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Preface

The intention of this book is to provide a comprehensive and contemporary review

of the biology of sensory nerves. In keeping with the theme of the Handbook of
Experimental Pharmacology series, emphasis will be placed on the actions of

drugs, transmitters and autacoids that initiate or inhibit sensory nerve activation

(through actions on ion channels and receptors at their peripheral terminals) or

modulate the release or actions of the transmitters released from the central

terminals of sensory nerves. On the basis of extensive supportive evidence in the

literature, it is our view that many diseases are characterized by alterations in

sensory nerve function (e.g. pain, cardiovascular disease and migraine). It is our

belief that this book will be unique, as it will comprehensively cover the role of

sensory nerves across many therapeutic areas. To address directly one of the

editorial board queries, this is not intended to be a book about the pharmacology

of pain. That said, to most pharmacologists, pain is the most obvious indication for

a role or sensory nerves in disease. We believe that the lessons learnt from the study

of neuropathic pain will be invaluable for researchers in the other therapeutic areas

covered in this volume. Since most interest has focused on the role of sensory

nerves in neuropathic pain, we have added a number of chapters devoted to this

subject.

The book is organized in three parts, covering the types and roles of sensory

nerves in somatic and visceral disorders (Part I), specific targets on sensory nerves

relevant to pain and visceral disorders (Part II) and a description of current and

future therapeutic strategies for targeting sensory nerves (Part III).

The first two chapters in Part I are devoted to describing the clinical features of

neuropathic pain and visceral pain. Our intention is for the authors to provide a

clinical viewpoint on the features of these conditions and the advantages/disadvan-

tages of current treatment modalities. The next five chapters in Part I focus on the

role of sensory nerves in other pathological conditions. Several common themes

will emerge in this part, including the mode of sensory nerve activation in various

tissues and organs, the alterations in sensory nerve excitability associated with

disease, and the importance of inflammation and inflammatory mediators in initiat-

ing altered sensory nerve function in disease.

v



Whilst the first part focuses on the clinical and/or systems physiology, Part II has

its focus at the cell and molecular level. This part highlights the current understand-

ing of proteins/ion channels/mediators that have created the most intense recent

interest in the area of sensory nerve biology. Together, these chapters will give the

reader important knowledge about how sensory nerve function can be altered

pharmacologically. The last chapter in this part describes the processes that give

rise to altered neural reflexes at the central level. The mechanisms described in

these chapters reinforce the role of proteins/mediators highlighted in the preceding

chapters. The role of these cellular, molecular and physiological processes in the

diseases discussed in Part 1 are emphasized.

The aim of Part III is to highlight potential drug targets that might alter sensory

nerve function. Most of the work has been devoted to the treatment of neuropathic

pain and so this part heavily emphasizes this subject. However, as will be apparent

from Part I, many of these targets could be utilized in other therapeutic areas that

implicate sensory nerves in their pathophysiological processes. The focus of the

chapters is on opioids and modulators of ion channels and then the final chapter is

devoted to future treatment strategies for neuropathic pain.

Finally, we would like to thank all the contributors, including co-authors, who

agreed to write chapters for this book and the publishers, especially Susanne Dathe,

for their patience and assistance.

Baltimore B.J. Canning
London D. Spina
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Abstract Neuropathic pain syndromes, i.e., pain after a lesion or disease of the

peripheral or central nervous system, are clinically characterized by spontaneous

pain (ongoing, paroxysms) and evoked types of pain (hyperalgesia, allodynia).

A variety of distinct pathophysiological mechanisms in the peripheral and central

nervous system operate in concert: In some patients the nerve lesion triggers
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molecular changes in nociceptive neurons that become abnormally sensitive and

develop pathological spontaneous activity (upregulation of sodium channels and

receptors, e.g., vanilloid TRPV1 receptors, menthol-sensitive TRPM8 receptors, or

a-receptors). These phenomena may lead to spontaneous pain, shooting pain

sensations, as well as heat hyperalgesia, cold hyperalgesia, and sympathetically

maintained pain. Spontaneous activity in damaged large nonnociceptive A-fibers

may lead to paresthesias. All these changes may also occur in uninjured neurons

driven by substances released by adjacent dying cells and should receive more

attention in the future. The hyperactivity in nociceptors in turn induces secondary

changes (hyperexcitability) in processing neurons in the spinal cord and brain. This

central sensitization causes input from mechanoreceptive A-fibers to be perceived

as pain (mechanical allodynia). Neuroplastic changes in the central descending pain

modulatory systems (inhibitory or facilitatory) may lead to further hyperexcitability.

Neuropathic pain represents a major neurological problem and treatment of patients

with such pain has been largely neglected by neurologists in the past. The medical

management of neuropathic pain consists of five main classes of oral medication

(antidepressants with reuptake blocking effect, anticonvulsants with sodium-blocking

action, anticonvulsants with calcium-modulating actions, tramadol, and opioids)

and several categories of topical medications for patients with cutaneous allodynia

and hyperalgesia (capsaicin and local anesthetics). In many cases an early combi-

nation of compounds effecting different mechanisms is useful. At present existing

trials only provide general pain relief values for specific causes, which in part may

explain the failure to obtain complete pain relief in neuropathic pain conditions. In

general, the treatment of neuropathic pain is still unsatisfactorily. Therefore, a new

hypothetical concept was proposed in which pain is analyzed on the basis of

underlying mechanisms. The increased knowledge of pain-generating mechanisms

and their translation into symptoms and signs may in the future allow a dissection of

the mechanisms that operate in each patient. If a systematic clinical examination of

the neuropathic pain patient and a precise phenotypic characterization is combined

with a selection of drugs acting against those particular mechanisms, it should

ultimately be possible to design optimal treatments for the individual patient.

Keywords Neuropathy, Pathophysiology, Assessment, Treatment

1 Introduction and Definition of Neuropathic Pain

Modern research into the mechanisms of neuropathic pain has clearly demonstrated

that a nerve lesion leads to dramatic changes in the sensory nervous system that

makes it distinct from other chronic pain types in which the nociceptive system is

intact (chronic nociceptive pain, e.g., osteoarthritis). The alterations include the

appearance of novel receptor and channel proteins at the membrane of degenerating

or regenerating neurons, changes in nociceptive signal processing in the peripheral

4 R. Baron



nervous system (PNS) and the central nervous system (CNS), as well as anatomical

rewiring of afferent connections. Therefore, also the drug targets differ in the

lesioned nervous system and, hence, neuropathic pain states require different

therapeutic approaches which are often not effective against nociceptive pain. For

the clinician, it is, therefore, of utmost importance to know the specific medical

history of neuropathic pain and have valid diagnostic tools that differentiate

neuropathic from nociceptive pain or estimate the importance of the neuropathic

pain component in combinations of different pain types. Both categories of pain are

characterized by distinct clinical signs and symptoms that can be used to differen-

tiate between them.

In 2007 a new definition for neuropathic pain was proposed by the Special

Interest Group ‘‘Neuropathic pain’’ of the International Association for the Study

of Pain (Treede et al. 2007). This proposal defines neuropathic pain as a ‘‘Pain

arising as a direct consequence of a lesion or disease affecting the somatosensory

system.’’ The term ‘‘disease’’ refers to identifiable disease processes such as inflam-

matory, autoimmune conditions, or channelopathies, while ‘‘lesion’’ refers to macro-

or microscopically identifiable damage. The restriction to the somatosensory system

is necessary, because diseases and lesions of other parts of the nervous system may

cause nociceptive pain. For example, lesions or diseases of the motor system may

lead to spasticity or rigidity, and thus may indirectly cause muscle pain. The latter

pain conditions are now explicitly excluded from the condition of neuropathic pain.

If possible, neuropathic pain should be qualified as being of peripheral or central

origin in terms of the location of the lesion or disease process. This distinction is

important, as lesions or diseases of the CNS and PNS are distinct in terms of clinical

manifestations and underlying pathophysiological mechanisms.

2 Classification

It is common clinical practice to classify neuropathic pain according to the under-

lying cause of the disorder and the anatomical location of the specific lesion (Jensen

and Baron 2003). The majority of patients with lesions in the nervous system fall

into four broad classes (Table 1): painful peripheral neuropathies (focal, multifocal,

or generalized, e.g., traumatic, ischemic, inflammatory, toxic, metabolic, heredi-

tary), central pain syndromes (e.g., stroke, multiple sclerosis, spinal cord injury),

complex painful neuropathic disorders (complex regional pain syndromes, CRPS),

and mixed-pain syndromes (combination of nociceptive and neuropathic pain, e.g.,

chronic low-back pain with radiculopathy).

The anatomical distribution pattern of the affected nerves provides valuable

differential diagnostic clues as to possible underlying causes. Therefore, painful

peripheral neuropathies are grouped into symmetrical generalized polyneuropathies

(disease affecting many nerves simultaneously), and into asymmetrical neuropa-

thies with a focal or multifocal distribution or processes affecting the brachial or

lumbosacral plexuses.

Neuropathic Pain: A Clinical Perspective 5



Table 1 Disease/anatomy-based classification of painful peripheral neuropathies

Painful peripheral neuropathies

Focal, multifocal

Phantom pain, stump pain, nerve transection pain (partial or complete)

Neuroma (posttraumatic or postoperative)

Posttraumatic neuralgia

Entrapment syndromes

Mastectomy

Post thoracotomy

Morton’s neuralgia

Painful scars

Herpes zoster and postherpetic neuralgia

Diabetic mononeuropathy, diabetic amyotrophy

Ischemic neuropathy

Borreliosis

Connective tissue disease (vasculitis)

Neuralgic amyotrophy

Peripheral nerve tumors

Radiation plexopathy

Plexus neuritis (idiopathic or hereditary)

Trigeminal or glossopharyngeal neuralgia

Vascular compression syndromes

Generalized (polyneuropathies)

Metabolic or nutritional

Diabetic, often ‘‘burning feet syndrome’’

Alcoholic

Amyloid

Hypothyroidism

Beriberi, pellagra

Drugs

Antiretrovirals, cisplatin, disulfiram, ethambutol, isoniazid, nitrofurantoin,

thalidomide, thiouracil

Vincristine, chloramphenicol, metronidazole, taxoids, gold

Toxins

Acrylamide, arsenic, clioquinol, dinitrophenol, ethylene oxide, pentachlorophenol, Thallium

Hereditary

Amyloid neuropathy

Fabry’s disease

Charcot–Marie–Tooth disease type 5, type 2B

Hereditary sensory and autonomic neuropathy type 1, type 1B

Malignant

Carcinomatous (paraneoplastic), myeloma

Infective or postinfective, immune

Acute or inflammatory polyradiculoneuropathy (Guillain–Barré syndrome),

borreliosis, HIV

Other polyneuropathies

(continued )
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Central pain is defined as chronic pain following a lesion or disease of the CNS.

The cause of pain is a primary process within the CNS. All lesions that cause central

pain affect the somatosensory pathways. They may be located at any level of the

neuraxis. Thus, lesions at the first synapse in the dorsal horn of the spinal cord or

trigeminal nuclei, along the ascending pathways through the spinal cord and brain-

stem, in the thalamus, in the subcortical white matter, and in the cerebral cortex

have all been reported (Leijon et al. 1989).

In addition to the classic neuropathic syndromes such as painful diabetic neuro-

pathy, postherpetic neuralgia (PHN), or phantom limb pain, there are certain chronic

painful conditions that share many clinical characteristics. These syndromes were

formerly called reflex sympathetic dystrophy, Sudeck dystrophy, or causalgia and are

now classified under the umbrella term ‘‘complex regional pain syndromes’’ (CRPS).

CRPS are painful disorders that may develop as a disproportionate consequence of

trauma typically affecting the limbs (Janig and Baron 2003; Baron and Janig 2004).

CRPS type I usually develops after minor trauma with a small or no obvious nerve

lesion at an extremity (e.g., bone fracture, sprains, bruises or skin lesions, sur-

geries). CRPS type II develops after trauma with a mostly large nerve lesion.

There is agreement that both nociceptive and neuropathic processes contribute to

many chronic pain syndromes and that these different mechanisms may explain the

Table 1 (continued)

Erythromelalgia

Idiopathic small-fiber neuropathy
Trench foot (cold injury)

Central pain syndromes

Vascular lesions in the brain (especially brainstem and thalamus) and spinal cord:

Infarct

Hemorrhage

Vascular malformation

Multiple sclerosis

Traumatic spinal cord injury including iatrogenic cordotomy

Traumatic brain injury

Syringomyelia and syringobulbia

Tumors

Abscesses

Inflammatory diseases other than multiple sclerosis; myelitis caused by viruses, syphilis

Epilepsy

Parkinson’s disease

Complex painful neuropathic disorders

Complex regional pain syndromes type I and II (reflex sympathetic dystrophy, causalgia)

Mixed-pain syndromes

Chronic low back pain with radiculopathy

Cancer pain with malignant plexus invasion

Complex regional pain syndromes
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qualitatively different symptoms and signs which patients experience (mixed-pain

syndromes). In particular, patients with chronic low-back pain, cancer pain,

and CRPS seem to fit into this theoretical construct (Baron and Binder 2004;

Freynhagen et al. 2007).

3 Signs and Symptoms of Neuropathic Pain

Pain associated with nerve injury has several clinical characteristics (Baron 2006).

If a mixed peripheral nerve with a cutaneous branch or a central somatosensory

pathway is involved, there is almost always an area of abnormal sensation and the

patient’s maximum pain is coextensive with or within an area of sensory deficit.

This is a key diagnostic feature for neuropathic pain. The sensory deficit is usually

to noxious and thermal stimuli, indicating damage to small-diameter afferent fibers.

Beside these negative somatosensory signs (deficit in function), which are

bothering but not painful, positive signs are also characteristic for neuropathic

conditions. Paresthesias (ant crawling, tingling) are bothering but not painful.

Painful positive signs are spontaneous (not stimulus-induced) ongoing pain and

spontaneous shooting, electric-shock-like sensations. Many patients with neuro-

pathic pain also have evoked types of pain (stimulus-induced pain, hypersensitivity)

which are characterized by several sensory abnormalities. They may be adjacent to

or intermingled with skin areas of sensory deficit. Most often, patients report

mechanical hypersensitivity followed by hypersensitivity to heat and cold. Two

types of hypersensitivity can be distinguished. First, allodynia is defined as pain in

response to a nonnociceptive stimulus. In the case of mechanical allodynia, even

gentle mechanical stimuli such as slight bending of hairs may evoke severe pain.

Second, hyperalgesia is defined as an increased pain sensitivity to a nociceptive

stimulus. Another evoked feature is summation, which is the progressive worsening

of pain evoked by slow repetitive stimulation with mildly noxious stimuli, for

example, pinprick. A small percentage of patients with peripheral nerve injury

have a nearly pure hypersensitive syndrome in which no sensory deficit is demon-

strable. The quality of the reported sensation may also be a clue; neuropathic pain

commonly has a burning and/or shooting quality with unusual tingling, crawling, or

electrical sensations (dysesthesiae). Although all these characteristics are neither

universally present in nor absolutely diagnostic of neuropathic pain, when they are

present the diagnosis of neuropathic pain is likely.

4 Pathophysiological Mechanisms and Drug Targets

in Neuropathic Pain

Most of the present pathophysiological ideas are derived from experimental work

with animal models for neuropathic pain (Fig. 1, Table 2). This work has delineated

a series of partially independent pathophysiological mechanisms presumed to be
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Fig. 1 Mechanisms of peripheral sensitization and central sensitization in neuropathic pain and

relevant drug targets. (a) Primary afferent pathways and their connections in the spinal cord

dorsal horn. Nociceptive C-fibers terminate at spinothalamic projection neurons in upper laminae

whereas nonnociceptive myelinated A-fibers project to deeper laminae. The second-order projection

neuron is of wide dynamic range (WDR) type, i.e., it receives direct synaptic input from noci-

ceptive terminals and also multisynaptic input from myelinated A-fibers (innocuous information).

Neuropathic Pain: A Clinical Perspective 9



responsible for different types of neuropathic pain and different somatosensory

abnormalities (Baron 2006):

4.1 Peripheral Sensitization of Primary Afferents in Animals

Pain sensations are normally elicited by activity in unmyelinated (C) and thinly

myelinated (Ad) primary afferent neurons. After peripheral nerve lesion, these neurons

acquire an abnormal sensitization, i.e., an increased responsiveness of primary
nociceptors to stimulation of their receptive field. The characteristic features

of sensitized nociceptors are as follows: pathological spontaneous discharge, a

lowered activation threshold for thermal and mechanical stimuli, and an enhanced

discharge to suprathreshold stimulation (hyperalgesia).

