin NK1 receptor-knockout mice, which showed reduced intestinal symptoms and

tissue damage produced by C. difficile toxin A compared to control animals [234] (Table 1).

Mounting evidence has been accumulating in recent years showing that tachykinins and

tachykinin NK1 receptors take part in the genesis/maintenance of pancreatitis. Nerve fibers

containing SP-LI have been found in the pancreas of several species including humans [14].

Furthermore, increased expression of these fibers (putatively of sensory origin) in the pancreas

of patients suffering from chronic pancreatitis had been reported [235]. More recently, Bhatia

et al. [236] have shown that both SP levels, and pancreatic acinar cell expression of NK1

receptors, were increased in caerulein-induced pancreatitis in mice. Direct evidence for the

involvement of tachykinins in pancreatitis has recently been provided by the use of mice

genetically deprived of the NK1 receptor (Table 1). Thus, NK1 receptor (–/–) animals underwent

a significantly lower degree of tissue damage associated with either caerulein-induced pancrea-

titis [236] or with diet-induced hemorrhagic pancreatitis [237], than normal animals. Genetic

deletion of the NK1 receptor also improved survival (100% vs. 8% at 120 h) of (–/–) mice in a

lethal model of hemorrhagic pancreatitis [237]. Grady and coworkers [238] provided further

evidence by clearly demonstrating that SP or caerulein are able to produce pancreatic plasma

extravasation in rats and mice, which resulted in pancreatic edema. This observation was

considered to have clinical significance in the development of acute pancreatitis [238]. These

effects were blocked by a tachykinin NK1 receptor antagonist in rats and completely absent in

NK1 receptor knockout mice [238].

6.4.3 Visceral nociception

Much experimental evidence has been accumulating in the past few years, obtained by the

use of tachykinin receptor-selective antagonists in various animal models of visceral noci-

ception, showing that tachykinins mediate pain arising from the gastrointestinal system. In

particular, tachykinin NK2 receptor antagonists have been found effective in reducing reflex

responses (e.g., abdominal contractions) caused by painful stimuli like rectal wall distension
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[239] or intraperitoneal administration of acetic acid [240]. Moreover, tachykinin NK2

receptor antagonists (SR 48968 or nepadutant) have been proved effective in animal models

of visceral hyperalgesia induced by inflammation (e.g., caused by nematode infection [241])

or stress [242]. In particular, the results obtained by Tolouse et al. [242], showing the ability

of nepadutant to inhibit rectal hypersensitive responses in rats pretreated with TNBS or

previously subjected to restraint, suggest that the tachykinin NK2 receptor is a main target

mediating visceral allodynia/hyperalgesia. The role of tachykinin NK2 receptors if further

supported by the studies of Kiss et al. [243], who showed that the increased expression of

either c-fos or c-jun proto-oncogene markers in spinal cord and dorsal root ganglia neurons

of rats pretreated with TNBS is prevented by nepadutant. Laird and coworkers [244] also

found that nepadutant was capable of preventing the hypersensitivity of single spinal cord

neurons responding to colorectal distension or pelvic nerve stimulation in rats pretreated with

intracolonic acetic acid. In addition, Laird and coworkers [191] have shown that intracolonic

instillation of acetic acid or capsaicin fails to produce either acute (cardiovascular) responses

or primary hyperalgesia. Also the NK3 receptor (located at peripheral or/and central level)

could play a role in visceral hyperalgesia, due to the reported effectiveness of either

intraperitoneal [245] or intrathecal [246] administration of SR 142801 (a tachykinin NK3

receptor-selective antagonist) in reducing reflex abdominal contractions elicited by various

nociceptive stimuli.

6.5 Clinical perspectives for tachykinin receptor antagonists in gastrointestinal diseases

Although the precise site at which endogenous tachykinins act to mediate visceral pain is still

matter of debate [247], tachykinin receptor antagonists have been proposed for the treatment of

functional gastrointestinal disorders characterized by visceral pain such as irritable bowel

syndrome [248,249] (Table 4). In this regard, it should be mentioned that a NK2 receptor

antagonist (nepadutant) has been proved effective in preventing the increase of gastrointestinal

motility provoked by systemic administration of NKA, in healthy volunteers [214]. Interest-

ingly, the action of NKA on gastrointestinal motility was pain, accompanied by a number of

adverse effects, part of which resembling symptoms characterizing the irritable bowel

syndrome, like borborygmi, abdominal pain, headache, nausea, vomiting, and flush (of the

face or whole body). All NKA-induced adverse effects were absent in the group of subjects

receiving nepadutant, except for the flush, thought to be due to cutaneous NK1 receptor-

mediated vasodilatation [214]. Inflammatory bowel diseases, in which tachykinins via NK1

receptors have been clearly shown to play a key role in preclinical studies, are further possible

targets for tachykinin NK1 receptor-blocking drugs. Nevertheless, no clinical trials have been

reported yet on patients affected by gastrointestinal diseases.

7. CONCLUSIONS

In conclusion, numerous studies have been performed to investigate the pathophysiological role

of tachykinins at the visceral level. The available evidence indicates that these neuropeptides

are released, along with other neurotransmitters, from peripheral endings of capsaicin-sensitive

primary afferent neurons by irritant/noxious stimuli that penetrate the body through the respira-

tory tree, the alimentary channel, or the urinary tract. The inflammatory reaction triggered by

the released tachykinins is aimed at the neutralization/removal of the noxae as documented by
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the reported ability of tachykinins to increase ureteral and gastrointestinal peristalsis, increase

bronchial and intestinal secretions, induce plasma protein extravasation, and attract/activate

cells belonging to the immune system. These latter cells, in turn, have been reported to

synthesize and possibly release tachykinins in inflamed tissues. In addition, tachykinins

released from intrinsic capsaicin-insensitive neurons of the gastrointestinal tract have been

proposed to play a physiological/trophic role at this level, although their relevance seems to

be lower as compared to acetylcholine and other neurotransmitters. On the other hand, a large

body of preclinical evidence indicates that tachykinins participate in the genesis and/or

maintenance of symptoms accompanying various human diseases, such as asthma/bronchial

hyperreactivity, rhinitis, cystitis of various etiologies, inflammatory bowel diseases, and

irritable bowel syndrome. Although very few clinical trials have been reported in literature on

the efficacy of tachykinin receptor antagonists in peripheral pathological conditions, their

ability to prevent/reduce tachykinin-mediated effects in experimental animal models of these

diseases justify the expectation that tachykinin receptor-based drugs will be therapeutically

useful in patients.
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226. Renzi D, Calabrò A, Panerai C, Tramontana M, Evangelista S, Milani S et al. Preprotachykinin

mRNA expression in the colonic tissue during experimental colitis in rats. Digestion 1994;55:36.