A large number of dramatic molecular and cellular changes at the level of the

primary afferent nociceptor that are triggered by the nerve lesion underlie these

pathological changes.

Nerve injury is matched by increased expression of messenger RNA for voltage-

gated sodium channels in primary afferent neurons. Two voltage-gated sodium

channel genes (Nav1.8 and Nav1.9) are expressed selectively in nociceptive primary

afferent neurons, and an embryonic channel (Nav1.3) is also upregulated in dam-

aged peripheral nerves and is associated with increased electrical excitability

and spontaneous activity in neuropathic pain states. The accumulation of sodium

Fig. 1 (Continued) g-Aminobutyric acid (GABA)-releasing interneurons normally exert inhibitory

synaptic input on the WDR neuron. Furthermore descending modulatory systems synapse at the

WDR neuron. (b) Peripheral changes at primary afferent neurons after partial nerve lesion leading

to peripheral sensitization. Some axons are damaged and degenerate (upper two axons), whereas
others (lower two axons) are still intact and connected with the peripheral end organ (skin). The

lesion triggers the expression of sodium channels on damaged neurons. Furthermore, products

such as nerve growth factor, which are associated with Wallerian degeneration, are released in the

vicinity of spared fibers (arrows), triggering channel and receptor expression (sodium channels,

TRPV1 receptors, adrenoceptors) on uninjured fibers. (c) Spontaneous activity in nociceptive

C-fibers induces secondary changes in the central sensory processing by the action of glutamate on

postsynaptic NMDA receptors. This leads to spinal cord hyperexcitability (central sensitization).

This causes input from mechanoreceptive A-fibers (light touch and punctate stimuli) to be

perceived as pain (dynamic and punctate mechanical allodynia; + indicates gating at the synapse).

Several presynaptic (opioid receptors, calcium channels) and postsynaptic molecular structures

(glutamate receptors, noradrenaline (adrenoceptors), serotonin receptors, GABA receptors, sodi-

um channels) are involved in central sensitization. Inhibitory interneurons and descending modu-

latory control systems are dysfunctional after nerve lesions, leading to disinhibition or facilitation

of spinal cord dorsal horn neurons and to further central sensitization. (d) Targets for drug therapy

in neuropathic pain: opioid receptors – opioids; glutamate receptors – NMDA blocker (ketamine);

noradrenaline (a-adrenoreceptors)/serotonin receptors – antidepressants, clonidine; GABA recep-

tors – baclofen; a-adrenoreceptors – sympathetic blocks; TRPV1 receptor – capsaicin; sodium

channel – lidocaine, carbamazepine, lamotrigine; calcium channel – gabapentin, pregabalin,

ziconotide. (Modified from Baron 2006)
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channels at sites of ectopic impulse generation (sodium-channel clusters) may be

responsible for lowering the action potential threshold (Omana-Zapata et al. 1997;

Lai et al. 2003). There is evidence that small primary afferent fibers may acquire a

unique sodium-channel expression profile after nerve lesion (e.g., a specific relation

of upregulation and downregulation of channel proteins), which makes them an

interesting target (Wood et al. 2004).

After peripheral nerve damage, the accumulation of sodium-channel clusters

does not only occur at the site of the nerve lesion but also proximally within the

intact dorsal root ganglion. In the dorsal root ganglion a reciprocation between a

phasically activating voltage-dependent, tetrodotoxin-sensitive sodium conduc-

tance and a passive, voltage-independent potassium leak generates characteristic

membrane potential oscillations. Ectopic firing is triggered when the amplitude

of oscillation sinusoids reaches the threshold (Amir et al. 2002). Pathological

membrane properties within the dorsal root ganglion that occur after nerve lesion

are of particular therapeutic interest since the dorsal root ganglion is spared of the

blood-brain barrier and might be easily accessible for systemic therapies (Jacobs

et al. 1976). In addition to sodium currents, impaired potassium conductances in

myelinated fibers were demonstrated in experimental diabetes and may underlie

hyperexcitability in these fibers.

Table 2 Proposed model for the relationship between neuropathic pain mechanisms and clinical

symptoms and signs, and possible targets for therapeutic interventions. 5-HT, 5-hydroxytrypta-

mine (serotonin); ASIC, acid-sensing ion channel; GABA, g-aminobutyric acid; NK1, neurokinin

1; NMDA, N-methyl-D-aspartate; TCA, tricyclic antidepressants

Compound / Intervention Targets Neuronal processes /
Pathomechanisms

Sign / Symptom

Peripheral nociceptor
hyperexcitability

Lidocaine,
Carbamazepine, Lamotrigine

Na-channels Ectopic impulse generation,
oscillations in DRG

Spontaneous pain (ongoing)
Spontaneous pain (shooting)

Peripheral nociceptor sensitization Spontaneous pain (ongoing)

Capsaicin

Sympathetic blocks

TRPV1-receptor
TRPM8-receptor
TRPA1-receptor
ASIC-receptors
αααα-receptor

Reduced activation threshold to:
heat
cold
mechanical stimuli

noradrenaline

Heat hyperalgesia
Cold hyperalgesia
Static mechanical allodynia

Sympathetically maintained pain

Central dorsal horn hyperexcitability

Opioids

Gabapentin,
Pregabalin,
Ziconotide

Ketamine

Baclofen

Antidepressants
Amitriptyline,
Venlafaxine, Duloxtine)

Clonidine

Presynaptic:

μμμμ-receptors

Ca-channels

Postsynaptic:

NMDA-receptors
NK-1-receptors
Na-channels
Intracellular cascads

GABA-B receptors

Glicine-receptors

αααα-, 5-HT-receptors

αααα2-receptors

Central sensitization on spinal level
Ongoing C-Input induces increased
synaptic transmission

Amplification of C-fiber-input

Gating of A-fiber-input

Intraspinal inhibitory interneurons ↓
(functional, degneration)

GABA-ergic

Glicine-ergic

Changes
of supraspinal descending modulation

inibitory control
(NA, 5-HT) ↓↓↓↓

Spontaneous pain (ongoing)

Dynamic and punctate
mechanical allodynia
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Damage to peripheral primary nociceptors also induces upregulation of a variety

of receptor proteins at the membrane, some of them only marginally expressed

under physiological conditions. Vanilloid receptors (TRPV1) are located predominantly

on nociceptive afferent fibers and can be activated by a constituent of hot chilli

pepper (capsaicin). Physiologically, this receptor senses noxious heat (above 43�C)
(Catarina et al. 2000). Accordingly, TRPV1-deficient knockout mice have obvious

deficits in chemical and thermal heat nociception but normal reactions to noxious

mechanical stimuli and to noxious cold stimuli.

After partial nerve injury and in streptozotocin-induced diabetic rats, the lesion

triggers a TRPV1 downregulation on many damaged afferents but a novel expres-

sion of TRPV1 on uninjured C- and A-fibers (Fig. 1b; see below) (Hudson et al.

2001; Hong and Wiley 2005) which is likely involved in the development of

C-nociceptor sensitization and the associated symptom of heat hyperalgesia.
Recent studies also provide evidence for an upregulation of TRPV1 in medium

and large injured dorsal root ganglion cells (Ma et al. 2005). However, TRPV1 does

not appear to be the only transduction mechanism for heat sensitization after nerve

injury. After partial sciatic nerve ligation, wild-type and TRPV1-null mice exhib-

ited comparable persistent enhancement of mechanical and thermal nociceptive

responses (Catarina et al. 2000). In this context, a recent study examined strain

differences in the normal sensitivity to noxious heat in mice. These differences

reflect differential responsiveness of primary afferent thermal nociceptors to heat

stimuli due to a genetic variance in CGRP expression and sensitivity (Mogil et al.

2005).

In taxol-induced small-fiber painful polyneuropathy, TRPV4, which is normally

activated by heat of more than 30�C, seems to play a crucial role in producing taxol-

induced mechanical hyperalgesia (Alessandri-Haber et al. 2004).

Investigations into temperature-sensitive excitatory ion channels also identified

several cold-sensing ion channels in peripheral neurons. The cold- and menthol-

sensitive TRP channel (TRPM8) is activated within the range of 8–28�C (Patapou-

tian et al. 2003) and is sensitized by menthol. This receptor is expressed in around

10% of all afferent ganglion neurons of rats, primarily within small-diameter cells

(McKemy et al. 2002). TRPA1 is activated at lower temperatures and its exogenous

ligand is cinnamaldehyde, a constituent of cinnamon oil, mustard oil, and horserad-

ish. Peripheral nerve lesions have been shown to upregulate the expression of cold-

sensing ion channels in dorsal root ganglion cells of rats that developed cold

hyperalgesia (Obata et al. 2005; Xing et al. 2007). Therefore, upregulation or gating

of these channels after injury may lead to the peripheral sensitization of cold-

sensitive C-nociceptors, resulting in the sensory phenomenon of cold hyperalgesia.

In addition to temperature-sensitive receptors, experimental nerve injury also

triggers the expression of functional a1- or a2-adrenoceptors on cutaneous afferent

fibers; these neurons develop adrenergic sensitivity (Fig. 2b). Intravenous adrena-

line or physiological noradrenaline release after stimulation of sympathetic effer-

ents that have regenerated into the neuroma can excite afferent nociceptors. After

section and reanastomosis of peripheral nerves, electrical stimulation of the

sympathetic trunk at physiological stimulus frequencies activates regenerated
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C-nociceptors through an a1-adrenoceptor mechanism (Habler et al. 1987). Fur-

thermore, sympathetic activity can sensitize identified intact nociceptors following

damage to the nerve in which they run via an a2-adrenoceptor mechanism (Sato and

Perl 1991). The concept of a pathological coupling between sympathetic postgan-

glionic fibers and afferent neurons via noradrenaline forms the conceptual frame-

work for the therapeutic application of sympathetic blocks in certain pain

syndromes, e.g., CRPS (Price et al. 1998; Baron et al. 1999b).

Fig. 2 Z-score sensory profiles of two patients suffering from postherpetic neuralgia (PHN).

Patient PHN I (open circles) presents the QST profile of a 70-year-old woman suffering from PHN

for 8 years. Ongoing pain was 80 on a 0–100 numerical rating scale. The profile shows a

predominant gain of sensory function in terms of heat pain hyperalgesia (HPT), pinprick mechan-

ical hyperalgesia (MPS), dynamic mechanical allodynia (ALL), and static hyperalgesia to blunt

pressure (PPT) outside the 95% confidence interval of the distribution of healthy subjects (gray
zone). This profile is consistent with a combination of peripheral and central sensitization. Patient

PHN II ( filled circles) shows the QST profile of a 71-year-old woman with pain for 8 months.

Ongoing pain was 70 on a 0–100 numerical rating scale. The QST profile shows predominant loss

of sensory function. Note the cold detection thresholds (CDT), warm detection thresholds (WDT),
thermal sensory limen (TSL), heat pain thresholds (HPT), tactile detection thresholds (MDT), and
mechanical pain thresholds to pinprick stimuli (MPT) outside the normal range as presented by the

gray zone. This profile is consistent with a combined small and large fiber sensory deafferentation.

The Z score is the number of standard deviations between patient data and the group-specific mean

value. (After Rolke et al. 2006)
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There is increasing evidence that uninjured fibers running in a partially lesioned
nerve may also take part in pain signaling (Wasner et al. 2005). Uninjured fibers

commingle with degenerating fibers in the same nerves. Products associated with

Wallerian degeneration released in the vicinity of spared fibers (e.g., NGF) may be

the trigger for channel and receptor expression and may alter the properties of

uninjured afferents (Hudson et al. 2001; Wu et al. 2001). Expression of sodium

channels, TRPV1 receptors, and adrenoreceptors and an increase of TNF-a sensi-

tivity have been shown to play a role in uninjured fibers adjacent to lesioned axons.

4.2 Peripheral Sensitization of Primary Afferents in Patients

Microneurographic single-fiber recordings support the idea of peripheral sensitiza-

tion of primary afferent neurons in patients with painful nerve lesions by demon-

strating abnormal activity and reduced thresholds in cutaneous afferents. Abnormal

ectopic activity of myelinated mechanosensitive fibers was found in traumatic

nerve lesions, entrapment neuropathies, or radiculopathies. Since the ectopic

nerve activity correlated in intensity and time course with the perceived paresthe-
sias, it is likely that pathological activity in A-fibers is the underlying mechanism of

positive nonpainful sensations.

Recordings from transected nerves in human amputees with phantom limb pain

have demonstrated spontaneous ectopic activity as well as barrages of action

potential firing in afferent A- and C-fibers projecting into the neuroma (Nystrom

and Hagbarth 1981). Ectopic excitation occurred at multiple sites in damaged

sensory neurons. Ongoing activity and mechanical sensitivity were recorded proxi-

mal to the nerve neuroma. Following local anesthetic blockade of the nerve distal to

the recording site, impulses evoked by mechanical stimulation of the neuroma were

abolished, but ongoing activity at the recording site continued, suggesting that this

residual activity arose from the dorsal root ganglia. Since these patients suffered

from spontaneous burning pain and electric-shock-like sensations, it is very likely

that these symptoms are associated with ectopic firing in primary afferent C-fibers.

In a few patients with characteristic burning pain and heat hyperalgesia, micro-

neurographic recordings have provided evidence for sensitized C-nociceptors. In

patients with erythromelalgia, nociceptors displayed ongoing activity, which is

normally not observed in nociceptors, and there was a sensitization of mechanically

insensitive afferents to nonpainful tactile stimuli. These abnormalities were only

present in nociceptive fibers, but not in the sympathetic unmyelinated fibers, as an

indicator of a neuropathic process (Orstavik et al. 2003). In the autosomal domi-

nantly inherited form of erythromelalgia, a mutation in SCN9A was found, a gene

that encodes the Nav1.7 sodium channel, leading to an altered firing pattern in

afferent neurons (Dib-Hajj et al. 2005). Hence, erythromelalgia is the first channe-

lopathy associated with chronic pain (Binder and Baron 2007). Interestingly, a

different mutation in the Nav1.7 sodium channel was found in families with

congenital indifference to pain (Cox et al. 2006; Goldberg et al. 2007).

14 R. Baron



Several clinical observations also support the concept of sensitized nociceptors

in PHN patients. About 30% of patients with PHN do not show any loss of sensory

function in the affected extremity, indicating that in this particular group of patients

loss of neurons is minimal or absent. Accordingly, thermal sensory thresholds in

their region of greatest pain are either normal or even decreased (heat hyperalgesia)

by up to 2–4�C (Rowbotham and Fields 1996; Pappagallo et al. 2000). The decrease

of heat pain perception thresholds is a well-known phenomenon of peripheral

nociceptor sensitization. With use of skin punch biopsy, it was shown that thermal

sensitivity is directly correlated with the density of cutaneous innervation in the

area of most severe pain (Rowbotham et al. 1996). Moreover, in PHN patients with

heat hyperalgesia acute topical application of the vanilloid compound capsaicin

(TRPV1 agonist) enhances pain, a sign which is indicative of an increased capsaicin

sensitivity of nociceptors in the affected skin area and has been attributed to a

sensitization of nociceptors as the driving element in some patients (Petersen et al.

2000). Furthermore, in a similar group of PHN patients cutaneous iontophoresis of

histamine evoked a burning pain sensation, whereas only itch was elicited in normal

skin. Again, this phenomenon indicates that nociceptive neurons in the affected

skin are abnormally sensitive to histamine (Baron et al. 2001), probably owing to

expression of a novel receptor pattern.

These observations suggest that spontaneous burning pain and heat hyperalge-
sia at least in part are associated with sensitization of primary afferent C-fibers to

TRPV1 agonists and histamine or with an altered firing pattern in these fibers due to

abnormal sodium channels.

Cutaneous hypersensitivity to cold, i.e., cold hyperalgesia, is particularly prom-

inent in patients with posttraumatic neuralgias, some small-fiber polyneuropathies,

and chronic CRPS. Another condition of acute cold intolerance occurs after sys-

temic injection of the cancer chemotherapeutic agent oxaliplatin, which is asso-

ciated with paresthesiae and painful hypersensitivity aggravated by cold.

Psychophysical studies of human volunteers using the topical menthol model

suggest that sensitization of cold-sensitive nociceptors can produce cold hyperal-

gesia in normal volunteers (Wasner et al. 2004). Peripheral sensitization also

appears to occur in acute oxaliplatin-induced peripheral neuropathy (Lehky et al.

2004; Binder et al. 2007). Therefore, it is likely the cold hyperalgesia in some

patients is induced by sensitization of primary afferent cold-sensitive nociceptors.

Several clinical observations support the idea that nociceptors acquire a sensi-

tivity to catecholamines that permits an abnormal excitation by either noradrenaline

or by circulating catecholamines. This chemical sensitization makes the nocicep-

tors susceptible for noradrenaline released from efferent sympathetic fibers in the

periphery. The consecutive pathological sympathetic–afferent coupling forms the

conceptual framework for sympathetically maintained pain (SMP) states.

Noradrenergic sensitivity has been described in several human neuropathies and

suggests that the ongoing pain can be caused or maintained by the sympathetic

nervous system in selected patients: In amputees perineuromal administration of

physiological doses of noradrenaline induces intense pain as compared with saline

injections (Raja et al. 1998). Intraoperative stimulation of the sympathetic chain
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induces an increase of spontaneous pain in patients with causalgia (CRPS II) but not

in patients with hyperhidrosis. In PHN, application of noradrenaline into a symptomatic

skin area increased spontaneous pain and dynamic mechanical hyperalgesia (Choi

and Rowbotham 1997). In CRPS II and posttraumatic neuralgias, intracutaneous

noradrenaline rekindles pain and hyperalgesia that had been relieved by sympathet-

ic blockade. Also intradermal noradrenaline, in physiologically relevant doses, was

demonstrated to evoke greater pain in the affected regions of patients with SMP,

than in the contralateral unaffected limb, and in control subjects (Ali et al. 2000).

Because noradrenaline-induced pain occurs during a differential blockade of mye-

linated fibers, unmyelinated fibers appear to signal SMP (Torebjork et al. 1995;

Schattschneider et al. 2007).

We performed a study in patients with CRPS I using physiological stimuli of the

sympathetic nervous system (Baron et al. 2002). Cutaneous sympathetic vasocon-

strictor outflow to the painful extremity was experimentally activated to the highest

possible physiological degree by whole-body cooling. During the thermal challenge

the affected extremity was clamped to 35�C to avoid thermal effects at the nocicep-

tor level. The intensity as well as the area of spontaneous pain and mechanical

hyperalgesia (dynamic and punctate) increased significantly in patients that had

been classified as having SMP by positive sympathetic blocks but not in sympa-

thetically independent pain patients. In summary, it is likely that SMP is a conse-

quence of an adrenergic sensitization of C-nociceptors.

4.3 Pharmacological Approaches That Modify Peripheral
Sensitization of Primary Afferents

4.3.1 Sodium-Channel Blockers

Local anesthetics block voltage-dependent sodium channels. Although the site of

action of membrane-stabilizing drugs for relief of pain has not been proven in

patients, in vitro studies have shown that ectopic impulses generated by damaged

primary afferent nociceptors are abolished by concentrations of local anesthetics

much lower than that required for blocking normal axonal conduction. Carbamaze-

pine is very effective in trigeminal neuralgia. However, the strength of evidence is

much lower for the benefit of these drugs in other types of neuropathic pain.

Oxcarbazepine, which has fewer side effects and drug-drug interactions than

carbamazepine, and also lamotrigine were not superior to a placebo in large trials

on painful diabetic neuropathy. For lamotrigine there is evidence of efficacy for

HIV sensory neuropathy and central poststroke pain. Lidocaine can also be applied

topically on the affected painful skin areas. It is thought that the drug diffuses into

the upper layers and soothes ectopic firing of afferent nerve endings. Studies report

pain relief with topically applied special formulations of local anesthetic [lidocaine

patches (5%)] in PHN and other neuropathies.
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4.3.2 Topically Applied Capsaicin

Capsaicin is an agonist of the vanilloid receptor (TRPV1) which is present on the

sensitive terminals of primary nociceptive afferents. On initial application it has an

excitatory action and produces burning pain and hyperalgesia, but with repeated or

prolonged application it inactivates the receptive terminals of nociceptors. There-

fore, this approach is reasonable for those patients whose pain is maintained by

anatomically intact sensitized nociceptors. Capsaicin has been reported to reduce

the pain of PHN and painful diabetic neuropathy.

4.4 Central Sensitization in the Spinal Cord in Animals

As a consequence of peripheral nociceptor hyperactivity dramatic secondary

changes in the spinal cord dorsal horn also occur. Peripheral nerve injury leads to

an increase in the general excitability of nociceptive and multireceptive spinal cord

neurons (multiple synaptic input from C-fibers as well as A fibers, wide-dynamic

range neurons). This phenomenon is called ‘‘central sensitization’’ and is defined as

an increased responsiveness of nociceptive neurons in the CNS to their normal
afferent input. Central sensitization is manifested by at least three different modes:

(1) increase of neuronal activity to noxious stimuli, (2) expansion of size of neuronal

receptive fields, and (3) spread of spinal hyperexcitability to other segments.

Central sensitization is initiated and maintained by activity in pathologically

sensitized C-fibers, which sensitize second-order spinal cord dorsal horn neurons by

releasing glutamate acting on NMDA receptors and the neuropeptide substance

P. Furthermore, central neuronal voltage-gated neural-type calcium channels locat-

ed at the presynaptic sites on terminals of primary afferent nociceptors are involved

in central sensitization by facilitation of the release of glutamate and substance

P. This channel is overexpressed after peripheral nerve lesion and in rats with

streptozotocin-induced diabetes (Luo et al. 2001). As a consequence of peripheral

nerve lesion, the dorsal horn neurons abnormally express Nav1.3 (Hains et al.

2004), also enhancing central sensitization. Several intracellular cascades contrib-

ute to central sensitization, in particular the mitogen-activated protein kinase

system (Ji and Woolf 2001). If central sensitization is established, normally innoc-

uous tactile stimuli become capable of activating spinal cord pain-signaling neurons

via Ad and Aß low-threshold mechanoreceptors (Tal and Bennett 1994). By this

mechanism, light innocuous mechanical stimuli to the skin induce pain, i.e.,

punctuate and dynamic mechanical allodynia. Furthermore, vibratory stimuli can

maintain the process of central sensitization (Kim et al. 2007). Beside these

dramatic changes in the spinal cord, sensitized neurons were also found in the

thalamus and primary somatosensory cortex after partial peripheral nerve injury

(Guilbaud et al. 1992).

There is increasing evidence that neuropathic pain is in part mediated by an

interaction of nonneural spinal cord glia and nociceptive neurons. In experimental
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pain states in animals, astrocytes and microglia are activated by neuronal signals,

including substance P, glutamate, and fractalkine (Wieseler-Frank et al. 2005).

Activation of glia by these substances in turn leads to the release of mediators

that then act on other glia and also on central nociceptive neurons. These include

proinflammatory cytokines and most likely also other neuroexcitatory compounds

such as glutamate. By this interaction, central sensitization is augmented. While

traditional therapies for pathological pain have focused on neuronal targets, glia

might be new therapeutic targets.

Some patients with neuropathic pain, in particular patients with CRPS, charac-

teristically report ‘‘extraterritorial’’ and/or ‘‘mirror’’-image pain. The pain is expe-

rienced not only in the area of trauma but also in neighboring healthy tissues. In

cases of mirror-image pain, the pain is perceived from the healthy, corresponding

part on the opposite side of the body. New data suggest that communication of

activated astrocytes via gap junctions may mediate such spread of pain.

4.5 Central Sensitization of the Spinal Cord in Patients

One hallmark of central sensitization of spinal cord neurons in animals is that

activity in A-fiber mechanoreceptors is allowed to gain access to the nociceptive

system and induce pain. These phenomena are called ‘‘mechanical allodynia’’ or

‘‘hyperalgesia.’’

Mechanical hypersensitivity is a common phenomenon in neuropathic pain

states in patients. There are several lines of evidence that in patients central

mechanisms also contribute to these sensory phenomena. Two distinct types

have been described in patients: dynamic mechanical and pinprick mechanical

hypersensitivity.

There is consensus that dynamic mechanical allodynia is signaled out of the

skin by sensitive mechanoreceptors with large myelinated axons that normally

encode nonpainful tactile stimuli: (1) reaction time measurements show dynamic

mechanical allodynia in patients to be signaled by afferents with conduction

velocities appropriate for large myelinated axons (Lindblom and Verrillo 1979;

Campbell et al. 1988), (2) transcutaneous or intraneural stimulation of nerves

innervating the allodynic skin can evoke pain at stimulus intensities which only

produce tactile sensations in healthy skin (Gracely et al. 1992; Price et al. 1992),

and (3) with use of differential nerve blocks dynamic allodynia is abolished at time

points when tactile sensation is lost, but other modalities remain unaffected (Camp-

bell et al. 1988; Ochoa and Yarnitsky 1993). Therefore, patients with dynamic
mechanical allodynia would be expected to have central sensitization as the

underlying mechanism.

Hyperalgesia to pinprick stimuli, typically elicited by probing of the skin with a

stiff von Frey hair is distinct from dynamic mechanical allodynia because of its

different spatial and temporal profile and the fact that it is signaled by nonsensi-

tized, heat-insensitive, Ad-nociceptors.
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Notably, in many neuropathic pain patients the mechanically sensitive skin area

expands widely into the secondary zone, i.e., the area not affected by the primary

nerve lesion, which is also indicative for CNS mechanisms involved. Furthermore,

the area of secondary mechanical hypersensitivity is a dynamic phenomenon. In

PHN patients with signs of peripheral nociceptor sensitization (heat hyperalgesia,

see above), cutaneous capsaicin application into the primary skin area leads to an

increase of the allodynic zone into previously nonallodynic and nonpainful skin that

had normal sensory function and cutaneous innervation. These observations support

the hypothesis that allodynia in a subgroup of PHN patients is a form of chronic

secondary hyperalgesia dynamically maintained by input from intact and possibly

sensitized (‘‘irritable’’) primary afferent nociceptors to a sensitized CNS (Fields

et al. 1998; Petersen et al. 2000).

Since central sensitization involves the NMDA receptor, the fact that the NMDA

receptor antagonist ketamine relieves some neuropathic pain disorders further

supports the concept of central sensitization.

Beside these dramatic changes in the spinal cord there is now evidence that

higher centers of the neuraxis demonstrate an increased excitability as well as

fundamental changes in the somatosensory representation. MEG, PET, and func-

tional MRI studies revealed cortical changes in patients with phantom limb pain,

CRPS, and central pain syndromes (Flor et al. 1995; Pleger et al. 2004; Willoch

et al. 2004; Maihofner et al. 2005) as well as experimental pain models (Baron et al.

1999a, 2000). Interestingly, these changes correlated with the intensity of the

perceived pain and disappeared after successful treatment of the pain (Maihofner

et al. 2004; Pleger et al. 2005).

4.6 Pharmacological Approaches That Modify Central
Sensitization in the Spinal Cord

4.6.1 Calcium-Channel Modulators

The activation of neuronal calcium channels partly located at the presynaptic spinal

terminals of primary afferent nociceptors is necessary for the release of excitatory

amino acids and thus for central sensitization. Gabapentin and pregabalin bind to

the a2d-subunit of these calcium channels. There have been extensive clinical trials

of gabapentin for chronic neuropathic pain. These studies examined patients with

PHN, diabetic peripheral neuropathy (DPN), mixed neuropathic pain syndromes,

phantom limb pain, Guillain–Barré syndrome, and acute and chronic pain from

spinal cord injury. Improvements in sleep, mood, and quality of life were also

demonstrated. Pregabalin, the successor drug of gabapentin, was shown to be

efficacious in PHN, DPN, and spinal cord injury. One advantage over gabapentin

is its superior bioavailability, which makes it easier to use without the need for long

titration periods. Gabapentin and pregabalin are generally well tolerated, safe, have

few drug interactions and no negative impact on cardiac function. This advantage
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makes them a suitable option especially for the elderly, a population very often

suffering from several comorbidities that need multiple-drug therapies.

Recently, a potent calcium-channel blocker, ziconotide, which was derived from

a snail venom was shown to be effective for intrathecal treatment of otherwise

intractable neuropathic pain.

4.6.2 Tramadol and Opioid Analgesics

Tramadol is a noradrenaline and serotonin reuptake inhibitor with a major metabo-

lite that is a m-opioid agonist. Sustained efficacy for several weeks has been

demonstrated for orally administered tramadol in PHN, DPN, and in patients with

painful polyneuropathy of various causes. Strong opioids are clearly effective in

postoperative, inflammatory, and cancer pain. However, the use of narcotic analge-

sics for patients with chronic neuropathic pain was highly controversial, even

among experts in the field of pain management. However, to date the findings of

several positive trials of oral strong opioid analgesics in various neuropathic pain

entities have been published. In an interesting three-period crossover study com-

paring treatment with opioid analgesics, tricyclic antidepressants (TCAs), and a

placebo in patients with PHN, controlled-release morphine provided statistically

significant benefits for pain and sleep but not for physical function and mood. In

that trial, patients preferred treatment with opioid analgesics compared with TCAs

and a placebo despite a greater incidence of adverse effects and more dropouts

during opioid treatment (Raja et al. 2002). Our experience is that many patients

with pain due to central and peripheral nerve injury can be successfully and safely

treated on a chronic basis with stable doses of narcotic analgesics. However, the use

of opioids requires caution in patients with a history of chemical dependence

or pulmonary disease. We recommend using long-acting opioid analgesics

(e.g., sustained-release preparation or transdermal applications) when alternative

approaches to treatment have failed.

4.6.3 NMDA-Receptor Antagonists

These drugs block excitatory glutamate receptors in the CNS that are thought to be

responsible for the increased central excitability (central sensitization) following

noxious stimuli. Clinically available substances with NMDA-receptor blocking

properties include ketamine, dextromethorphane, memantine, and amantadine.

Studies of small cohorts have generally confirmed the analgesic effects of ketamine

in patients suffering from PHN. However, studies with oral NMDA-antagonist

formulations (e.g., dextromethorphane) showed positive results in DPN but the

drug was without beneficial effect in PHN.
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4.6.4 Cannabinoids

Type 1 cannabinoid receptors have been demonstrated in upper laminae of the

spinal dorsal horn intimately concerned with the processing of nociceptive infor-

mation as well as on the cell bodies of primary afferent neurons. Relief of central

pain was found with the orally administered tetrahydocannabinol dronabinol in MS

patients and for plexus avulsion pain, although in the latter case the primary

outcome measure defined in the hypothesis failed. Cannabinoids were also effective

in the treatment of mixed peripheral neuropathic pain.

4.7 Central Descending and Intraspinal Control Systems:
Inhibition and Fascilitation in Animals and Patients

Physiologically, dorsal horn neurons receive a strong intraspinal inhibitory control
by GABAergic interneurons. Partial peripheral nerve injury may promote a selec-

tive apoptotic loss of these GABAergic inhibitory neurons in the superficial dorsal

horn of the spinal cord (Moore et al. 2002), a mechanism which would further

increases central sensitization. Furthermore, there is a novel mechanism of disinhibition

following peripheral nerve injury. This mechanism involves a transsynaptic reduc-

tion in the expression of the potassium chloride exporter KCC2 in lamina

I nociceptive neurons. This induces a consequent disruption of the anion homeosta-

sis in these dorsal horn neurons. The resulting shift in the transmembrane anion

gradient causes normally inhibitory anionic synaptic currents to be excitatory.

Owing to this mechanism, the release of GABA from normally inhibitory inter-

neurons now exerts an excitatory action on lamina I neurons via GABAA receptors

(Coull et al. 2003). The changes in lamina I neurons is induced by brain-derived

neurotrophic factor released from activated spinal cord glia (Coull et al. 2005).

Dorsal horn neurons receive a powerful descending modulating control from

supraspinal brainstem centers (inhibitory as well as facilitatory) (Vanegas and

Schaible 2004) (Fig. 1a, c). It was hypothesized that a loss of function in the

descending inhibitory serotonergic and noradrenergic pathway contributes to cen-

tral sensitization and pain chronicity. This idea nicely explained the efficacy of

serotonin and noradrenaline reuptake blocking antidepressants in neuropathic pain

conditions. However, in animals, mechanical allodynia after peripheral nerve injury

was dependent upon tonic activation of descending pathways that facilitate pain

transmission, indicating that structures in the mesencephalic reticular formation –

possibly the nucleus cuneiformis and the periaqueductal gray – are involved in

central sensitization in neuropathic pain (Ossipov et al. 2000). Interestingly, exactly

the same brainstem structures were shown to be active in humans with allodynia

using advanced functional MRI techniques (Zambreanu et al. 2005). Because

in most animal pain models descending facilitation and inhibition are triggered

Neuropathic Pain: A Clinical Perspective 21



simultaneously, it will be important to elucidate why inhibition predominates in

some neuronal pools and facilitation in others.