227. Evangelista S, Maggi M, Renzetti AR. Downregulation of substance P receptors during colitis

induced by trinitrobenzene sulfonic acid in rats. Neuropeptides 1996;30: 425–428.
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nematode infection on sensitivity to intestinal distension: role of tachykinin NK2 recep-

tors. Eur J Pharmacol 1997;337:279–282.

Tachykinins and Neurogenic Inflammation at Visceral Level 319



242. Tolouse M, Coelho AM, Fioramonti J, Lecci A, Maggi CA, Bueno L. Role of tachykinin

NK2 receptors in normal and altered rectal sensitivity in rats. Br J Pharmacol 2000;129:

193–199.

243. Kiss S, Lecci A, De Groat WC, Maggi CA, Birder LA. The effect of the NK2 receptor

antagonist, MEN 11420, on proto-oncogene expression following experimental colitis.

Soc Neurosci Abs 1999;25:411.

244. Laird MJ, Olivar Lopez-Garcia JA, Maggi CA, Cervero F. Responses of rat spinal neurons

to distension of inflamed colon: role of tachykinin NK2 receptors. Neuropharmacol

2001;40:696–701.

245. Julia V, Su X, Gueno L, Gebhart GF. Role of neurokinin 3 receptors on responses to

colorectal distension in the rat: electrophysiological and behavioral studies. Gastroenter-

ology 1999;116:1124–1131.

246. Kamp EH, Back DR, Gebhart GF. Combinations of neurokinin receptor antagonists

reduce visceral hyperalgesia. J Pharmacol Exp Ther 2001;299:105–113.

247. Holzer P. Gastrointestinal afferents as targets of novel drugs for the treatment of

functional bowel disorders and visceral pain. Eur J Pharmacol 2001;429:177–193.

248. Camileri M. Management of the irritable bowel syndrome. Gastroenterology 2001;120:

652–668.

249. Patacchini R, Maggi CA. Peripheral tachykinin receptors as targets for new drugs. Eur J

Pharmacol 2001;429:13–21.

250. Kiss S, Yoshiyama M, Cao YQ, Basbaum AI, de Groat WC, Lecci A et al. Impaired

response to chemical irritation of the urinary tract in mice with disruption of the

preprotachykinin gene. Neurosci Lett 2001;313:57–60.

251. Sturaile S, Barbara G, Qiu B, Figini M, Geppetti P, Gerard N et al. Neutral endopeptidase

(EC 3.4.24.11) terminates colitis by degrading substance P. Proc Natl Acad Sci U S A

1999;96:11653–11658.

252. Kirkwood KS, Bunnett NW, Maa J, Castagliolo I, Liu B, Gerard N et al. Deletion of

neutral endopeptidase exacerbates intestinal inflammation induced by Clostridium

difficile toxin A. Am J Physiol Gastrointest Liver Physiol 2001;281:G544–551.

253. Ollerenshaw SL, Jarvis D, Sullivan CE, Woolcock AJ. Substance P immunoreactive

nerves in airways from asthmatics and nonasthmatics. Eur Respir J 1991;4:673–682.

254. Maggi CA, Abelli L, Giuliani S, Santicioli P, Geppetti P, Somma V et al. The contribution

of sensory nerves to xylene-induced cystitis in rats. Neuroscience 1988;26:709–723.

255. Giuliani S, Maggi CA, Rovero P, Meli A. Neurokinins induce a relaxation of the rat

duodenum ‘in vivo’ by activating postganglionic sympathetic elements in prevertebral

ganglia: involvement of a NK2 type of neurokinin receptor. J Pharmacol Exp Ther

1988;246:322–327.

320 Riccardo Patacchini and Carlo A. Maggi



The Role of the Vagus Nerve in Afferent Signaling and Homeostasis
During Visceral Inflammation

PETER HOLZER

Research Unit of Translational Neurogastroenterology, Institute of Experimental and Clinical
Pharmacology, Medical University of Graz, Graz, Austria

ABSTRACT

Unlike other visceral organs, the gastrointestinal tract has several communication channels

transmitting to the spinal cord and brain, which include vagal afferent neurons, spinal afferent

neurons, intestinofugal enteric neurons, and endocrine mechanisms. The vagus nerves have long

been thought to play only a role in the efferent reflex regulation of digestion. It has turned out,

however, that the majority of fibers in the vagus nerves is afferent in nature and subserves an

unprecedented variety of physiological and pathophysiological roles. Thus, vagal afferents have

a function in chemonociception and interoception (the sense of the physiological state of the

body), modify affective-emotional processes in the brain, can give rise to nausea and vomiting,

and carry messages relevant to appetite and nutrition. In the context of this book, it is

particularly relevant that vagal afferents serve as a sensory interface between the peripheral

immune system and the central as well as autonomic nervous system. Vagal afferents can

respond to proinflammatory cytokines such as interleukin-1beta and contribute to the behavioral

sickness response to infection. In addition, they elicit a vagovagal anti-inflammatory reflex that

results in the stimulation of cholinergic vagal efferents. Upon peripheral release, acetylcholine

activates alpha7 subunit-containing nicotinic receptors on immune cells, which inhibits further

release of proinflammatory cytokines and suppresses inflammation. These substantial advances

in the understanding of vagal nerve function offer novel therapeutic opportunities for the

management of nociception and inflammation.

1. THE EMERGENCE OF VAGAL NOCICEPTORS IN THE GUT

While somatic tissues and abdominal organs such as the urogenital system have only a single

afferent interface with the central nervous system, the gastrointestinal tract has several afferent

communication channels with the spinal cord and brain. These multiple afferent connections are

constituted by vagal afferent neurons, spinal afferent neurons, intestinofugal enteric neurons,

and endocrine mechanisms [1]. These multiple information channels reflect the functional

importance of the gut–brain communication which is vital to the homeostasis of the body.

Spinal afferent neurons originating from the dorsal root ganglia have been extensively studied

in their properties to respond to innocuous and noxious stimuli. By virtue of their sensory
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modalities they are not only prominently involved in visceral nociception but also in mediating

neurogenic inflammatory responses [1]. In contrast, afferent neurons in the vagus nerves have long

been thought to be exclusively engaged in the reflex regulation of digestive processes in the upper

gastrointestinal tract, without any role in gastrointestinal pain and other pathological processes [2,3].

This concept is no longer tenable in view of the emerging evidence that vagal neurons

contribute to chemonociception (Fig. 1) and that they are sensitized during inflammatory

processes [4–8]. Vagal afferent neurons contribute to interoception (the sense of the physiological

state of the body) and appear to be of particular relevance to the affective-emotional component of

visceral pain [9–12]. In addition, vagal afferents convey messages that give rise to nausea and

vomiting (Fig. 1), which reflects a particular type of nociceptive reflex that protects the body from

harmful ingesta [13]. Similarly, vagal afferents are able to respond to immune challenge in the

gastrointestinal tract (Fig. 1) and in this way contribute to the sickness behavior that ensues

following infection and systemic inflammation [14,15]. It is particularly intriguing that, following

activation by immune stimuli, vagal afferents seem to initiate an anti-inflammatory reflex that

feeds back on the pathological processes in the periphery and may be taken use of in

anti-inflammatory treatment [16]. Apart from their control of digestive functions, vagal afferents

also carry messages that are relevant to appetite and nutrient/energy homeostasis (Fig. 1).