4.8 Pharmacological Approaches That Modify Descending
Control Systems

The effectiveness of TCAs in neuropathic pain conditions may account for their

broad range of pharmacological actions. These compounds are inhibitors of the

reuptake of monoaminergic transmitters. They are believed to potentiate the effects

of biogenic amines in central descending pain modulating pathways. In addition,

they block voltage-dependent sodium channels and a-adrenergic receptors. Venla-
faxine and duloxetine, which block both serotonin and noradrenaline reuptake, are

efficacious in DPN. In a comparison of venlafaxine and imipramine in patients with

painful polyneuropathy, both antidepressants demonstrated superior pain

relief compared with a placebo but did not differ from each other. Selective

serotonin reuptake inhibitors have fewer adverse effects and are generally

better tolerated than TCAs; however, they have not shown convincing efficacy in

neuropathic pain states.

5 Treatment Guidelines in Neuropathic Pain

The number of trials for peripheral neuropathic pain has expanded greatly in the last

few years. These have been summarized in several recent meta-analyses that are

referred to in the following: McQuay et al. (1995, 1996), Sindrup and Jensen (1999),

Dworkin et al. (2003, 2007), Finnerup et al. (2005), Siddall and Middleton (2006),

and Baron and Wasner (2006). For central neuropathic pain there are limited data.

The treatments discussed above have all been demonstrated to provide statistically

significant and clinically meaningful treatment benefits compared with a placebo in

multiple randomized controlled trials (Table 3). However, the approval status is not

addressed in this review and might differ from country to country. Nonmedical

treatments, i.e., interventional procedures, neurostimulation techniques, neurosur-

gical destructive techniques, psychological therapy, as well as physiotherapy and

occupational therapy, are not the focus of this review.

In summary, the recommended medical management of neuropathic pain con-

sists of five main classes of oral medication (serotonin/noradrenaline-modulating

antidepressants, sodium-blocker anticonvulsants, calcium-modulator anticonvul-

sants, tramadol, and opioids) and two categories of topical medications mainly for

patients with cutaneous allodynia and hyperalgesia (capsaicin and local anesthetics).

A useful way to compare the efficacy of different treatments is the consultation

of systematic reviews to determine the best available drugs (Sindrup and Jensen
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1999, 2000; Dworkin and Schmader 2003). Up to now the findings of more than 110

randomized controlled trials for the medical treatment of neuropathic pain have

been published. In this respect the measure: ‘‘numbers needed to treat’’ (NNT) has

been a useful measure. NNT is the number of patients needed to be treated with a

certain drug to obtain one patient with a defined degree of pain relief. This method

permits a comparison between different drugs and diseases and it allows generation

of large numbers to provide reliable information about efficacy. Usually the NNT

for more than 50% pain relief is used because it is easily understood and seems in

many cases to be a relevant clinical effect. With this measure, for most of the

available treatment strategies values between 2 and 6 have been calculated. This

also clearly indicates, however, that 30–50% of the patients do not acquire clinical-

ly relevant pain relief – they are nonresponders.

Sincemore than onemechanism is atwork inmost patients, a combination of two or

more analgesic agents to cover multiple types of mechanisms will generally produce

Table 3 Pharmacological therapy of neuropathic pain syndromes (oral and dermal)

Compound Evidence

Antidepressants

Amitriptyline PHN **, PNP **, PTN *, STR *
Venlafaxine PNP **
Duloxetine PNP **

Anticonvulsants (sodium channel)

Carbamazepine PNP *, TGN **
Oxcarbazepine PNP ,
Lamotrigine HIV *, PNP ,, STR *

Anticonvulsants (calcium channel)

Gabapentin PHN **, PNP **, HIV *, CRPS *, PHAN *, SCI *, MIX *, CANC *
Pregabalin PHN **, PNP **, SCI *
Tramadol PHN *, PNP **

Long-acting strong opioids

Morphine PHN *, PHAN *
Oxycodone PHN *, PNP **

Cannabinoids MS **, PA ,, MIX *
Topical therapy

Capsaicin cream PHN *, PNP *, PTN *
Lidocaine patch PHN **, MIX *

PHN postherpetic neuralgia, PNP polyneuropathy (mainly diabetic), PTN posttraumatic neuralgia,

STR poststroke pain, TGN trigeminal neuralgia, HIV HIV neuropathy, CRPS complex regional

pain syndrome, PHAN phantom pain, SCI spinal cord injury, MIX mixed neuropathic pain cohort,

CANC neuropathic cancer pain, MS central neuropathic associated with MS, PA central neuro-

pathic pain after plexus avulsion

Levels of evidence: ** several randomized controlled trials or meta-analyses,

* at least one randomized controlled trial,

, unclear

This does not reflect the approval status of drugs.
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greater pain relief and fewer side effects. Therefore, in most patients a stepwise

process with a successive monotherapy is not appropriate. Early combination

therapy of two or three compounds from different classes is the general practical

approach. In fact, in a controlled four-period crossover trial, combined gabapentin

and morphine achieved better analgesia at lower doses of each drug than did either

as a single agent, with constipation, sedation, and dry mouth as the most frequent

adverse effects.

Drug-related adverse effects are common in the treatment of neuropathic pain,

not only because of the specific medications used, but also because many patients

with this condition are older, take other medications, and have comorbid illnesses.

Therefore, the drugs of first choice have to be judged on the basis of these data.

There are several exceptions from the above general treatment recommendations

that should be emphasized: First, treatment guidelines for trigeminal neuralgia

are distinct and include use of carbamazepine and baclofen. Second, the pharmaco-

logical therapy may be similar in CRPS, although controlled trials of first-line

medications are lacking. However, it is very likely that antiinflammatory strategies

in particular in the acute phase might be helpful. Third, chronic neuropathic back

pain (i.e., cervical and lumbar radiculopathic pain) is probably the most prevalent

pain syndrome to which neuropathic mechanisms contribute. It is likely that a

combination of neuropathic, skeletal, and myofascial mechanisms account for

this type of pain in many patients.

6 The Future: Diagnostic Tools To Dissect Individual

Mechanisms and To Tailor Individual Treatment

Neuropathic pain represents heterogeneous conditions, which can be explained

neither by one single cause or disease nor by a specific anatomical lesion, i.e., a

disease- and anatomy-based classification is often insufficient. Probably owing to

this notion, decades of rather discouraging systematic research on chronic pain

therapy have revealed that a disease-based strategy is of no or little help for these

patients and their pain.

These observations have raised the question of whether an entirely different

strategy, in which pain is analyzed on the basis of underlying mechanisms (Jensen

and Baron 2003), could provide an alternative approach for examining and classify-

ing patients, with the ultimate aim of obtaining a better treatment outcome (Woolf

et al. 1998; Baron 2006). Our increasing understanding of the mechanisms that

underlie chronic pain, together with the discovery of new molecular therapy targets,

has strengthened the demand for alternative concepts.

One theoretical possibility to identify pain mechanisms in patients is to assess

differences in the somatosensory phenotype as precisely as possible. These specific

patterns of signs and symptoms could be comparedwith the knowledge derived from

animal experiments where the association of signs and symptoms and underlying

mechanisms has been elucidated. This concept has led to the development of a
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symptom-oriented diagnostic approach to neuropathic pain conditions that supple-

ments the cause-based classification scheme, which recognizes the fact that neuro-

pathic pains are usually a composite of several pain symptoms. A symptom-

oriented approach does not negate the fact that distinct neuropathies present

differently clinically, and that some neuropathic disease states may predispose to

certain constellations of pain symptoms (e.g., touch-evoked pain in PHN). Thus, a

symptom-based approach to painful neuropathies can be useful for dissecting the

underlying neural mechanisms, and this knowledge may eventually be harnessed for

the development of novel analgesic drugs that differentially target these mechan-

isms. A very promising but still hypothetical approach is summarized in Table 2.

There are, however, some important caveats with such an approach. Recent

clinical experimental studies indicate that it is not appropriate to link one single

symptom with exactly one mechanism. It was shown that one specific symptom

may be generated by several entire different underlying pathophysiological

mechanisms. It became clear that only a specific symptom constellation, a symptom

profile, i.e., a combination of negative and positive sensory phenomena, might be

able to predict the mechanisms and not just one single symptom. To translate these

ideas into the clinical framework of neuropathic pain, the most important approach

is to characterize the somatosensory phenotype of the patients as precisely as

possible.

For example, the standardized quantitative sensory testing (QST) methods can

nicely distinguish between phenotypic subtypes of PHN patients with distinct

sensory symptom constellations that are likely correlated with different underlying

mechanisms (sensitization type, deafferentation type). Distinct pathophysiological

changes in the excitability of peripheral and central neurons are likely involved in

pain generation (for details see Fig. 2).

As attractive a subtype-classification based on the nociceptor function and

evoked pain types might be, it should be emphasized that not all PHN patients fit

exactly into one category or the other. It rather seems to be a continuum. Further-

more, the sensory patterns showed a variation over the time course of PHN.

However, by classification of PHN patients due to sensory perception thresholds

within the most painful skin area, it is possible to detect the predominant individual

sensory profile and the most likely underlying pain-generating mechanism.

Another caveat addressing the predictive value of QST measurements for thera-

py was recently revealed by two independent studies. It was hypothesized that

topically applied lidocaine, which is believed to act on ectopic discharges in

nociceptive fibers, would be in particular beneficial for patients with sensitized

peripheral nociceptors as compared with patients with a loss of dermal nociceptors.

In contrast to the hypothesis, however, skin biopsies, QST, histamine test, as well

nerve conduction studies could not identify lidocaine responders in painful neuro-

pathies (Herrmann et al. 2006) and PHN (Wasner et al. 2005). Alternatively,

it might be possible that surviving A-fibers in C-nociceptor-deprived skin may

express sodium channels, develop ectopic firing, and might therefore be the target

for lidocaine.
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7 Conclusion

Neuropathic pain due to lesions or disease of the nervous system represents a major

neurological challenge, and treatment of patients with neuropathic pain is a diffi-

cult. Existing trials only provide general pain relief values for specific causes,

which might partially explain the failure to obtain complete pain relief in neuro-

pathic pain conditions. Increased knowledge of pain-generating mechanisms and

their translation into symptoms and signs in neuropathic pain patients should allow

a dissection of the mechanisms that are at play in each patient. If a systematic

clinical examination of the neuropathic pain patient and a precise phenotypic

characterization is combined with a selection of drugs acting on those particular

mechanisms, it should be possible in the future to design optimal treatments for

individual patients.
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Abstract The mechanism of visceral pain is still less understood compared with

that of somatic pain. This is primarily due to the diverse nature of visceral pain

compounded by multiple factors such as sexual dimorphism, psychological stress,

genetic trait, and the nature of predisposed disease. Due to multiple contributing

factors there is an enormous challenge to develop animal models that ideally mimic

the exact disease condition. In spite of that, it is well recognized that visceral

hypersensitivity can occur due to (1) sensitization of primary sensory afferents

innervating the viscera, (2) hyperexcitability of spinal ascending neurons (central

sensitization) receiving synaptic input from the viscera, and (3) dysregulation of

descending pathways that modulate spinal nociceptive transmission. Depending on

the type of stimulus condition, different neural pathways are involved in chronic

pain. In early-life psychological stress such as maternal separation, chronic pain

occurs later in life due to dysregulation of the hypothalamic–pituitary–adrenal axis

and significant increase in corticotrophin releasing factor (CRF) secretion. In
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contrast, in early-life inflammatory conditions such as colitis and cystitis, there is

dysregulation of the descending opioidergic system that results excessive pain

perception (i.e., visceral hyperalgesia). Functional bowel disorders and chronic

pelvic pain represent unexplained pain that is not associated with identifiable

organic diseases. Often pain overlaps between two organs and approximately

35% of patients with chronic pelvic pain showed significant improvement when

treated for functional bowel disorders. Animal studies have documented that two

main components such as (1) dichotomy of primary afferent fibers innervating two

pelvic organs and (2) common convergence of two afferent fibers onto a spinal

dorsal horn are contributing factors for organ-to-organ pain overlap. With reports

emerging about the varieties of peptide molecules involved in the pathological

conditions of visceral pain, it is expected that better therapy will be achieved

relatively soon to manage chronic visceral pain.

Keywords Visceral pain, Visceral afferents, Spinal cord, Pelvic nerve, Splanchnic

nerve, Colon, Urinary bladder, Gender difference, Sensitization

1 Introduction

Pain is inherent with any life that is linked with consciousness. It is a major concern in

all aspects of human life. Although with the advances of medical science, the acute

pain associated with infection and disease can be correctly diagnosed and treated,

many chronic pain syndromes still remain a challenge for clinicians. Suffering

from chronic pain can significantly deteriorate a person’s quality of life and can

often lead to disability. Such chronic pain in the viscera is observed in functional

bowel disorders (e.g., noncardiac chest pain, chronic idiopathic dyspepsia, functional

abdominal pain, irritable bowel syndrome; IBS) and chronic pelvic pain (e.g., chronic

interstitial cystitis, painful bladder syndrome) that are multifaceted problems and still

poorly understood. Functional bowel disorders and chronic pelvic pain represent

unexplained symptoms that have no readily identifiable infectious, anatomical, or

metabolic basis. The pain is diffuse and poorly localized and often it is confused as

originating from other visceral organs. One example is noncardiac chest pain, where

pain is very similar in nature to that of cardiac angina. About 15–30% of angiograms

performed in chest pain patients are normal, and coronary artery disease rarely

explains the symptoms (Richter et al. 2000). Among all functional bowel disorders,

IBS is the most common and prevalent gastrointestinal (GI) disorder (about 18–

20% of the patient population), having symptoms of cramping, abdominal pain,

bloating, constipation, and/or diarrhea. Similarly, chronic pelvic pain affects ap-

proximately 15% of women. Interstitial cystitis and painful bladder syndrome are

the most common. All functional bowel disorder and chronic pelvic pain patients

exhibit one common symptom – lower abdominal pain. There are different factors

that can cause or modify these disorders, such as persistent mental and social stress,

a previous episode of infection or inflammation, genetic background, and early-life

adverse events (e.g., abuse, trauma, and painful experience). Presumably in all
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functional disorders, patients develop excessive pain to painful stimuli (e.g., hyper-

algesia) and may also experience pain to a nonpainful stimulus (e.g., allodynia).

This was first documented in a very elegant physchophysical study in IBS patients

where patients reported pain to nonpainful colonic distension and were compared

with healthy subjects (Ritchie 1973). The general notion for visceral hypersensitivi-

ty is the presence of sensitization of the neural pathway (includes primary sensory

afferents and spinal ascending neurons) involved in the transmission of visceral

sensation to the supraspinal level and the dysregulation of descending pathways

that modulate spinal signaling (Mayer and Gebhart 1994). Therefore, recent studies

in several laboratories have focused on understanding the response characteristics

of primary sensory afferents and spinal neurons to visceral stimuli and their

sensitization. In addition, several laboratories are evaluating the cortical processing

to painful signal by employing positron emission tomography or field magnetic

resonance imaging techniques, which is critical in understanding the ultimate

processing mechanism in sensing pain.

Considering the vastness of the subject, this chapter will be restricted to our

current knowledge regarding different animal models for evaluating visceral pain,

the contribution of different types of visceral sensory afferents, sensitization,

and cross-sensitization of visceral afferents in pathological conditions and pharma-

cological modulation of visceral pain. The chapter will focus only on visceral

pain originating from the abdominal viscera and spinal processing will only be

mentioned in the context of the sensory afferent’s projection and pain modulation.

2 Behavioral Studies for Visceral Pain in Laboratory Animals

Considering the diverse nature of the disease, it is extremely difficult to design a

model of visceral pain in laboratory animals that can exactly mimic all the char-

acteristics of functional visceral pain. The majority of animal models of visceral

hyperalgesia have been developed in rats and mice. Pain can be assessed by distend-

ing the hollow viscera and recording the somatic muscle reflex (visual observation

of abdominal contraction or EMG recordings from the abdominal musculature) or

autonomic responses (change in systemic blood pressure and heart rate). These

methods have been employed to assess visceral pain from the stomach (Ozaki et al.

2002), colon (Ness and Gebhart 1988, 1990), gall bladder (Cervero 1982), ureter

(Olivar and Laird 1999; Giamberardino et al. 1995), urinary bladder (Castroman

and Ness 2001; Ness et al. 2001; Cruz and Downie 2006; DeBerry et al. 2007; Su

et al. 2008), and uterus (Berkley et al. 1995). To produce hyperalgesia, the viscera

are either inflamed with chemicals or the animals are subjected to stress in early life.

2.1 Inflammatory Model

The most commonly used inflammatory models are produced by injecting inflam-

matory agents into the viscera [e.g., 2,4,6-trinitrobenzene sulfonic acid (TNBS) or
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zymosan induced colitis, acid-infused esophagitis, cyclophosphamide, or zymosan-

induced cystitis]. Although in a strict sense, these inflammatory models cannot be

considered as true models for nonpathological functional visceral pain, hyperalge-

sia manifested by the animals may closely resemble the nature of pain observed in

patients.