The objective of this article is to give a brief overview of the pleiotropic roles of vagal afferent

neurons in bodyhomeostasis, with particular emphasis on their role in nociception and inflammation.

2. INNERVATION OF THE GUT BY VAGAL AFFERENT NEURONS

The vagal afferent neurons innervating abdominal organs originate from the nodose and jugular

ganglion complex and reach the organs in the abdominal cavity via the common hepatic branch,

two gastric branches and two celiac branches of the vagus nerve [17,18]. Their central fibers

project to the lower brainstem where they terminate in the nucleus tractus solitarii (NTS) and

Stretch
Spasm

Acid
Toxins

Immune
signals

Nutrients
Hormones

Subpopulations of
vagal afferents

Sensory modalities of vagal afferents

NTS

Figure 1. Sensory modalities of vagal afferent neurons. The diagram shows multiple populations of abdominal vagal

afferents that respond to different stimuli and project to the nucleus tractus solitarii (NTS) in a viscerotopic manner.
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area postrema in a viscerotopic manner [17–22]. Most of vagal afferent neurons are associated

with unmyelinated fibers conducting in the C-fiber range, although some thinly myelinated

fibers conducting in the Adelta-fiber range have also been found. Electrophysiological

characterization has revealed that they show relative specificity with respect to the adequate

mechanical stimuli (distension, contraction, shear stress) and chemical stimuli (acidosis,

osmolarity, nutrients) that they are able to respond to [2,3,22]. This specificity is related to

the anatomical arrangement of their endings in the wall of the alimentary canal and to their

transduction mechanisms [22].

The major targets of vagal afferent neurons in the wall of the gastrointestinal tract are the

myenteric plexus, muscle, and mucosa where they monitor changes in the chemical and

physical environment. Intramural endings of vagal afferents form intraganglionic laminar

endings in the myenteric plexus that have functional characteristics of tension receptors and

intramuscular arrays that have properties of stretch receptors [17,22,23]. The mucosal endings

of vagal afferents project into the lamina propria but do not penetrate the basal lamina. Given

this situation, the responses of vagal afferents to chemical stimuli in the lumen of the alimentary

canal are typically transduced by endocrine cells of the mucosa. For instance, mechanical, osmotic,

nutrient, and toxic stimuli can activate enterochromaffin cells to release 5-hydroxytryptamine

(5-HT) which via 5-HT3 receptors excites vagal afferent neurons. Protein and long-chain lipids

activate other endocrine cells that release cholecystokinin (CCK) which stimulates CCK1 receptors

on vagal afferents [1,22].

3. ROLE OF VAGAL AFFERENTS IN GASTRIC CHEMO- AND

MECHANONOCICEPTION

3.1 Clinical evidence

It has long been a general contention that visceral pain arising from pelvic and abdominal

organs is exclusively mediated by spinal afferents, without any contribution from vagal afferent

neurons [2,3]. There are anecdotal reports that acute ulcer perforation or distension can cause

pain in patients with complete lesions of the cervical spinal cord, but it has never been

systematically investigated whether gastritis, peptic ulcer disease, or gastric distension gives

rise to pain in patients with cervical cord lesions [22]. DeVault et al. [24] report that patients

with a C6 or C7 spinal cord injury are still able to experience pain caused by balloon distension

above the lower esophageal sphincter. Furthermore, patients who underwent proximal gastric

vagotomy as treatment for peptic ulcer disease have been found to report fewer dyspeptic

complaints lasting for more than 1 week than patients who were treated with histamine

H2 blockers [25]. As Lindsetmo et al. [25] point out, there was actually no significant difference

between vagotomized patients and community controls in reporting abdominal or dyspeptic

complaints. An antinociceptive effect of vagotomy is in keeping with reports that strong

electrical stimulation of the vagus nerve for the treatment of medically intractable epilepsy

can give rise to the sensation of pain [26].

3.2 Experimental evidence

The clinical findings affirm that the vagus nerve plays a role in nociception in the upper gastro-

intestinal tract, a contention that finds unequivocal support in recent experimental studies [7,8].
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The major lines of evidence for vagal nerve-mediated nociception are fourfold. (i) Vagotomy

abolishes the pseudoaffective pain-related reaction that is elicited by acid challenge of the rat

stomach and recorded via an increase of the myoelectrical activity in the acromiotrapezius muscle

of the neck [8]. (ii) Similarly, vagotomy prevents gastric acid challenge from inducing the

transcription factor c-fos in neurons of the NTS and area postrema which under normal conditions

receive massive input from the stomach [10,27]. (iii) Inflammation induces signs of sensitization in

the vagal afferent system, given that experimentally induced gastritis and gastric ulceration or

cytokine exposure increase the pseudoaffective pain-related reaction and the medullary c-fos

response to gastric acid challenge [8,28,29]. (iv) Bilateral transection of the cervical vagus nerve

diminishes pseudoaffective pain-related reflexes due to distension or acid stimulation of the upper

cervical esophagus of the rat [7].

The role of vagal afferent neurons in nociception in the upper gastrointestinal tract is

consistent with their sensitivities to chemical and mechanical stimuli in the noxious

range [3,4]. Electrophysiologically, two functional classes of vagal afferents have been

distinguished: in-series tension receptors in the outer layers of the gastrointestinal wall and

mucosal afferents [30]. The in-series tension receptors are excited by distension or contraction

of the gut wall, while mucosal afferents respond to chemical and mechanical stimuli applied to

the mucosa [31–34]. Unlike gastrointestinal mechanoreceptors of spinal afferents which

may have low or high mechanical thresholds, vagal mechanoreceptors have in general low

mechanical thresholds and encode a wide range of stimulus strengths corresponding to physio-

logical and noxious modalities. Contrary to a previously held concept, vagal afferents become

sensitized in response to inflammation and mucosal ulceration [31,32,34].

3.3 The vagus nerve is a sensory nerve

The emerging implications of vagal sensory neurons in nociception and related functions are

consistent with the important role of the vagus nerve in the communication between the gut and

the brain (interoception) and in the maintenance of homeostasis (Fig. 2). The overwhelmingly

afferent function is consistent with the fact that the vast majority (80–90%) of the axons in the

vagus nerve are afferent nerve fibers [1,13,22], making the vagus nerve the largest visceral

sensory nerve in the body [11]. Vagal afferents are thought to tonically deliver information from

the alimentary canal to the brain, and this massive sensory input is thought to be relevant not

only to the autonomic regulation of digestion and energy balance [35] but also to the

interpretation of external sensory inputs, attitude, and behavior [11]. In this aspect, the afferent

part of the vagus nerve makes a significant contribution to interoception [12], a function that

sometimes is also referred to as the “sixth sense” [11].

3.4 Vagal afferents have a different role in gastric, chemonociception, and

mechanonociception

In view of the long-standing contention that vagal afferent neurons are not relevant to visceral

pain [2,3], the question arises as to whether the sensory nerve fibers in the vagus nerve

contribute to the sensory-discriminative aspect of abdominal nociception or whether they are

primarily of relevance to the emotional-affective qualities of visceral pain. As alluded to above,

there is increasing evidence that vagal afferents play an important role in acid surveillance

of the gastric mucosa, an issue that has been examined by visualization of gastric afferent input

to the brainstem by functional c-fos neuroanatomy. Exposure of the rat gastric mucosa to
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minimally injurious concentrations of hydrochloric acid leads to rapid expression of c-fos in the

NTS and area postrema, but not spinal cord [27]. Like the pseudoaffective pain-related reaction

to gastric acid challenge [8], the medullary c-fos response is largely mediated by vagal afferent

neurons because it is suppressed by chronic bilateral subdiaphragmatic vagotomy [10,27].

It follows that the major pathway that signals a gastric acid insult to the brainstem is vagal

afferent in nature although it needs to be considered that the NTS receives visceral input not

only via vagal afferent neurons [19,20] but also via a spinosolitary pathway [36,37].

While the pseudoaffective pain-related reaction to gastric acid challenge is abolished by

vagotomy but left unaltered by splanchnic nerve transection, the analogous response to gastric

distension at noxious intraluminal pressures is prevented by prior splanchnic nerve resection but

remains unchanged following vagotomy [8]. This observation indicates that chemonociceptive

and mechanonociceptive reflexes arising from the rat stomach are mediated by two fundamen-

tally different afferent pathways. Vagal afferents are essential for the reflex response to gastric

acid challenge, whereas spinal afferents are responsible for the distension-induced reflex. It is

important to note that the transcription of c-fos in the brainstem does not fully match the

nociceptive reflex responses. Whereas acid challenge induces c-fos in the brainstem but not

spinal cord [27], noxious distension causes c-fos expression in both spinal cord and brainstem

[9]. It follows that vagal afferents are also activated by noxious distension of the stomach

although the vagal system does not seem to contribute to the pseudoaffective reaction in the

neck muscle.

Unlike intragastric acid, intragastric administration of capsaicin activates both vagal and

spinal afferent neurons as visualized by expression of c-fos messenger ribonucleic acid in both

brainstem and spinal cord [38]. Relative to vehicle, intragastric hydrochloric acid (0.5M) and

capsaicin (3.2mM) were found to increase c-fos transcription in the NTS by factors of 7.0

Functional implications of vagal afferents
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Affect and emotion

Immune signals

Endocrine signals
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Figure 2. Functional implications of abdominal vagal afferents. The diagram shows multiple populations of abdominal

afferents that have different sensory modalities and depicts various effector functions that depend on vagal afferent input

from the peritoneal/abdominal cavity. NTS, nucleus tractus solitarii.
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and 2.1, respectively. Capsaicin also caused a 5.2-fold rise of c-fos transcription in lamina I of

the caudal thoracic spinal cord, whereas intragastric acid failed to induce a c-fos response in the

spinal cord [38]. It would thus appear that gastric mucosal exposure to acid and capsaicin is

differentially transmitted to the brainstem and spinal cord. Since only acid blocks gastric

emptying, it is hypothesized that the acid stimulus is exclusively signaled by gastric vagal

afferents, whereas the capsaicin stimulus is processed both by gastric vagal and intestinal spinal

afferents [38].

3.5 Processing of vagal afferent input in the brain

The vagal afferent input from the acid-threatened stomach is processed in the medullary brainstem

such that the information is passed on to the lateral parabrachial nucleus, the thalamic and hypotha-

lamic paraventricular nuclei, the supraoptic nucleus, the central amygdala, and the mediolateral

habenula [10]. There is, however, no activation of the insular cortex, the major cerebral representation

area of afferent input from the stomach. Thus, vagal afferent signaling of gastric acid challenge does

not seem to give rise to perception of pain but leads to activation of subcortical brain nuclei that are

involved in emotional, behavioral, autonomic, and neuroendocrine reactions to noxious stimuli [10].

However, the possible implications of vagal afferents in the sensory-discriminative and affective-

emotional aspects of visceral nociception cannot be differentiated before real-time functional imaging

studies reveal the processing of gastric noxae in the cerebral cortex.

4. SENSITIZATION OF VAGAL AFFERENTS BY GASTRITIS

It has been a long-standing argument that vagal afferents do not contribute to visceral nocicep-

tion because they do not sensitize in response to inflammation [2,3]. Recent studies, however,

have shown that the vagal afferent system becomes hypersensitive to acid and distension after

experimental induction of inflammation or ulceration in the rat stomach [8,31,32,34,39,40]. In

particular, iodoacetamide-induced gastritis as well as acetic acid-induced ulceration in the rat

stomach increase the pseudoaffective pain-related reflex response to gastric acid challenge in

the neck muscle [8]. As this response is abolished by vagotomy [8], it needs to be inferred that

there are dynamic changes in the vagal afferent system that account for the hyperresponsiveness

to acid. This conclusion is borne out by the findings that gastric ulceration alters the kinetics of

tetrodotoxin-resistant sodium currents as well as acid-induced currents in nodose ganglion

neurons [34,40]. Similarly, acute exposure of the esophagus to hydrochloric acid plus pepsin

sensitizes brainstem neurons to esophageal distension [33].

Sensitization of vagal afferent pathways has also been observed by studying gastric acid-

evoked expression of medullary c-Fos immunoreactivity in two models of experimentally

induced gastritis [29]. In this study, mild gastritis was induced by addition of dextran sulfate

sodium (molecular weight 8000; 5%) or iodoacetamide (0.1%) to the drinking water and

verified by an increase in gastric myeloperoxidase activity and histological injury of the

mucosal surface. Pretreatment with either agent for 1 week did not alter the c-Fos response to

intragastric saline but significantly enhanced the response to acid by 54% and 74%, respec-

tively. It has been argued that the gastritis-evoked increase in the gastric acid-evoked c-Fos

expression in the NTS is related to disruption of the gastric mucosal barrier, mucosal inflam-

mation, mucosal acid influx, and enhanced activation of vagal afferents [29]. There is evidence,

however, that inflammation can enhance the responsiveness of vagal afferent neurons to gastric
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acid independently of injury to the gastric mucosa. Thus, systemic administration of the

proinflammatory cytokines interleukin-1beta and tumor necrosis factor-alpha leads to a

prolonged increase in the gastric acid-evoked expression of c-Fos in the brainstem [41].