Instillation of haptens such as TNBS, dinitrobenzene sulfonic acid, or dichloro-

benzene sulfonic acid into the colon produces ulcerative colitis-like symptoms in

rats (Morris et al. 1989; Rachmilewitz et al. 1989; Elson et al. 1995; Wallace et al.

1995). The inflammation peaks in 4-5 days following the injection and persists for

about 1 month (Miampamba and Sharkey 1998). Rats exhibit significant hyperal-

gesia to colon distension after TNBS-induced inflammation (Morteau et al. 1994a;

Fargeas et al. 1995; Sengupta et al. 1999; Friedrich and Gebhart 2000, 2003; Diop

et al. 2002; Delafoy et al. 2003; Lamb et al. 2006; Miranda et al. 2007). It has

recently been shown that about 24% of the rats treated with TNBS exhibit visceral

hyperalgesia for up to 16 weeks following complete remission of the inflammation

(Zhou et al. 2008). It appears that these rats behave very similarly to the subset of

patients having postinfectious IBS, where pain persists despite the resolution of

inflammation. Like TNBS, zymosan, an insoluble carbohydrate from the yeast cell

wall, has also been used to induce colon inflammation (Coutinho et al. 1996, 2000;

Traub et al. 1999; Jones et al. 2007). However, the severity of inflammation is much

less compared with that caused by TNBS and generally does not produce mucosal

ulceration.

Urinary bladder inflammation is commonly induced by intravesicular injection

of 0.2% acetic acid (Cruz and Downie 2006), zymosan (Randich et al. 2006a, b;

DeBerry et al. 2007), or acrolein (Bjorling et al. 2007). Earlier studies used

intraperitoneal injection of cyclophosphamide, an antitumoral agent, to produce

bladder inflammation (Boucher et al. 2000) and visceral pain. Although the drug

produces selective cystitis via its metabolite, acrolein, in the bladder, it has a severe

toxic effect in other organs that can complicate the evaluation of bladder pain.

2.2 Neonatal Maternal-Separation-Induced Stress Model

The early neonatal period is a critical time for the development of the nociceptive

neural pathways, which require use-dependent activity for normal development.

However, abnormal stimuli such as stress, sustained pain, or inflammation in the

neonatal period may adversely affect the development and subsequently lead to

lower thresholds for pain in later life (Anand 1998; Anand et al. 1999; Lidow et al.

2001; Pattinson and Fitzerald 2004; Fitzerald 2005). The objective of developing

the neonatal maternal-separation (MS)-induced stress model was to evaluate the

effects of stress early in life on visceral sensitivity in the absence of visceral

inflammation. The model possibly mimics the subset of IBS patient having a history

of traumatic experiences, including physical, sexual, and emotional abuse and a

life-threatening situation in early life (Chitkara et al. 2008). In rats, the neonatal
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period from postnatal day 2 (P2) to postnatal day 14 (P14) is extremely critical for

neurological development. There is a large body of literature suggesting that

neonatal MS leads to dysregulation of the hypothalamic–pituitary–adrenal axis

resulting in long-term changes in neuroendocrine and neuropeptide secretion (Liu

et al. 1997; Caldji et al. 1998; Plotsky et al. 2005; Barreau et al. 2004a, b, 2007;

Chung et al. 2007a, b; Ren et al. 2007). Plotsky et al. (2005) have demonstrated that

brief (15 min) or prolong (180 min) MS of rat pups at P2 to P14 results in significant

elevation of corticotrophin-releasing factor (CRF) messenger RNA (mRNA) and the

CRF1 receptor immunoreactivity in the paraventricular nucleus, amygdala, and locus

ceruleus. Subsequent studies have shown that MS for 180 min (MS180) results in

visceral hyperalgesia to colon distension (Coutinho et al. 2002). The hyperalgesia in

MS180 rats is exacerbated following 1 h of water-avoidance stress, and this can be

prevented by preemptive administration of a selective CRF1 antagonist, suggesting

that CRF indeed may play a critical role in the development of visceral hyperalgesia

(Schewtz et al. 2005). The manifestation of visceral hyperalgesia in MS rats is

possibly a global pain hyperresponsiveness and may not be somatotopically

restricted. In a recent study, it was shown that orogastric suction for 30–45 s in

Long-Evans rats during P2 to P14 results in visceral hyperalgesia to colon disten-

sion when tested at their adult age (postnatal day 60) (Smith et al. 2007). This result

is similar to that reported by a retrospective clinical study that frequent gastric

suction in newly born babies has a potential risk for functional disorders in later life

(Anand et al. 2004). An animal study has also shown that pretreatment with CRF1

receptor antagonist 10 min prior to orogastric suction averted the visceral hyper-

algesia to colon distension (Smith et al. 2007). It is very likely that the stress in early

life induces functional changes in the central neurons affecting the descending

modulatory system that may contribute to hyperalgesia. For example, in neonatal

MS rats there is significantly higher c-fos expression in the cingulate cortex and

superficial (I and II) and deeper (V–VI) laminae of the spinal cord to colon

distension compared with c-fos expression in naı̈ve non-handled rats (Chung

et al. 2007a; Ren et al. 2007). The notion that early-life stress or a noxious stimulus

affects the descending modulatory system is also evident in recent behavioral

studies where naloxone, a nonselective opioid antagonist, failed to facilitate the

visceromotor response (VMR) to colonic distension in MS compared with naı̈ve

non-MS rats (Coutinho et al. 2002; DeBerry et al. 2007).

Although the initial concept was that MS-induced stress triggers central sensiti-

zation leading to visceral hyperalgesia, later studies showed that stress also affects

the immune system of the viscera and subsequent visceral inflammation. It is now

well established that mast cells play a critical role in stressed-induced gut inflamma-

tion (Barreau et al. 2007). In rats, MS enhances mast cell density and degranulation

in the GI tract, resulting in disruption of the mucosal barrier and luminal bacterial

translocation into the tissue (Barreau et al. 2004a, 2007; Gareau et al. 2006). Recent

studies indicate that peripheral CRF triggers mast cell degranulation via the activa-

tion of CRF1 receptors of the cell, leading to the release of serotonin (5-HT), nerve

growth factor (NGF), proteases, and proinflammatory cytokines in the gut to trigger

the inflammation. NGF released from mast cells possibly enhances tissue perme-
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ability and excitation of sensory neurons to produce visceral hypersensitivity, since

anti-NGF antibody treatment abolishes these effects (Barreau et al. 2004a, 2007).

2.3 Neonatal Noxious-Stimulus-Induced Visceral
Hyperalgesia Model

Population-based studies have demonstrated that approximately 8% of children

experience functional recurrent abdominal pain and about 18–61% of these children

continue to report abdominal pain or IBS-like symptoms in their adulthood

(Chitkara et al. 2005). Similar to MS-induced stress, a neonatal noxious stimulus

can lead to visceral hyperalgesia later in life. Recent studies have shown that

visceral or somatic noxious stimulation in the early stage of life (P2–P28) can result

in chronic hyperalgesia in rats. In all of these studies, the hyperalgesia was present

in the absence of persistent inflammation (Al-Chaer et al. 2000; Miranda et al.

2006; Randich et al. 2006a, b; DeBerry et al. 2007). Repetitive noxious colon

distension (60 mmHg, two distensions 30 min apart) during postnatal day 8–21 or

repetitive instillation of mustard oil (0.2 ml of a 5% solution) results in visceral

allodynia in adulthood. In addition, the lumbosacral spinal neurons and colonic

afferents in adult rats were shown to be highly sensitized to colon distension and

somatic stimuli compared with those of saline-treated pups (Al-Chaer et al. 2000;

Lin and Al-Chaer 2003). It is possible that the spinal neuron sensitization observed

in Al-Chaer’s study is contributed by sensitization of primary sensory neurons.

Interestingly, if the same stimuli are given at a later stage in life (postnatal day 21 or

45), animals do not develop visceral hypersensitivity (Al-Chaer et al. 2000).

Randich et al. (2006a, b) have shown that cystitis induced in early life by

intravesicle injection of zymosan (1%) during postnatal days 14–16 in female rats

results in visceral hyperalgesia to bladder distension. These rats exhibited higher

micturition frequency (i.e., bladder hyperreflexia) as adults and when these rats

were rechallenged with zymosan they exhibited significantly higher response to

bladder distension and augmented inflammatory response compared with neonatally

saline-injected rats. Following a similar experimental protocol, we have observed that

neonatally zymosan-treated rats also exhibit visceral hyperalgesia to colon distension

in later life (A. Miranda and J.N. Sengupta, unpublished observation). Although a

similar finding has been reported in adult rats where cyclophosphamide-induced

cystitis exhibits hyperalgesia to colon distension, it is not known whether the effect

is long term (Bielefeldt et al. 2006). Such overlap of sensitization may suggest two

possible mechanisms: (1) sensitization of dichotomized (i.e., peripheral axon col-

laterals) primary sensory neurons innervating two visceral organs (see Fig. 1a;

Malykhina et al. 2006; Christianson et al. 2007) and/or (2) sensitization of spinal

horn neurons having synaptic input from two organs (i.e., viscerovisceral conver-

gence, see Fig. 1b; McMahon andMorrison 1982; Qin et al. 2004). This is discussed

in more detail in Sect. 3.3.

Manifestation of hyperalgesia to colon distension is not only observed after

noxious stimulation of the bladder, but also occurs following a noxious stimulus to
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the somatic referral site in neonatal rats (Miranda et al. 2006). This phenomenon is

due to somatovisceral convergence in the spinal cord and the sensitization occurs at

the spinal level, since an ipsilateral noxious stimulus to the hind limb results in

contralateral mechanical hyperalgesia. However, there is a distinct difference

between rats that received a noxious somatic stimulus in adulthood and rats that

received a similar stimulus in their early postnatal (P4–14) life. In adult rats,

repetitive low-pH saline injection in the gastrocnemius muscle significantly aug-

ments the VMR to colon distension that persists about 2 weeks (Miranda et al. 2004,

2006). In contrast, the adult rats that received low-pH saline injection during

postnatal days 8–12 exhibited visceral hyperalgesia lasting up to 5 weeks (Miranda

et al. 2006). Although the resultant effect is the same for neonatal stress and a

neonatal noxious stimulus, it may or may not share the same neural pathways,

neurotransmitters, and neuroendocrine systems. In addition, there could be differ-

ential cognitive processing in the brain for different experiences, which is still

poorly understood.

Fig. 1 Illustrates the pelvic nerve dichotomy (A) and viscero-visceral convergence of colon and

bladder afferent fibers on to spinal dorsal horn neuron (B). A: Although the primary sensory

neurons are pseudounipolar cells, retrograde labeling of bladder and colon shows colabeling of

dorsal root ganglion (DRG) soma in the lumbosacral spinal cord, suggesting that there are two

axon collaterals innervating two pelvic structures. Therefore, sensitization of a spinal neuron by

inflammation of one organ may influence the sensitivity of the noninflamed organ innervated by

the axon collateral. B: Common convergence of two primary sensory afferents from two organs a

spinal dorsal neuron is another neural pathway which can exhibit cross-organ sensitization. It has

been documented that a small proportion of colorectal distension-sensitive neurons are also

sensitive to urinary bladder distension and most of these neurons are in the deeper laminae of

the spinal cord.
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3 Contribution of Sensory Afferents in Visceral Pain

3.1 Anatomical Distribution of Visceral Afferents

We have come a long way in our understanding of the existence and contribution of

visceral sensory afferents in regards to visceral sensation. Historically, there was a

misconception that the visceral organs did not receive any sensory innervation and

therefore could not perceive any sensation when the viscera were cut, pinched, or

pricked (Von Haller 1755; Lennander 1901). Later, the sensory innervation was

recognized, but a notion was formed that visceral dysfunction could only lead to

somatic pain since, clinically, muscle tenderness and pain was evident during

visceral dysfunction (Mackenzie 1893). It took many years to understand that

true visceral pain did exist and that somatic tenderness observed during visceral

dysfunction was due to convergence of visceral and somatic sensory afferents in the

spinal cord, a phenomenon commonly known as ‘‘referred pain’’ (Bloomfield and

Polland 1931; Lewis and Kellgren 1939; Ruch 1946, 1961; Doran 1967).

The majority of thoracic and abdominal visceral organs, except the pancreas, are

dually innervated by parasympathetic (craniosacral) and sympathetic (thoracolum-

bar) outflows. Thoracic viscera and upper abdominal viscera are primarily inner-

vated by the vagus (cranial nerve X) and spinal thoracolumbar outflows. The lower

abdominal viscera, including the small and the large intestine and the urogenital

organs, are innervated by thoracolumbar (i.e., lumbar splanchnic nerve, LSN, and

hypogastric nerve, HGN) and sacral (i.e., pelvic nerve, PN) outflows. For a detailed

description of the anatomical organization of visceral afferents, see Jänig and

McLachlan (1987) and Sengupta and Gebhart (1994c,1998). The primary sensory

afferents are pseudounipolar cells having central and peripheral axonal processes.

The peripheral process innervating the visceral organ may have specialized end-

organ-like pacinian corpuscles or intraganglionic laminar endings or free nerve

endings with multiple parallel branches known as ‘‘intramuscular array fiber’’

(Berthoud et al. 1997; Fox et al. 2000; Phillips and Powley 2000; Zagorodnyuk

et al. 2000, 2001, 2003, 2005; Lynn et al. 2003, 2005). The central processes enter

the spinal cord via the dorsal root and project primarily to superficial lamina I and

deeper laminae V–VII (Cervero 1983; Cervero and Tattersall 1986).

3.2 Response Characteristics of Visceral Afferents

Sensory afferents innervating the visceral organs are not just a homogeneous group

of afferents signaling visceral pain to the CNS. It is now a general notion that pain

is primarily signaled by spinal afferents, while vagal afferents signal nonpainful

sensations such as hunger, satiety, fullness, and nausea. Studies in the esophagus

have shown that the response characteristics of vagal afferent fibers to mechanical

and chemical stimuli are distinctly different from those of the spinal afferents (for a
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detailed review, see Sengupta 2006). The vagal afferents may not signal pain, but

several human and animal studies have documented that vagal nerve stimulation

attenuates somatic and visceral pain. The analgesic effect by vagal activation

could be related to its descending inhibitory influence on responses of spinal dorsal

horn neurons or via the release of catecholamines from the adrenal medullae

(Multon and Schoenen 2005; Sedan et al. 2005; Kirchner et al. 2000; Ness et al.

2000; Jänig et al. 2000; Thurston and Randich 1992; Ren et al. 1991, 1993).

Recent studies have also revealed that even the spinal afferents running via the

thoracolumbar (LSN) and sacral (PN) pathways are not functionally a homoge-

neous group of afferents (Brierley et al. 2004, 2005a) and transmit different

qualities of signals to the spinal cord (Traub et al. 1992; Wang et al. 2005).

In addition, it has been shown that the PN afferents counterbalance the activities

of thoracolumbar spinal neurons via the supraspinal descending loop (Wang et al.

2007). Since visceral pain is primarily transmitted via spinal afferents, the

following subsections will mainly focus on the functional characteristics of spinal

afferents resulting from various types of stimulus.

3.2.1 Visceral Afferents in the Gastrointestinal Tract

In the GI tract, according to the location of the receptive endings in the gut, spinal

afferents are classified as mucosal, muscle or tension-sensitive, muscle/mucosal

(also known as ‘‘tension/mucosal’’), serosal, and mesenteric afferents. There is a

differential distribution of these afferents in the LSN and PN of mice (Brierley et al.

2004). For example, mesenteric afferents are only identified in the LSN, but not in

the PN. Conversely, muscle/mucosal afferents are only found in the PN, but not in

the LSN. Although the serosal, muscle, and mucosal afferents are commonly found

in both nerves, the population of mucosal (4%) and muscle (10%) afferents in the

LSN is much less than the population of those afferents in the PN (23 and 21%,

respectively). It is not known whether this differential anatomical distribution of the

LSN and the PN holds true in other species.

The majority of mucosal, muscle, muscle/mucosal, serosal, and mesenteric

afferents are mechanosensitive, having typical characteristics of response to a

mechanical stimulus. Apart from these mechanosensitive afferents, a small group

of afferents have been found in the colon mucosa that responded exclusively to

chemicals (Lynn et al. 1999). The mucosal mechanosensitive afferents are mostly

located in or below the mucosal epithelium. These afferents were previously

studied in the vagus nerve, with a major focus on its ability to sense pH and

nutrients in the lumen (for review see Mei 1985; Grundy and Scratchard 1989;

Sengupta and Gebhart 1994c). Recently, mucosal afferents have been identified and

characterized in the LSN and PN afferents (Lynn and Blackshaw 1999; Berthoud

et al. 2001; Brierley et al. 2004, 2005a). Under normal conditions, these afferents

are either silent or have very low spontaneous firing (< 1 impulse s�1). They exhibit

extremely dynamic firing to discrete probing of the mucosal receptive spot, but

rarely respond to luminal distension or stretch. It is thought that the mucosal
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afferents monitor the dynamic events of mechanical positioning of the gut and

passage of a bolus through the lumen. The majority of these mucosal mechan-

osensitive afferents are also chemosensitive and respond to a hyperosmolar solu-

tion, acid, bile, 5-HT, ATP, and capsaicin (Lynn and Blackshaw 1999; Berthoud

et al. 2001; Brierley et al. 2004, 2005a ; Hicks et al. 2002). Although there is no

direct experimental evidence on how spinal mucosal afferent are involved in

visceral pain, considering their multimodal character, it can be speculated that

these afferents are possibly the first line of the neural pathway that signal pain

and discomfort due to a change in the luminal chemical environment, mucosal

damage, or inflammation.

The mechanosensitive muscle afferents in the LSN and the PN have been studied

extensively in different laboratory animals (Bahns et al. 1987; Blumberg et al.

1983; Clerc and Mei 1983; Haupt et al. 1983; Janig and Koltzenburg 1990, 1991;

Sengupta et al. 1990, 1992, 2002; Sengupta and Gebhart 1994a, b; Lynn and

Blackshaw 1999; Ozaki and Gebhart 2001; Lynn et al. 2003; Zagorodnyuk et al.

2005). These afferents respond to distension and stretch of the hollow viscera;

therefore, they are also known as ‘‘distension-sensitive receptors’’ or ‘‘tension

receptors.’’ Typically, muscle afferents demonstrate slow adaptation to tonic dis-

tension and the frequency of firing is directly related to tension developed in the

smooth muscle. The majority (70–85%) of muscle mechanosensitive afferents have

a low threshold for response to luminal distension. However, a small population

(15–20%) of afferents exhibit a high threshold (more than 30 mmHg) for response,

which could be evidence for their role in visceral nociception (Jänig and Koltzen-

burg 1990, 1991; Cervero and Jänig 1992; Sengupta et al. 1990, 1992; Sengupta and

Gebhart 1994a; Ozaki and Gebhart 2001). Like mucosal afferents, muscle mechan-

osensitive afferents are also multimodal in character. The effect of the algogenic

peptide bradykinin (BK) has been tested in several studies (Haupt et al. 1983;

Cervero and Sharkey 1988; Sengupta et al. 1992; Sengupta and Gebhart 1994a;

Brierley et al. 2005b). BK excites muscle afferents via the activation of B2

receptors, since the effect is blocked by the selective B2 receptor antagonist,

HOE140 (Sengupta et al. 1992; Sengupta and Gebhart 1994a; Brierley et al.

2005b). Interestingly, in the opossum esophagus, muscle afferents in the vagus

and splanchnic nerves responded differentially to BK (Sengupta et al. 1992). The

splanchnic afferents exhibited greater sensitivity to BK compared with those from

the vagus nerve. Activation of vagal afferent fibers by BK was primarily associated

with strong smooth muscle contraction, which was attenuated after muscle paraly-

sis. In contrast, the effect of BK on splanchnic afferent fibers was found to be a

result of direct action on the nerve endings, since the excitation resulting from

exposure to BK was unaffected after paralysis of the smooth muscle (Sengupta et al.

1992). Similar findings were also reported in other areas of the GI tract (Haupt et al.

1983; Cervero and Sharkey 1988; Sengupta and Gebhart 1994a). Studies have also

shown that spinal afferents are also sensitive to hot and cold temperatures (Zamiya-

tina 1954; Su and Gebhart 1998; Ozaki and Gebhart 2001); however, the exact

mechanism of the thermosensitivity of these afferents is still not known. It is very

likely that the hot and cold sensations are mediated via the activation of TRPV1-

40 J.N. Sengupta



2 and TRPM8 channels, respectively. The existence of muscle/mucosal (tension/

mucosal) afferents is a relatively new finding in in vitro studies (Page and Black-

shaw 1998; Lynn et al. 1999; Brierley et al. 2004, 2005a). The morphological

structure of this small subset of afferents is not known. However, from the typical

response to muscle tension and mucosal probing, it can be speculated that these

afferents have axonal collaterals innervating the muscle layers and mucosa. Alter-

natively, these afferents can terminate in the submucosal layer and respond to

distension and mucosal probing (Paintal 1954). The exact functional role of these

afferents has not been suggested, but it is possible that sensitization of the mucosal

endings by luminal toxin or chemicals may cross-sensitize the muscular endings,

resulting in sensitization of response to distension.

The serosal layer of the GI tract and its adjacent mesentery are innervated by

C- and Ad-afferents. These afferents are commonly found in both the LSN and the

PN. One mechanosensitive serosal afferent often has multiple receptive points

along the mesenteric blood vessels and at the branching points of the capillary

blood vessels supplying the serosal surface (Bessou and Perl 1966; Morrison 1973;

Ranieri et al. 1973; Crousillat and Ranieri 1980; Blumberg et al. 1983; Floyd and

Morrison 1974; Floyd et al. 1976; Lew and Longhurst 1986; Longhurst and Dittman

1987; Longhurst et al. 1984; Berthoud et al. 2001; Brierley et al. 2004, 2005a, b;

Haupt et al. 1983). The majority of serosal afferents have spontaneous firing that

does not correlate with movement of the bowel or with changes in intraluminal

pressure. Since their receptive fields are close to blood vessels, it can be speculated

that serosal afferents possibly sense the serosal blood flow by mechanical sensing of

the capillary diameter (Gammon and Bronk 1935). These afferents may also signal

an ischemic state of the gut, since occlusion of the descending aorta or mesenteric

artery excites these afferents (Sheehan 1932; Haupt et al. 1983; Longhurst and

Dittman 1987). Excessive distension due to obstruction may cause blanching of the

viscera and excitation of the serosal afferents to signal pain. Serosal mechanosen-

sitive afferents are highly sensitive to several endogenously released substances,

such BK, substance P (SP), and 5-HT (Cervero and Sharkey 1988; Haupt et al.

1983; Lew and Longhurst 1986; Longhurst and Dittman 1987; Longhurst et al.

1984). Approximately 65% of serosal mechanosensitive afferents that are sensitive

to ischemia are also simulated by BK and prostanoids. It is very likely that the

excitation of the serosal afferents during ischemia is due to the release of prosta-

noids, since treatment with the cyclooxygenase inhibitors aspirin and indomethacin

prior to ischemia attenuates excitation (Longhurst et al. 1991).

3.2.2 Visceral Afferents in the Urinary Tract

Under the normal physiological condition, the main function of the urinary bladder

is to store and periodically empty (i.e., micturition) urine. This is a reflex process

coordinated by three sets of nerves that innervate the lower urinary tract; the PN, the

HGN branch of the LSN, and the pudendal nerve (sacral somatic nerves mostly

control the external urethral sphincter). There are a large numbers of sensations
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associated with the process of storage and micturition that range from fullness to

urgency, pubic discomfort, and pain. These sensations are transmitted to the CNS

via LSN and PN afferents. In the rat, retrograde tracer transport studies have

revealed that the LSN bladder afferents enter the spinal cord via L1 and L2 dorsal

roots, while PN afferents enter via the L6 and S1 roots (Applebaum et al. 1980;

Vera and Nadelhaft 1990, 1992; Nadelhaft and Vera 1991; Pascual et al. 1989,

1993). However, in the cat, LSN afferents run via L2 to L5 dorsal roots, while PN

afferents run via S1 to S4 dorsal roots (Applebaum et al. 1980). The variation of

segmental distribution has also been observed between females and males and

between strains of rats. For example, in female Sprague-Dawley rats, 84% of PN

afferents enter the spinal cord via the L6 dorsal root (Vera and Nadelhaft 1990),

whereas in male Wistar rats bladder afferents run via the S1 dorsal root (Pascual

et al. 1989, 1993). The PN appears to be the major pathway for sensation from the

lower urinary tract, because morphological studies in different species of animals

clearly indicate that the PN carries a much greater number of afferents than the LSN

and selective sacral (S3) nerve denervation in human alleviates bladder pain and

urgency (Baron et al. 1985a, b; Hulseboch and Coggeshall 1982; Nadelhaft and

Booth 1984; Nadelhaft et al. 1983; Jänig and McLachlan 1987; Schnitzlein et al.

1960; Torrens and Hald 1979). The patterns of innervation of PN and LSN afferents

have been studied in the cat bladder by using a selective ganglionectomy induced

nerve degenerative technique (Uemura et al. 1973, 1974, 1975). According to these

studies, the PN afferents are more abundant in the muscle than in the suburothelium

and are widely distributed throughout the bladder, including the dome, body, and

trigone area of the bladder. In contrast, LSN afferent innervation is more restricted

in the dorsal trigone and neck regions and the nerve terminals are predominantly

found in the suburothelium. This strategic innervation by the LSN and the PN may

discriminate the mode of sensations arising from the bladder. For example, disten-

sion of the bladder can induce sensations in the suprapubic and perineal area,

including the perineum and penis. The midline suprapubic sensation associated

with bladder overdistension is very likely mediated via LSN afferents entering the

thoracolumbar spinal cord, because these segments of the spinal cord innervate the

suprapubic dermatomes and myotomes (Morrison 1987). Perineal sensations are

thought to be mediated via the PN afferents which enter the sacral spinal segments

having a dermatomal distribution in the perineal area.

Until recently, most electrophysiology studies characterized the response of

bladder afferents in intact animals by employing intravesicle fluid distension or

by punctate probing of the serosal surface, which demonstrated the presence of

distension and/or stretch-sensitive afferents (Evans 1936; Talaat 1937; Iggo 1955;

Floyd et al. 1976, 1977; Winter 1971; Clifton et al. 1976; Bahns et al. 1986; Häbler

et al. 1988a, 1990; Jänig and Koltzenburg 1990; Sengupta and Gebhart 1994b; Su

et al. 1997a, b; Dmitrieva and McMahon 1996; Shea et al. 2000; Roppolo et al.

2005). Recently, bladder afferents in the LSN and the PN have been characterized

by using an in vitro electrophysiology recording technique from isolated bladders

of rats, mice, and guinea pigs (Namasivayam et al. 1999; Rong et al. 2002;

Zagorodnyuk et al. 2007; Daly et al. 2007; Xu and Gebhart 2008). These studies
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revealed different classes of afferents, which are quite similar to the types found in

the GI tract. Xu and Gebhart (2008) demonstrated four classes of afferents from the

LSN and the PN: serosal, muscle, muscle/urothelial, and urothelial. Interestingly, in

the LSN, serosal afferents are predominant (67%) and devoid of urothelial affer-

ents, whereas in the PN, muscle afferents are predominant (63%) compared with

serosal afferents (14%). The distribution of receptive fields of LSN and PN affer-

ents in mice is very similar to that reported in cats, where LSN receptive fields,

irrespective of class of afferents, are mostly located at the base of the bladder and PN

afferents are widely distributed throughout the whole organ (Xu and Gebhart 2008).

The only difference between cats and mice is that in cats the LSN afferents

innervate urothelium, whereas such innervation is absent in mice (Uemura et al.

1973, 1974, 1975; Xu and Gebhart 2008). Species difference is also evident in the

guinea pig, where serosal afferents are nonexistent (Zagorodnyuk et al. 2007).

The recordings in this study were done from the nerve trunks in close proximity

to the bladder and therefore the pathway of the recorded afferents was not known.

Unlike colon mechanosensitive afferents in the LSN and the PN of mice that exhibit

differential mechanosensitivity (see Sect. 3.2.1; Brierley et al. 2004, 2005a), blad-

der mechanosensitive afferents in the LSN and the PN of mice do not exhibit any

difference in mechanosensitivity (Xu and Gebhart 2008). However, multiunit

recordings from HGN and PN afferents have demonstrated that HGN afferents

are sensitive to intravesicle KCl, while PN afferents rarely (1/15 units) responded

(Moss et al. 1997).

In addition to the four classes of mechanosensitive afferents, there is a subset of

afferents that are unresponsive to a noxious mechanical stimulus (Häbler et al.

1990). These afferents, commonly known as ‘‘silent nociceptors,’’ have been

identified by electrical stimulation of the PN trunk (Häbler et al. 1990) or by

chemical stimulation with a,b-methylene ATP in the isolated bladder (Rong et al.

2002). Interestingly, instillation of irritant substances such as mustard oil or turpen-

tine oil into the bladder sensitizes these afferents to become mechanosensitive. Due

to technical limitation and lack of knowledge of adequate natural stimuli, these

afferents have not been studied systematically. It is still not known whether these

afferents are exclusively chemospecific and how they become mechanosensitive

following chemical sensitization. It is generally thought that these afferents partici-

pate in pain signaling following tissue inflammation.

In the PN, muscle afferents exhibit ongoing resting firing when the bladder is

empty (Evans 1936; Talaat 1937; Sengupta and Gebhart 1994b; Su et al. 1997a, b;

Shea et al. 2000). The spontaneous firing of the muscle afferents has also been

reported in in vitro experiments from isolated bladder of mice (Rong et al. 2002;

Daly et al. 2007). This is in contrast to some studies in the cat where PN afferent

fibers did not exhibit spontaneous firing (Bahns et al. 1987; Häbler et al. 1990,

1993; Iggo 1955). The muscle afferents respond to passive distension of the bladder

and the majority of them exhibit a linear increasing response to a graded increase in

intravesicle pressure (see the example in Fig. 2) (Sengupta and Gebhart 1994b;

Shea et al. 2000; Roppolo et al. 2005) or muscular stretch (Zagorodnyuk et al. 2007;

Xu and Gebhart 2008). However, some afferent fibers, mostly those innervating the
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body of the bladder, do not exhibit a linear relationship with increasing intravesicle

pressure (Shea et al. 2000; Daly et al. 2007). These fibers exhibit peak firing at

lower pressure and reach a plateau or a decline in firing when the intravesicle

pressure reaches the maximum. Although it has been reported that bladder afferents

in the cat HGN have a high threshold for response to distension (Evans 1936), their

existence in the urinary bladder and GI tract was questioned by investigators (Jänig

and Morrison 1986; Morrison 1987). Often it was thought that afferents exhibiting a

Fig. 2 Illustrates response characteristics of a thinly myelinated (conduction velocity 4.6 ms�1)

pelvic nerve afferent fiber to isovolumic distension. The fiber exhibited low ongoing spontaneous

firing when the bladder was empty. With increasing volume of distension (0.1–0.8 ml), the firing

frequency of the fibers progressively increased and with higher volume (0.6 and 0.8 ml) it

developed a post-stimulus increase in spontaneous firing even when the bladder was empty. In

each panel, the top trace represents the frequency histogram (1s binwidth), the middle trace shows
nerve action potentials, and the bottom trace shows the isovolumic distension of the bladder.

(unpublished data of Sengupta JN)
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high threshold for response were not adequately stimulated, as their receptive fields

were away from the site of the stimulus. It has now been well documented in several

studies, including in vitro studies where the stimulus can be applied to the organ

more precisely, that there is a large proportion (approximately 75%) of afferents

having a low threshold for response and a small proportion (approximately 25%) of

fibers having a high threshold for response (Häbler et al. 1990, 1991, 1993;

Sengupta and Gebhart 1994b; Shea et al. 2000; Rong et al. 2002; Daly et al.

2007; Xu and Gebhart 2008). In humans, a sensation of bladder fullness generally

occurs at an intravesicle pressure of 5–15 mmHg. A sense of urgency to void occurs

when the intravesicle pressure reaches 20–25 mmHg and a pressure exceeding 30

mmHg gives rise to a sense of discomfort and suprapubic pain (Morrison 1987). In

rats, the majority of low-threshold afferents respond to an intravesicle pressure

below 15 mmHg, while high-threshold afferents start to respond at a pressure above

25 mmHg (Fig. 3). Since low-threshold afferents respond to small increments of

intraluminal pressure, they exhibit a change in firing rate during the spontaneous

contraction of the detrusor muscle, suggesting that they constantly monitor bladder

filling to signal the urgency of micturition. On the other hand, high-threshold

afferents do not respond until the intravesicle pressure reaches a certain degree,

which signals the sense of discomfort and pain (Fig. 4). A recent report indicates

Fig. 3 In rats, majority of low-threshold afferent fibers respond to intravesicle pressure <
15 mmHg, while a small proportion of high-threshold afferent fibers respond at a pressure > 25

mmHg. This figure illustrates examples of two pelvic nerve afferent fibers in a multiunit recording.