The acid sensitivity of vagal afferent neurons in the stomach is regulated not only by

pathological circumstances but also by the physiological conditions in the gastric mucosa.

For instance, the ability of exogenous acid, administered into the stomach, to induce c-Fos

expression in the rat NTS is attenuated by inhibition of endogenous acid secretion with

cimetidine or omeprazole [42]. Vice versa, stimulation of endogenous gastric acid secretion

by pentagastrin is per se able to induce c-Fos expression in the brainstem and to enhance the

c-Fos response to gastric acid challenge [42]. These findings suggest that endogenous gastric

acid enhances the sensitivity of vagal afferents to an exogenous acid stimulus, much as acid is

able to sensitize mechanosensitive afferent neurons to distension [43].

5. MOLECULAR ACID SENSORS OF VAGAL AFFERENT NEURONS

Vagal afferents in the stomach have long been known to discharge action potentials when

their peripheral terminals are exposed to acid [34,44–46], but their molecular sensors of

Hþ ions have only recently come to light. Afferent neurons express many acid sensors,

among which the cation channel transient receptor potential vanilloid 1 (TRPV1) and the

acid-sensing ion channels (ASICs) take a prominent place [47–50]. The ASICs belong to

the voltage-insensitive, amiloride-sensitive epithelial Naþ channel/degenerin family of

cation channels [48,49]. The Hþ-gated members of this family are encoded by three

different genes, ASIC1, ASIC2, and ASIC3, with ASIC1 and ASIC2 each having alter-

native splice variants termed ASIC1a, ASIC1b, ASIC2a, and ASIC2b. Functional channels

are made up of different ASIC subunits which form homo- or heteromultimeric

channels that differ in their pH sensitivity and pharmacological properties [48,49]. While

ASIC1 and ASIC2 are widely distributed in the nervous system, ASIC3 (previously termed

DRASIC for dorsal root ASIC) is restricted to primary afferent neurons. Most ASIC

subunits have been localized to both nodose ganglion and dorsal root ganglion neurons

of the rat and mouse although to different degrees [47,50–52]. Retrograde tracing has

revealed that 75% of the nodose ganglion neurons and 82% of the dorsal root ganglion

neurons projecting to the rat stomach express ASIC3 [51].

Unlike ASIC3 which responds to mild acidosis, TRPV1 and the related cation channel

TRPV4 are activated only if the extracellular pH is reduced to values below 6, in which case

a sustained channel current is generated [47,50,53,54]. Apart from Hþ, noxious heat, vanilloids
such as capsaicin and resiniferatoxin, and some arachidonic acid-derived lipid mediators can

also gate TRPV1. Importantly, mild acidosis (pH 7–6) is able to sensitize TRPV1 to other

stimuli such as capsaicin and heat and to lower its temperature threshold such that the channel

becomes active at normal body temperature. TRPV1-positive nerve fibers occur in mucosa,

musculature, and enteric nerve plexuses of the rat, guinea pig, and mouse gut. Since enteric

neurons usually do not stain for TRPV1, it follows that the TRPV1-positive nerve fibers in

the GI tract represent processes of spinal afferents and, in the stomach, of some vagal

afferents [47,50,51]. Using retrograde tracing and immunohistochemistry, Schicho et al. [51]

have analyzed the origin of TRPV1-like immunoreactivity in the rat stomach. Most stomach-

innervating neurons in the nodose ganglia were immunoreactive for TRPV1 (80%), this

result being similar in the dorsal root ganglia (71%). Combined vagotomy and sympathetic
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ganglionectomy abolished expression of TRPV1, which indicates that TRPV1 in the rat

gastrointestinal tract derives from an extrinsic source.

In an attempt to determine the role of ASIC2 and ASIC3 in vagal chemonociception,

Wultsch et al. [55] examined whether knockout of the ASIC2 or ASIC3 gene modifies

afferent signaling of a gastric acid insult in the normal and inflamed stomach. Exposure of

the murine gastric mucosa to hydrochloric acid (0.25M) caused a threefold increase in the

number of c-Fos-positive neurons in the NTS. This afferent input to the NTS remained

unchanged by ASIC3 knockout, whereas ASIC2 knockout augmented the c-Fos response to

gastric challenge by 33% [55]. This observation is reminiscent of the increase in the

mechanosensitivity of gastro-esophageal mucosal nerve endings seen in ASIC2 knockout

mice, whereas the mechanosensitivity of other populations of afferent nerve fibers in the gut

is increased or decreased to various degrees [52,56]. It follows that ASIC2 dampens afferent

signaling of a gastric acid insult and that hence knockout of ASIC2 results in disinhibition of

afferent input to the NTS [55].

Unlike ASIC2 gene deletion, knockout of ASIC3 did not alter the gastric acid-evoked input to

the NTS. It was concluded, therefore, that ASIC3 does not contribute to the acid sensitivity of

afferent neurons in the normal stomach [55]. Although the expression of ASIC1 and ASIC2 is

not altered in ASIC3 knockout mice [57], it need be considered that developmental changes in

other acid sensors may have masked the functional implications of ASIC2 and ASIC3 in

germline knockout mice. This argument is consistent with the expression of multiple acid

sensors on afferent neurons, including TRPV1 [34,47,50,51,58].

Although ASIC3 knockout mice did not exhibit any deficit in the afferent signaling of an

acid insult to the normal stomach, they failed to become hyperresponsive to gastric acid

following induction of mild gastritis with iodoacetamide (0.1% in the drinking water for

7 days). In wild-type animals, gastric acid enhanced the number of NTS neurons responding

to gastric acid challenge by 41% [55], which is in keeping with the ability of iodoacetamide-

induced gastritis to augment pseudoaffective pain responses to gastric distension or an acid

insult [8,39]. The gastric acid hyperresponsiveness, as assessed by c-Fos expression in the

NTS, was absent in ASIC3 knockout mice but fully preserved in ASIC2 knockout mice.

These data indicate that ASIC3 plays a major role in the acid hyperresponsiveness associated

with experimental gastritis [55]. Since ASIC3 is primarily expressed by primary afferent

neurons [47–52], it appears likely that the ASIC3-mediated hyperresponsiveness to gastric

acid takes place at the level of these neurons, either by a rise of channel expression or

through an increase in channel sensitivity to acid [55]. Because ASIC3 also contributes to

mechanical hyperresponsiveness of the inflamed colon [58], it is tempting to propose that

ASIC3 is an important target for the therapeutic management of hyperalgesia associated with

gastrointestinal inflammation.

6. NEUROTRANSMITTERS OF GASTROINTESTINAL VAGAL AFFERENT

NEURONS IN THE BRAINSTEM

Despite the emerging role of nodose ganglion neurons in abdominal nociception and other

homeostatic reactions, the chemical coding of vagal afferent neurons innervating the alimentary

canal has not been fully characterized [17,18,59,60]. This gap of knowledge hampers the design

of rational approaches to the pharmacological control of the transmission between vagal

afferents and their projection neurons in the NTS. Glutamate is among the major transmitters
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of nodose ganglion neurons, and neuropeptides such as calcitonin gene-related peptide and the

tachykinins substance P and neurokinin A occur in subpopulations of nodose ganglion neurons

[17,18,59,60]. In an attempt to examine the participation of glutamate and tachykinins in the

afferent signaling of a gastric acid insult to the NTS, the N-methyl-D-aspartate (NMDA)

glutamate receptor antagonist MK-801 as well as the NK1 tachykinin receptor antagonist

GR-205,171 and the NK2 tachykinin receptor antagonist SR-144,190 were employed [61].

When given alone, each of these receptor antagonists failed to significantly reduce the medullary

c-fos transcription in response to intragastric acid. In contrast, the triple combination of MK-801,

GR-205,171, and SR-144,190 inhibited the c-fos response by 45% [61]. These data demonstrate

that glutamate acting via NMDA receptors and tachykinins acting via NK1 and NK2 receptors

cooperate in the vagal afferent input from the acid-threatened stomach to the NTS.

The contribution of NMDA receptors to the transmission process was increased by pre-

exposure of the stomach to an injurious concentration of acid 48 h before the actual acid

challenge. Under these conditions, MK-801 attained the ability to significantly attenuate the

gastric acid-evoked induction of c-fos in the NTS [61]. This increase in NMDA receptor

function in the NTS is likely to have a bearing on the hyperresponsiveness of the vagal

afferent–NTS system under conditions of gastritis and gastric hyperalgesia.

7. VAGAL AFFERENTS AS INTERFACE BETWEEN PERIPHERAL IMMUNE

SYSTEM AND BRAIN

The ability of proinflammatory cytokines such as interleukin-1beta to sensitize vagal afferent

pathways to gastric acid [41] is consistent with the emerging role that nodose ganglion neurons

play in the communication between the peripheral immune system and the brain [1,6,14,15,22]

(Figs 1 and 2). The function of vagal afferents as interface between the peripheral immune

system and the brain is supported by a particular proximity of vagal afferent nerve fibers to

immunologically relevant structures in the abdominal cavity [1,6]. A series of studies has

revealed that, after intraperitoneal administration, bacterial lipopolysaccharide (endotoxin) is

primarily transported to the liver where it induces the release of interleukin-1beta from Kupffer

cells (macrophage-like cells to screen blood and lymph) [1,6,14]. The cytokine, in turn, is

thought to excite afferent nerve fibers in the hepatic branch of the vagus nerve or to enhance

their afferent signaling [62,63]. In addition, the abdominal vagus is associated with paraganglia

and connective tissue containing macrophages and dendritic cells that respond to intraperitoneal

administration of endotoxin with synthesis of interleukin-1beta [64,65]. The abdominal

paraganglia of the vagus nerve contain glomus-like cells which have interleukin-1 receptors

[66], are innervated by vagal afferents [67], and appear to act as chemosensory accessory

cells [14]. Furthermore, vagal afferents innervate abdominal lymph nodes which represent

another interface with the visceral immune system [14].

Electrophysiological recordings have demonstrated that peripheral administration of

interleukin-1beta is indeed able to increase action potential firing in vagal afferents [68,69]

and to induce c-Fos expression in the NTS [41,70]. The expression of interleukin-1 receptors of

type I by nodose ganglion cells makes it likely that the cytokine is capable of exciting vagal

afferents by a direct action on the axons, although prostaglandins acting via EP3 receptors and

CCK acting via CCK1 receptors have also been implicated [69,71]. Moreover, interleukin-1beta

has been shown to increase the sensitivity of gastric vagal afferents to fire in response to PGE2

and CCK [69,72].
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Proinflammatory cytokines induced by infection and inflammation are known to trigger a

complex behavioral response, encompassed in the terms “sickness behavior” or “illness

response,” which comprises fever, anorexia, somnolence, decrease in locomotor activity,

decrease in social exploration, and hyperalgesia [14,15]. A number of studies has revealed

that vagal afferents, being responsive to peripheral endotoxin and interleukin-1beta, participate

in the behavioral illness response to infection and inflammation [14,15]. Accordingly, certain

features of the sickness behavior are attenuated by subdiaphragmatic vagotomy although

circulating proinflammatory cytokines can access the brain via circumventricular organs that

are devoid of a blood–brain barrier [14,15].

The role of vagal afferents as an interface between the peripheral immune system and the

brain represents another aspect of interoception [12]. This view is consistent with the role of

nodose ganglion neurons being the first link to carry information from the viscera to autonomic

and limbic circuitries in the brain [11,12,22]. As a consequence, afferent input conveyed by

vagal afferents can have a far-reaching impact on emotional-affective processes and autonomic

regulation of bodily processes although the clinical significance of these implications awaits to

be elucidated. It appears reasonable to assume, however, that the adverse symptoms of both

acute infection and inflammation of the gastrointestinal tract as well as those associated with

postinfectious and postinflammatory dyspepsia and irritable bowel syndrome involve vagal

afferent neurons excited and sensitized by proinflammatory cytokines.

8. ANTINOCICEPTIVE ROLE OF VAGAL AFFERENT NEURONS

Apart from signaling adverse events from the gut to the brainstem, subpopulations of vagal

afferents also seem to play an antinociceptive role (Fig. 2). This implication was first discovered

when stimulation of the cervical vagus nerve was found to reduce nociceptive impulse

transmission in the spinal dorsal horn and attenuate nociceptive behavior [73,74]. In the rat,

this antinociceptive effect depends on vagal afferent input to the NTS and subsequent activation

of noradrenergic neurons in the locus ceruleus–subceruleus–parabrachial complex as well as

serotonergic neurons in the nucleus magnus of the rostral ventromedial medulla [75]. These

nuclei issue descending projections to the dorsal horn of the spinal cord where they inhibit

nociceptive transmission through activation of adrenoceptors, 5-HT receptors, and opioid

receptors [73,75]. The vagally driven antinociceptive system appears to operate not only

following stimulation of nodose ganglion neurons but may also be maintained by spontaneous

activity in vagal afferents [76].

Further analysis has shown that chemical, electrical, or physiological activation of cardio-

pulmonary (cervical, thoracic, or cardiac), diaphragmatic, or subdiaphragmatic vagal afferents

can result in either facilitation or inhibition of nociception in a species-dependent manner [75].

In monkeys, for instance, stimulation of cervical – but not subdiaphragmatic – vagal afferents

has been found to suppress impulse activity to spinothalamic relay neurons [75]. It has been

argued that differences in the antinociceptive impact of vagal afferents may reflect the modality

of noxious input (e.g., visceral versus cutaneous), the type of neuronal activity recorded

(e.g., resting versus noxious stimulus-evoked), the location of recording in the spinal cord

(e.g., thoracic versus lumbosacral), and/or the parameters of stimulation [75].