Unit 1 having conduction velocity 8.75 ms�1 exhibited a low threshold for response (approxi-

mately 17 mmHg), whereas unit 2 (conduction velocity 2.12 ms�1) began to respond at about 32

mmHg. The low-threshold afferent (unit 1) had relatively higher spontaneous firing compared with

the high-threshold afferent (unit 2). (unpublished data of Sengupta JN)
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that the excitability of low-threshold, but not high-threshold, afferents is associated

with transient receptor potential vanilloid receptor 1 (TRPV1) (Daly et al. 2007).

The mechanotransduction of low-threshold afferents can be attenuated by the TRPV1

antagonist capsazepine in wild-type mice. Similarly, muscle afferents from TRPV�/

� mice exhibit significantly less response to distension compared with wild-type

littermates. Therefore, it is concluded that TRPV1 channels may play an important

role in normal bladder function. The mechanosensitive muscle afferents are also

sensitive to several chemical stimuli, including hypertonic NaCl, KCl, 50 mM HCl,

capsaicin, BK, 5-HT, and histamine. In addition, endogenous substances such as

ATP, NGF, and prostaglandins are released by the bladder afferents, the urothelium,

and by inflammatory cells, which leads to excitation and sensitization of response

bladder afferents to a mechanical stimulus (Chuang et al. 2001; Rong et al. 2002;

Yu and de Groat 2008). It appears that the urothelial layer play a critical role in the

bladder sensory mechanism and disruption of the urothelial barrier by protamine

sulfate may sensitize responses of mechanosensitive bladder afferents to a mechan-

ical (Fig. 5) and a chemical (Fig. 6) stimulus. The effect of ATP and the P2X3

agonist a,b-methylene ATP has been widely tested on bladder afferents and they

are known to excite the bladder afferents and sensitize their response to distension

Fig. 4 Illustrates response characteristics of the same two units shown in figure 3 during

intravesicle pressure change when the bladder is empty. Low-threshold afferent fiber (unit 1)

responds to small increments of intravesicle pressure and exhibits a change in firing rate during the

spontaneous contraction of the detrusor muscle. Therefore, these afferents can constantly monitor

bladder filling to signal the urgency of micturition. On the other hand, high-threshold afferent fiber

(unit 2) does not respond until the intravesicle pressure reaches a certain degree to signal the sense

of discomfort and pain. (unpublished data of Sengupta JN)
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(Namasivayam et al. 1999; Rong et al. 2002; Zagorodnyuk et al. 2007; Yu and de

Groat 2008). The sensitization by ATP and a,b-methylene ATP is most likely via

the activation of P2X3 receptors, since the selective P2X antagonist trinitrophenyl

ATP blocks the effect (Rong et al. 2002).

Clinical studies have shown that rapid filling of the bladder with ice-cold water

causes immediate detrusor muscle contraction in paraplegic patients. This is known

as the ‘‘bladder cooling reflex’’ (Bors and Blinn 1957). During ice-cold-water

infusion, patients report a cold sensation in the urethra or in the suprapubic regions.

Patients with painful bladder syndrome report significantly higher pain in the

suprapubic area following ice-water instillation compared with the same volume

(100 ml) of distension with saline at room temperature, suggesting that cold

temperature elicits a painful signal (Mukerji et al. 2006b). Experimental studies

in the cat and humans have indicated that cold-saline-induced bladder cooling

reflex is not initiated by activation of bladder-distension-sensitive afferents, since

the reflex occurs at a volume and pressure that is much less than the threshold

intensity to activate bladder afferents. This observation suggests that the cold

temperature possibly excites thermospecific afferents (Fall et al. 1990; Lindström

and Mazieres 1991; Giersson et al. 1993, 1999). Thermospecific afferents could be

located in the urothelium, since immunoreactivity of cold- and menthol-sensitive

Fig. 5 Instillation of protamine sulfate in to the bladder can sensitize mechanosensitive afferent

fiber to urinary bladder distension (UBD). The left column illustrates responses of a pelvic nerve

afferent fiber to 0.1, 0.2, and 0.4 ml of distension, respectively. Thirty minutes following the

instillation of protamine sulfate (1 mgml�1) the fiber exhibited greater response (right column) to
UBD. Note that the fibers exhibited markedly higher response at lower volume (0.3 ml) of

distension
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TRPM8 channels has been detected in nerve fibers scattered in the suburothelium of

human bladder tissue (Mukerji et al. 2006a). Alternatively, it is possible that

urothelial mechanosensitive afferents are multimodal in character and sensitive to

temperature, but this is yet to be documented. A recent study has shown that

saline (38�C) containing menthol (0.6 mM) decreases the voiding threshold in

guinea pigs and menthol pretreatment significantly enhances cold-saline-induced

bladder cooling reflex (Tsukimi et al. 2005). The existence of cold- and menthol-

sensitive bladder afferents in the PN of the cat has been previously documented

(Jiang et al. 2002). All the afferents responding to cold temperature are unmyelin-

ated C-fibers unresponsive to bladder distension and their response characteristics

resemble those of cutaneous cold receptors. However, the exact location of these

afferents in the bladder is not known. The notion that cold-sensitive afferents are

unmyelinated C-fibers has been supported by an immunohistochemistry study

showing that TRPM8 expression is predominantly in small-diameter neurons in

the S1 sacral dorsal root ganglion (DRG) of the guinea pig (Tsukimi et al. 2005).

The exact functional role of cold-sensitive afferents in the bladder is not known.

However, there are indications that these afferents may participate in nociception.

For example, the density of TRPM8 immunoreactivity in suburothelium nerve

Fig. 6 Sensitization of a bladder afferent fiber to chemical stimulus following protamine sulfate

treatment. Before protamine sulfate application, intravesicular injection of capsaicin (10 ml of 1
mgml�1) produced detrusor muscle contraction and an increase in firing of the fiber. However, the

firing was not associated with the detrusor muscle contraction, suggesting that capsaicin (CAP)

directly stimulated the fiber. Following protamine sulfate treatment, the fiber exhibited markedly

greater response to the same dose of CAP. The initial dynamic increase in firing was possibly

associated with muscle contraction. However, a prolonged increase in firing was maintained after

the intravesicle pressure returned to the baseline. (unpublished data of Sengupta JN)
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fibers is significantly higher in patients with painful bladder syndrome and idio-

pathic detrusor overactivity (Mukerji et al. 2006a). The functional role of cold-

sensitive afferents under pathological conditions is difficult to understand because it

is not known what the endogenous ligand is for the TRPM8 channel.

Pain is the only conscious sensation arising from the ureter. Afferents from the

ureter are mostly found in the L2-L3 and S1-S2 DRGs in the guinea pig (Semenenko

and Cervero 1992). Interestingly, retrograde injection of a dye in one ureter

revealed a large number of labeled cells in the DRGs of the contralateral side,

suggesting that pain originating from one ureter can spread bilaterally to a wide

referral site. The majority of labeled neurons were small-diameter neurons

containing SP or calcitonin gene-related peptide (CGRP) and about 65% of them

exhibited colocalization of SP and CGRP. This result is in agreement with a

subsequent study in chickens showing that the ureter is primarily innervated by

afferents rich in SP and CGRP (Sann et al. 1997). Electrophysiology recordings

from the ureter nerve of chickens and guinea pigs have revealed a large proportion

(64–90%) of afferents having a high threshold (range 25–40 mmHg) for response to

intraluminal distension, with about 10–30% of afferents having a low threshold

(range 7–10 mmHg) for response (Hammer et al. 1993; Sann et al. 1997; Sann

1998). Both low- and high-threshold ureter afferents in the guinea pig were

sensitive to algogenic substances such as ATP, a,b-methylene ATP, BK, capsaicin,

and KCl, with the exception for SP, that selectively excited high-threshold afferents

(Rong et al. 2004; Sann 1998; San et al. 1997). Similar to bladder afferents,

both high- and low-threshold ureteric afferents exhibit sensitization of response to

distension following intraluminal infusion of ATP or a,b-methylene ATP (Rong

et al. 2004). Recordings from the thoracolumbar (T12-L1) spinal dorsal horn

neurons have documented that all excitatory neurons respond to distending pres-

sures > than 20 mmHg (Laird et al. 1996), thus suggesting that ureter afferents are

largely involved in signaling a painful stimulus.

3.2.3 Visceral Afferents in the Female Reproductive Organs

Like the colon, bladder, and ureter, the female internal reproductive organs, includ-

ing the uterus, cervix, and vaginal canal, are dually innervated by the HGN branch

of the LSN and the PN. Retrograde labeling has revealed a topographical organiza-

tion of innervation of the vagina, cervix, and uterine horns (Berkley et al. 1993). In

rats, afferents from the vaginal canal predominantly enter the spinal cord via the

lumbosacral (L6-S1) dorsal roots, while the projections from the mid portion of the

uterine cervix are equally distributed in lumbosacral (L6-S1) and the first two

lumbar (L1-L2) roots. Projections from the uterine horn run through the lumbar

(L1-L2) roots. The majority of afferents innervating the reproductive organs

are multimodal in character and respond to both mechanical (uterine distension,

punctuate probing, stretching) and chemical (BK, KCl, 5-HT, NaCN, and capsai-

cin) stimuli (Berkley et al. 1988, 1990, 1993; Hong et al. 1993). Similar to colonic

afferents of the HGN and PN afferents in mice, the uterine afferents in these two
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pathways differ in their sensitivity to a mechanical stimulus. PN afferents are more

sensitive to mechanical stimulation compared with HGN afferents (Berkley et al.

1993). HGN afferents mostly respond to discrete probing of the surface of the

uterine horn and respond only to a high intensity of uterine distension. This

response characteristic is very similar to that of LSN serosal afferents in the

colon. In contrast, PN afferents respond best to vaginal and cervical distension

and often to probing the internal surface of the cervix (Berkley et al. 1990). Unlike

colonic afferents in mice, where PN afferents are less sensitive to BK, uterine PN

afferents in rats are more sensitive to BK and other chemicals (5-HT and NaCN)

than their HGN counterparts. This difference is not thought to be influenced by the

estrous cycle (Berkley et al. 1990). Considering the pattern of innervation and

response to mechanical and chemical stimuli, it appears that PN and HGN afferents

signal different types of sensations from the reproductive organs. The intensity of

pain sensation is variable at different stages of the estrous cycle and is primarily

influenced by estrogen (Berkley et al. 1995). It has been shown that both the PN and

HGN afferents in rats are more sensitive, including an expanded receptive field, in

the proestrous stage compared with diestrous/metestrous stages (Berkley et al.

1988, 1990; Robbins et al. 1990, 1992).

3.3 Sensitization and Cross-Sensitization of Visceral Afferents

Behavioral studies (see Sect. 2) in laboratory animals indicate that inflammation-

induced hyperalgesia requires hyperexcitability of afferents to initiate the central

(spinal and supraspinal) sensitization. In several studies, acute sensitization of

spinal visceral afferents was achieved following application of irritants (mustard

oil, turpentine), algogenic substances (BK, capsaicin, ATP, NGF), an inflammatory

cocktail (5-HT, histamine, BK, prostaglandin), and inflammogens (zymosan)

(Häbler et al. 1993; Dmitrieva and McMahon 1996; Coutinho et al. 2000; Ozaki

and Gebhart 2001; Rong and Burnstock 2004; Rong et al. 2002; Xu and Gebhart

2008; Mitsui et al. 2001; Wynn et al. 2004). It is not known how long the afferent

sensitization lasts following chemical application and whether the sensitization is

always associated with the tissue inflammation. Another important question is

whether a long-term ongoing sensitization of afferents is required to maintain the

visceral hyperalgesia. There is a dearth of systematic studies that have addressed

these questions and the available results are conflicting and incomplete. Sensitiza-

tion of afferents and its duration could be variable depending on several factors,

including the time required for a particular chemical to produce inflammation, the

number of applications of a certain chemical, the duration of inflammation, and

the stages of life (neonate or adult) during which the stimulus is applied. For

example, single intracolonic application of zymosan in adult Sprague-Dawley rats

maximally sensitized low- and high-threshold and mechanically unresponsive

afferents to colon distension 30 min after injection, but normal sensitization was

achieved within 1 h. However, when the VMR response to colon distension is tested

50 J.N. Sengupta



at different time periods (1, 2, 3, 4, 5, 6, and 24 h), rats exhibit progressive

hyperalgesia (Coutinho et al. 2000). This result suggests that the hyperalgesia

outlasts the sensitization of PN afferents and sustained sensitization of afferents is

not required to maintain the hyperalgesia. This should be regarded as acute hyper-

algesia, since zymosan-induced visceral hyperalgesia generally normalizes by 48 h

(Randich et al. 2006a, b). In dextran sulfate sodium induced small intestinal

inflammation, mesenteric afferents exhibit significantly higher responses to 5-HT

and capsaicin during acute inflammation and after recovery from the inflammation

(21 days), but not to mechanical stimulation (Coldwell et al. 2007). Thus, from

these two studies, it appears that depending on the type of chemical and the duration

of inflammation, visceral afferents exhibit a differential sensitization to mechanical

and chemical stimuli in adult rats. In contrast to these reports in adult rats, afferents

in neonatally challenged rats behave completely differently to mechanical stimula-

tion. In neonatal rats (postnatal days 8–12) that received repetitive (three times)

colonic irritation with mustard oil or noxious distension, PN afferents exhibited a

long-term sensitization of response to colon distension when the rats were tested

during adulthood when there is complete absence of inflammation (Lin and Al-

Chaer 2003). Therefore, it appears that noxious insult during the neonatal period

resulted in a long-term phenotypic change of the colonic afferents. Such long-term

sensitization of afferents in neonatally challenged rats could be due to sustained

upregulation of several receptor molecules, including TRPV1 and P2X purine

receptors in the DRGs (Winston et al. 2007; Xu et al. 2008). This is different

from adult rats, where a high expression of TRPV1 and SP in DRGs was associated

with tissue inflammation (Miranda et al. 2007; Banerjee et al. 2007). In adult rats,

premptive treatment with a selective TRPV1 antagonist prevented the development

of colonic inflammation and normalized TRPV1 expression in DRGs and hyper-

sensitivity to colon distension, whereas in nontreated rats hypersensitivity was still

observed even though TRPV1 expression following inflammation was no different

from that of noninflamed naı̈ve rats (Miranda et al. 2007). This difference in

duration of overexpression of TRPV1 in the DRGs between neonatally inflamed

and adult-inflamed rats may explain the short- and long-term sensitization of

afferents observed in electrophysiology studies (Coutinho et al. 2000; Lin and Al-

Chaer 2003; Coldwell et al. 2007). However, more systematic study is needed to

establish the fact that neonatal noxious insult produces chronic peripheral sensiti-

zation.

There are several clinical reports documenting an overlap between IBS and

chronic pelvic pain (Longstreth 1994; Longstreth and Drossman 2002; Talley

et al. 2003). Approximately 35% of patients with chronic pelvic pain showed

significant improvement when treated for IBS (Williams et al. 2004, 2005). In

recent years, it has been documented in rats that there is an organ-to-organ cross-

sensitization of pelvic viscera, including colon, bladder, and female reproductive

organs, which may contribute to the overlap of lower abdominal pain (Pezzone

et al. 2005; Malykhina 2007; Ustinova et al. 2006; Qin et al. 2004, 2005; Winnard

et al. 2006). At the peripheral and spinal level, there are two potential pathways

involved in such cross-sensitization: (1) axonal dichotomy of visceral sensory
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afferents (Fig. 1A) and (2) convergence of two visceral afferents from two organs

on spinal neurons (Fig. 1B). Injections of two different retrograde tracers in the

bladder and colon, respectively, have revealed approximately 7–14% colabeled

soma in the lumbosacral and thoracolumbar DRGs, suggesting an axonal dichoto-

my in the pelvic viscera (Malykhina et al. 2006; Christianson et al. 2007). VMR

recordings in anesthetized rats demonstrated that bladder irritation with protamine

sulfate and KCl significantly increased the VMR to colon distension. In a similar

fashion, TNBS-induced colon inflammation induces bladder hyperreflexia (Pez-

zone et al. 2005) and sensitized responses of bladder afferents to bladder distension

(Ustinova et al. 2006, 2007). It has been suggested that such cross-organ sensitiza-

tion is due to initiation of axon reflex of dichotomized afferents innervating the

urinary bladder to produce neurogenic inflammation and an increase in mast cell

density in the bladder (Ustinova et al. 2007; Liang et al. 2007). Another recent study

has shown that inflammation of the colon or uterus can produce significant inflam-

mation of the bladder. Interestingly, there is no such cross-organ inflammation

between the colon and the uterus, suggesting that the bladder is more vulnerable to

cross-organ inflammation (Winnard et al. 2006). This study also documented that

following HGN sectioning (with intact PN) there is a significant reduction of

bladder inflammation, indicating that the HGN plays a major role in cross-organ

sensitization in the pelvic viscera. However, this result does not fit well with

retrograde tracing data, which have shown a greater number of colabeled cells in

the sacral S1 DRG (20%) compared with lumbar L1 DRG (7%) (Malykhina et al.