Apart from activating descending pathways that inhibit nociceptive transmission in the spinal

cord, vagal afferents can induce antinociception also via endocrine mechanisms [76]. This

antinociceptive pathway was revealed by studying the effect of subdiaphragmatic vagotomy to
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decrease the mechanical pain threshold in the rat paw at baseline and after intradermal injection

of bradykinin [22,76]. Most of the increase in mechanical responsiveness caused by vagotomy

is thought to be generated by an endocrine signal released from the adrenal medulla (Fig. 3),

because denervation or removal of the adrenal medulla prevents or reverses the pronociceptive

effect of vagotomy [76].

Vagal afferent nerve activity has not only a bearing on the control of nociception but also seems to

regulate inflammatory processes in remote tissues. Jänig, Levine, and their colleagues [22,76,77]

have found that stimulation of cutaneous and spinal visceral nociceptive afferents reduces

bradykinin-induced plasma extravasation in the knee joint of the rat. This anti-inflammatory effect

is mediated by the hypothalamic–pituitary–adrenal axis (Fig. 3) and potentiated by subdiaphrag-

matic interruption of the celiac – but not gastric and hepatic – branches of the abdominal vagus [77].

The effect of vagotomy has been taken to propose that activity in vagal afferents tonically inhibits

ascending impulse transmission in the neuraxis projecting to the hypothalamus. By removing such

inhibition, vagotomy leads to enforced depression of bradykinin-evoked plasma protein extravasa-

tion [77]. Based on the antinociceptive and anti-inflammatory implications, vagal afferents are

attributed awidespread role in body protection [22,76]. In this concept, vagal afferent input from the

viscera to the brain is thought to regulate the sensitivity of nociceptors throughout the body via

neuroendocrine mechanisms [76].

9. THE VAGAL ANTI-INFLAMMATORY REFLEX

The hypothesis that the vagus nerve plays a role in body protection [22] has been further borne

out by the discovery that vagal efferent neurons mediate an anti-inflammatory effect [16,78].

This role of parasympathetic efferent neurons complements the ability of vagal afferents to
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Figure 3. Effector output governed by vagal afferent input. The diagram portrays various outputs that leave the nucleus

tractus solitarii (NTS) and their functional implications. Ceruleus, locus ceruleus; DVMN, dorsal vagal motor nucleus;

ENS, enteric nervous system; HPA axis, hypothalamic–pituitary–adrenal cortex axis.
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respond to proinflammatory cytokines generated in the course of infection and inflammation,

to trigger a variety of illness responses and to instigate a sickness-like behavior [14,15].

Activation of vagal efferent neurons triggers what has been termed the cholinergic

anti-inflammatory reflex [78]. By releasing acetylcholine acting via distinct acetylcholine

receptors on abdominal immune cells (Fig. 3), vagal efferents suppress proinflammatory

cytokine release and inhibit inflammation [16,78]. This cholinergic anti-inflammatory action

was first envisaged when acetylcholine was observed to concentration-dependently inhibit the

release of the proinflammatory cytokines tumor necrosis factor, interleukin-1, interleukin-6, and

interleukin-8 from endotoxin-activated primary human macrophages, whereas the production of

the anti-inflammatory cytokine interleukin-10 was left unaltered [16,78].

In an attempt to put these findings into pathophysiological perspective, it was found that

electrical stimulation of the efferent vagus nerve decreases serum and hepatic levels of tumor

necrosis factor and attenuates the development of severe hypotension and systemic shock due to

hypovolemia, endotoxin exposure, or ischemia–reperfusion injury [16,78]. Tissue macrophages

and other cytokine-synthesizing cells in the organs of the reticuloendothelial system are among

the most plausible cellular targets of the immunomodulatory effect of the efferent vagus. The

effect of acetylcholine to inhibit cytokine release from immune cells is mediated primarily by

nicotinic, but not muscarinic, acetylcholine receptors. Macrophages express alpha7 subunit-

containing nicotinic receptors, and there is convincing evidence that this subunit plays an

essential role in the effect of acetylcholine released from vagal efferents to suppress cytokine

release [16,78]. Thus, antisense oligonucleotides to the alpha7 subunit abolish the effect of

nicotine to suppress the release of tumor necrosis factor and other cytokines from stimulated

human macrophages, and knockout of the alpha7 subunit prevents nicotine, acetylcholine, and

efferent vagal nerve stimulation from blocking tumor necrosis factor release by peritoneal

macrophages of the mouse [16,78,79].

The specific involvement of alpha7 subunit-containing nicotinic receptors makes it

conceivable that an agonist selectively targeting this receptor may represent a new type

of anti-inflammatory agent that is devoid of an action on autonomic ganglia in which

transmission is mediated primarily by alpha3/beta4 subunit-containing nicotinic receptors

[78]. This concept has received significant support by the ability of GTS-21, a selective

alpha7 nicotinic acetylcholine receptor agonist, to inhibit the release of proinflammatory

cytokines in vitro and in vivo and to improve survival in a murine endotoxemia and sepsis

model [80].

Tracey [16] has envisaged that the anti-inflammatory action of the efferent vagus is part of a

vagal anti-inflammatory reflex [16]. Although the functional characteristics of this reflex have

not yet been worked out, a hypothetical model of the anti-inflammatory reflex has been

elaborated [78]. In this model, peripheral immune and inflammatory signals generate an input

to the brain both via vagal afferents and circumventricular organs that are devoid of a blood–

brain barrier. These signals are processed by the NTS and central autonomic circuitries to

provide an integrated output via cholinergic vagal efferents [78]. Acetylcholine, released from

cholinergic axon terminals in the periphery, activates alpha7 subunit-containing nicotinic

receptors on immune cells, which results in inhibition of proinflammatory cytokine release

and restoration of immune homeostasis [78]. The exact mechanism by which acetylcholine

approaches nicotinic receptors on immune cells has not yet been fully explored, because the

lifetime of acetylcholine diffusing through the parenchyma of organs of the reticuloendothelial

system to nearby immune cells is extremely limited by the catabolic activity of acetylcholines-

terase [78].

332 Peter Holzer



There is increasing evidence that the vagovagal anti-inflammatory reflex has a particular

role in controlling inflammation within the peritoneal/abdominal cavity. For instance, septic

peritonitis induced in mice by intraperitoneal injection of live Escherichia coli is attenuated

by nicotine and exacerbated by vagotomy [81]. Likewise, murine pancreatitis induced by

cerulein is ameliorated by the alpha7 nicotinic acetylcholine receptor agonist GTS-21,

whereas vagotomy or treatment with the nicotinic receptor antagonist, mecamylamine,

exacerbates pancreatitis as reflected by histology, edema, and interleukin-6 levels [82].

Dextrane sulfate sodium-induced colitis is associated with increased tissue levels of several

proinflammatory cytokines in the intestinal wall. These and other indices of inflammation

have been found to be exaggerated by vagotomy and hexamethonium and attenuated by

nicotine [83]. The counterinflammatory action of the vagus nerve in colitis involves a

macrophage-dependent mechanism, because vagotomy fails to exacerbate colitis in mice

that are deficient of macrophage colony-stimulating factor [83]. The extent of inflammation

following abdominal surgery is a factor that has an important bearing on the severity and

duration of postoperative ileus. Stimulation of nicotinic acetylcholine receptors has been

reported to inhibit macrophage activation, ameliorate surgery-induced inflammation, and

reduce postoperative ileus through downstream activation of the Jak2–STAT3 signaling

pathway [84].

10. CONCLUSIONS

The vagus nerve has long been considered to be an exclusively efferent communication

channel that is involved in the physiological regulation of digestion. More recent research

has revealed, however, that the vagus nerve is primarily an afferent nerve and subserves an

unprecedented variety of physiological and pathophysiological functions [85,86] (Figs 2 and 3).

Abdominal vagal afferents carry a wealth of information to the brainstem, including signals

relevant to nutrient homeostasis, feeding and drinking behavior [87,88], noxious challenge

of the tissue [7,8,55] as well as infection and inflammation [14,15]. Through this pleio-

tropic sensory role, vagal afferents participate in a wide range of physiological reactions

aimed at maintenance of homeostasis (Fig. 2). It seems very likely that vagal afferents

comprise a multitude of neuronal subpopulations that have different sensory modalities

(Fig. 1) and functional implications. One of the challenges ahead is to dissect these distinct

subpopulations of afferent neurons, to expand the understanding of vagus nerve physiology

and to take use of this knowledge in the design and development of novel therapeutic

strategies. Advances in vagal nerve pharmacology offer therapeutic opportunities to address

the control of food intake and the treatment of functional gastrointestinal disorders, nausea

and emesis, gastroesophageal reflux disease, abdominal pain and hyperalgesia, disturbances

of affective-emotional behavior, gastrointestinal infection, and gastrointestinal inflamma-

tion (Fig. 3).
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Plate 1. Blood flow images during stimulation of fine nerve filaments containing C-heat nociceptor axons in the pig.

Upper field: filament contained three identified heat nociceptors – afferent receptive fields outlined in red and one

polymodal nociceptor (P) receptive field outlined in green. Note that only the heat nociceptors gave vasodilator

responses. Lower two fields: filaments with one heat nociceptor axon. Note the good relation between afferent receptive

field and area of vasodilatation. Images have been scaled so that color levels represent fixed percentages above the

average baseline level and have been oriented so that proximal is to the right and anterior at the top. Scans took 1–3 min.

Stimulation was 1–2Hz for the duration of the scans (from Ref. [16]). (See Figure 1 of Chapter 2, p. 41).
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Plate 2. Hypothetical interaction of TRPV1-expressing sensory afferents with mast cells. During inflammation,

numerous mediators are generated, including bradykinin, prostaglandin, and protons. This “inflammatory soup” can

directly activate TRPV1 (e.g., low pH) or indirectly sensitize TRPV1 (e.g., bradykinin through its receptor, bradykinin

R). Activation of TRPV1 in sensory afferents results in the release of neuropeptides, including substance P (SP). SP via

NK1 can activate mast cells resulting in the release of mast cell tryptase – an activator of PAR2. Sensitization of TRPV1

via PAR2 and/or histamine receptor (H1) would complete a positive regulatory loop between mast cells and sensory

afferents that drives neurogenic inflammation. Endocannabinoids, such as anandamide, may activate sensory neurons

through direct interaction with TRPV1(+) or decrease sensory neuron activity via cannabinoid receptor, CB1(�). PL,

phospholipase; PKC, protein kinase C. (See Figure 1 of Chapter 5, p. 108).



AUTONOMIC EFFERENT

SENSORY AFFERENT

Mast cell degranulation

Vasodilatation

Plasma extravasation

Chemotaxis

Plate 3. The axon reflex as first proposed by Lewis. Stimulation of primary afferent terminals results in orthodromic

action potentials conducted to the CNS. Invasion of primary afferent terminal branches by antidromic action potentials

(arrows) results in the release of proinflammatory neuropeptides such as substance P and calcitonin gene-related peptide

(CGRP). These act on arterioles to cause vasodilatation (CGRP), on capillaries and postcapillary venules to cause

plasma extravasation, on mast cell resulting in degranulation, and attract leukocytes out of the bloodstream (chemo-

taxis). Autonomic fibers may also release neuropeptide Y and vasoactive intestinal polypeptide, which also cause

vasodilatation. (See Figure 1 of Chapter 10, p. 212).



Somatic afferents

Visceral afferents

Celiac branch

Vagal afferents

Hypothalamus

Anterior pituitary

Adrenal

Epinephrine Corticosterone

Bradykinin

Pro-inflammatory
mediators (e.g. PGE2)

Norepinephrine and
Neuropeptide Y

Substance P and
CGRP

Histamine/serotonin

Synovium

Sympathetic
fibers

C-fiber

Mast cell

Extravasation

Plate 4. Production of synovitis by bradykinin. Bradykinin acts on B2 or B1 bradykinin receptors on the sympathetic

postganglionic neuron to release pro-inflammatory mediators. These inflammatory mediators (e.g., prostaglandin E2)

are released independent of electrical activity of the sympathetic neuron, and act directly on the postcapillary venule

and/or on other cell types associated with the sympathetic neuron. Bradykinin can also act directly on its receptors on

C-fiber neurons to release proinflammatory mediators (e.g., substance P). Sympathetic C-fiber peptidergic coupling is

bidirectional, with norepinephrine/neuropeptide Y acting on C-fibers and substance P/CGRP acting on sympathetic

neuron terminals. Two neuroendocrine pathways, HPA and sympathoadrenal, that are activated by ongoing noxious

input from inflammatory sites, mediate a negative feedback control of inflammation by releasing mediators

(e.g., glucocorticoids and epinephrine); these circuits are tonically inhibited by activity in duodenal vagal afferents,

exerted at the level of the spinal cord [144]. Immune cells, which play an essential role in the inflammatory response, are

attracted to the synovium and activated by mediators released from sympathetic and C-fiber afferent neurons as well as

by bradykinin and other tissue-generated inflammatory mediators. Other mechanisms, including the proinflammatory

and anti-inflammatory cytokine network, sympathetic innervation of lymphoid organs [214], and the anti-inflammatory

cholinergic efferent vagal pathway [215], contribute to the pathophysiology of synovial inflammation, but for the sake

of clarity are not included in this schematic figure. (See Figure 4 of Chapter 11, p. 253).
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