2006). The cross-sensitization of response to bladder distension has been observed

in lumbosacral spinal neurons following inflammation of the colon (Qin et al.

2005). The sensitization of spinal neurons observed in this study could involve

viscerovisceral convergence of afferents from two sensitized organs or synaptic

input from dichotomized sensory afferents. In addition to the roles of dichotomized

afferents and viscerovisceral convergence in the spinal cord, there could be another

potential mechanism that can explain organ-to-organ cross-sensitization. This

involves axon collaterals of visceral afferents synapsing on secreto/motor (S/M)

neurons at the prevertebral ganglia (Aldskogius et al. 1986; Matthews et al. 1987).

If these S/M neurons from the prevertebral ganglia (e.g., major pelvic ganglion)

innervate different pelvic viscera, then it will be logical to think that the sensitiza-

tion of afferents can excite the S/M resulting in altered function of the innervated

viscera.

It is well recognized that visceral pain can influence the sensitivity of somatic

structures, including the skin and muscle (i.e., viscerosomatic hypersensitivity). For

example, IBS patients often experience somatic and cutaneous hyperalgesia, which

is thought to be the result of central sensitization (Verne et al. 2001, 2003; Verne

and Price 2002; Price et al. 2006). These clinical observations have been confirmed

in a recent study of experimental cystitis, where mice exhibited cutaneous thermal

hyperalgesia (Bielefeldt et al. 2006). Similar to viscerovisceral hypersensitivity,

chronic somatic pain can also influence the sensitivity of the visceral organs.

Approximately 64% of patients with somatic pain syndromes such as fibromyalgia
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have frequent abdominal pain and a large proportion of these patients (30–70%)

have IBS-like symptoms (Veale et al. 1991; Sperber et al. 1999; Triadafilopolous

et al. 1991; Caldarella et al. 2006). Recent studies have documented that a chronic

painful stimulus in the somatic referral site alters visceral sensitivity in rats (Miran-

da et al. 2004; Bielefeldt et al. 2006; Cameron et al. 2007). Miranda et al. (2004)

first documented that somatic pain, in the form of low-pH (4.0) saline injections in

the gastrocnemius muscle of rat, results in somatic and colonic hypersensitivity.

The somatic hyperalgesia in these rats was also observed on the contralateral hind

limb, suggesting that this was a result of central sensitization. In a subsequent

electrophysiology study, it was documented that spinal neurons responsive to colon

distension exhibit sensitization of response to distension following acute low pH

saline injection in the gastrocnemius muscle. The sensitized response of these

neurons was unaffected by cervical spinal transection, confirming that the sensiti-

zation occurs at the spinal level. Since it was an acute experiment, it could be also

secondary to hyperexcited primary sensory afferent input. The study documented

that the sensitization was primarily driven by glutamates as N-methyl-D-aspartate

(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)

antagonists significantly attenuated the sensitization (Peles et al. 2004). These

behavioral and electrophysiology studies suggest that colonic hypersensitivity

following noxious somatic stimulation is due to somatovisceral convergence in

the spinal cord and is unlikely due to axonal dichotomy, since the existence of

somatovisceral dichotomized afferents is very rare (Häbler et al. 1988b).

3.4 Pharmacological Modulation of Visceral Afferents
and Visceral Pain

Considering the fact that afferent nerve sensitization initiates visceral hypersensi-

tivity, attempts have been made to pharmacologically modulate the excitability of

the afferents to alleviate visceral sensitivity. The advantage of targeting visceral

afferents with a peripherally restricted drug is to avoid unnecessary CNS complica-

tions. Among many target receptors, k-opioid receptors (KOR), P2X purine recep-

tors, 5-HT3 and 5-HT4 seretonin receptors, NMDA receptors (NMDAr), tachykinin

(NK1, NK2, and NK3) receptors, TRPV1, and GABAB receptors have been

documented to have modulating effects on responses of sensory afferents and spinal

processing of pain.

3.4.1 k-Opioid Receptor

Behavioral studies in rats have shown that unlike m- and d-opioid receptor agonists,
KOR agonists have no effect when injected spinally, but exhibit significant
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antinociceptive effects to noxious colon distension when injected systemically

(Danzebrink and Gebhart 1995; Sengupta et al. 1999). Thus, this suggests that

the effect of KOR agonists is either peripherally or supraspinally mediated.

In subsequent studies, it was shown that the majority of arylacetamide KOR

agonists such as U50,488, U69,488, EMD 61,753, and IC204,488 dose-dependently

attenuate the responses of colonic and bladder mechanosensitive PN afferents to

noxious distension (Sengupta et al. 1996, 1999; Su et al. 1997a, b). Interestingly, the

inhibitory effects of these KOR agonists were not blocked by the selective KOR

antagonist nor-binaltorphimine (nor-BNI) or the nonselective antagonist naloxone.

Further evaluation revealed that similar to the local anesthetic arylacetamide, KOR

agonists attenuate the mechanotransduction of visceral afferents by blocking the

tetrodotoxin-sensitive and tetrodotoxin-resistant Na+ channels of sensory afferents

(Joshi et al. 2000, 2003; Su et al. 2002).

3.4.2 P2X Purine Receptors

Among different subtypes of P2X receptors, P2X2, and P2X3 receptors are thought

to be involved in mechano- and chemosensory transduction and these two receptors

are primarily expressed in small-diameter sensory neurons in DRGs. It is well

recognized that ATP and P2X receptors play important roles in bladder pain

associated with the inflammation (Burnstock 2002, 2006). Studies in rodents and

humans have documented that both P2X2 and P2X3 receptor expression is upregu-

lated in cystitis and possibly contribute to bladder hyperreflexia and pain (Tempest

et al. 2004; Nazif et al. 2007; Dang et al. 2008). Exogenous application of ATP and

the P2X-selective agonist a,b-methylene ATP sensitizes the responses of afferents

to distension. These responses can be attenuated by the nonselective P2X receptor

blockers trinitrophenyl ATP and pyridoxal phosphate 6-azophenyl-20,40-disulfonic
acid (Rong and Burnstock 2004; Rong et al. 2002; Wynn et al. 2003). Therefore,

selective antagonists for P2X2 and P2X3 receptors could be useful in the modulation

of bladder pain.

3.4.3 5-HT3 and 5-HT4 Seretonin Receptors

The GI tract is the largest source of seretonin (5-HT), located primarily in the

enterochromaffin and mast cells. The presence of toxins in the gut triggers the

release of 5-HT from these cells, resulting in altered gut motility, nausea, vomit-

ing, and abdominal pain. It is now well recognized from human and animal

studies that 5-HT3 and 5-HT4 receptors play critical roles in visceral hypersensitiv-

ity in IBS (Gershon and Liu 2007; Spiller 2007; Greenwood-van Meerveld 2007).

Behavioral studies in rats have documented that both 5-HT3 antagonists and 5-HT4
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agonists have antinociceptive effects resulting from noxious colon distension and this

effect is thought to be peripherally mediated (Morteau et al. 1994b; Kozlowski et al.

2000; Greenwood-van Meerveld et al. 2006). Immunohistochemical studies have

revealed the existence of 5-HT3 receptors in LSN and PN afferents, indicating that

these receptors are involved in peripheral 5-HT-mediated signaling to the brain.

This was confirmed in electrophysiology recordings from the LSN where serosal,

muscle, and mucosal afferents responded to 5-HT and a selective 5-HT3 agonist.

The effects of 5-HT and 5-HT3 agonist were blocked by alosetron, suggesting

that the 5-HT effect in GI sensory afferents is mediated via 5-HT3 receptors

(Hicks et al. 2002; Coldwell et al. 2007). These studies showed that 5-HT3 receptors

are not involved in mechanotransduction of LSN afferents, since alosetron did not

affect the responses to mechanical stimulation. Therefore, the question arises how

5-HT3 antagonists produced antinociceptive effects in behavioral studies where

mechanical distension was employed to stimulate the colonic mechanosensitive

afferents (Morteau et al. 1994b; Kozlowski et al. 2000). It has recently been

documented that alosetron significantly attenuates intracolonic glycerol-induced

visceral hyperalgesia, but not to colonic distension (Mori et al. 2004). It is possible

that intraluminal injection of glycerol produces visceral pain by releasing 5-HT

from the enterochromaffin cells to stimulate the sensory afferents and this activa-

tion of afferents by 5-HT can be blocked by alosetron. In addition to its peripheral

effect to modulate the chemically induced hyperalgesia, it may also be possible that

the antinociceptive effect of 5-HT3 antagonist is partly a central effect. Recent

studies have shown that intrathecal injection of alosetron into the lumbosacral

spinal cord attenuates VMR to colon distension in sensitized rats (Miranda et al.

2006; Bradesi et al. 2007). The 5-HT4 agonists are more known for their prokinetic

effect in the GI tract by enhancing motility and water and electrolyte secretion.

However, in recent years, it has been documented that the 5-HT4 agonist tegaserod

has antinociceptive effects in the viscera (Greenwood-van Meerveld et al. 2006).

The effects of 5-HT4 agonists is possibly peripherally mediated, since the antino-

ciceptive effects were observed only when the agonists were injected systemically

(intraperitoneal), but not when they were injected centrally into the ventricular

space (Greenwood-van Meerveld et al. 2006). However, recent study in our labora-

tory indicates that antinociceptive effect of tegaserod is via the activation suprasp-

inal 5-HT4 receptors linked with opioidergic descending inhibitory pathway.

Intracerebroventricular (icv) injection of tegaserod produces visceral analgesia,

which can be blocked by selective 5-HT4 receptor antagonist GR113808 and

non-selective opioid receptor antagonist naloxone. The drug fails to attenuate the

mechanotransduction of colonic mechanosensitive afferents. In addition, our

immunohistochemistry study indicates that in LSN (T13 and L1 DRGs) and PN

(L6 and S1 DRGs) nerves mostly large and medium diameter cells are 5-HT4

positive. None of the isolectin B4 (IB4) positive small diameter cells and very

few SP-containing DRG cells are 5-HT4 positive. Therefore, it is very unlikely that

5-HT4 has any role in peripheral nociceptive transmission. On the other hand, we

have found that endorphin or enkephalin containing neurons in the rostroventral

medulla (RVM) are 5-HT4 positive. We believe that 5-HT4 agonist tegaserod
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activates opiodergic neurons in the RVM to release endogenous opioids to produce

descending inhibition of spinal neurons and that results in visceral analgesia.

3.4.4 N-Methyl-D-aspartate Receptor (NMDAr)

Glutamate is the major excitatory neurotransmitter that plays a critical role in

the development of visceral hyperalgesia. Animal and human studies have

documented that ionotropic glutamate NMDAr antagonists can modulate visceral

pain (Olivar and Laird 1999; Zhai and Traub 1999; McRoberts et al. 2001; Castro-

man and Ness 2002; Gaudreau and Plourde 2004; Ji and Traub 2001; Strigo et al.

2005; Willert et al. 2004, 2007). In the human esophagus, acid-induced secondary

hyperalgesia is significantly attenuated by the NMDA channel blocker ketamine

(Willert 2004). This drug has been found to be more effective in attenuating

visceral pain than somatic pain (Willert 2004, 2007; Strigo et al. 2005). Animal

studies have provided substantial evidence that NMDA antagonists modulate

visceral pain by attenuating responses of spinal neurons to noxious colon distension

(Kohlekar and Gebhart 1994, 1996; Zhai and Traub 1999; Ji and Traub 2001;

Traub et al. 2002; Peles et al. 2004). The excitation of central terminals of sensory

afferents leads to the release of glutamate to activate the postsynaptic NMDAr

and induce spinal neuron sensitization. In addition, glutamate released at the

synaptic junction also activates presynaptic NMDAr to regulate the release of SP

from the afferent terminals (Marvizon et al. 1997). Although NMDAr are ubiqui-

tously present in the CNS, their presence in spinal visceral afferents has been

documented in rats. It has also been shown that colonic inflammation upregulates

and phosphorylates the NR1 subunit of the receptor, resulting a functional change

(Marvizon et al. 2002; Li et al. 2006). Therefore, other than its effect in the spinal

cord, NMDAr antagonist may also attenuate responses of spinal afferents. Olivar

and Laird (1999) reported that vasopressor response induced by ureter distension in

rats was significantly inhibited by the NMDA channel blockers memantine and

ketamine as well as by the NR1 glycine-B site modulator MRZ 2/576. Similarly,

memantine attenuated the visceral sensitivity to colon distension when it was

injected intravenously, but not intrathecally. Since memantine dose-dependently

attenuated the responses of PN afferents to colon distension, the analgesic effect of

the drug was thought to be via peripheral NMDAr (McRoberts et al. 2001). Recent

studies have documented that the female gonadal hormone estrogen influences the

function of NMDAr, which is possibly one of the reasons for the fluctuation of pain

sensitivity observed at different phases of the menstrual cycle (Tang et al. 2008;

McRoberts et al. 2007). A behavioral study showed that intrathecal injection of an

NMDAr antagonist attenuates the VMR response more effectively in overecto-

mized rats compared with overectomized rats supplemented with estradiol, indicat-

ing that estradiol modulates the function of the NMDAr channel. In addition,

estrogen receptors a and NMDArs coexist in spinal neurons and activation of

estrogen receptors a enhances pain signaling by increasing the NR1 subunit ex-
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pression and phosphorylation of the subunit (Tang et al. 2008). Similarly, in

dissociated DRG cells, the average current density of NMDAr was 2.8-fold greater

in cells from female rats than in those from male rats. Further, exogenous applica-

tion of estradiol enhances the current significantly more in female DRGs (55%)

than that in male DRGs (19%) (McRoberts et al. 2007). Thus, this suggests that

female sex hormones influence the intensity of pain by modulating the function of

the receptor molecules, which could be one of the factors accounting for sexual

dimorphism in pain sensation.

3.4.5 Tachykinin Receptors: NK1, NK2, and NK3

Three tachykinins SP such as, neurokinin A, and neurokinin B are constitutively

present in small-diameter sensory neurons. Although SP is the preferred ligand for

NK1, neurokinin A for NK2, and neurokinin B for NK3, all three ligands bind to all

three receptors with different affinities. It is well recognized that SP is one of the

major neurotransmitters involved in visceral pain and deletion of the NK1 gene in

mice significantly affects visceral pain (Laird et al. 2000, 2001a, b). However,

regarding the effects of neurokinin receptor antagonists in alleviating visceral pain,

reports are conflicting. This is largely due to several factors, including the selection

of animal models, lack of selectivity and affinity of the antagonists, bioavailability,

and the lack of receptor homology among the species. For the same reasons, many

compounds designed for human neurokinin receptors failed to exhibit any analgesic

effect in animal studies. Regardless, several animal studies have documented that

selective antagonists for all three receptors (NK1, NK2, and NK3) attenuate

visceral pain in several animal species, including mice, rats, rabbits, guinea pigs

and gerbils (Gardeau and Plourde 2003; Julia et al. 1994, 1999; Laird et al. 2001a, b;

Kamp et al. 2001; Fioramonti et al. 2003; Birder et al. 2003; Greenwood-van

Meerveld et al. 2003; Bradesi et al. 2003; Okano et al. 2002; Kakol-Palm et al.

2008). Although in many of these studies, the sites of action of the antagonists were

not well characterized, presumably most of the antagonists modulate spinal proces-

sing by blocking presynaptic and/or postsynaptic neurokinin receptors in the spinal

cord. Similarly, there are a few reports of the evaluation of the peripheral effects of

these drugs. Two reports have documented the inhibitory effects of NK2 and NK3

receptor antagonists on colonic PN afferents (Julia et al. 1999; Birder et al. 2003).

3.4.6 Transient Receptor Potential Vanilloid 1

The TRPV1 receptor is a ligand-gated, nonselective cation channel sensitive to

many natural stimuli, including noxious heat (42–53�C), acidic pH (5.0–6.0), lipid

derivatives, anandamide, and H2S (Caterina et al. 1999; Caterina and Julius 2001;
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Olah et al. 2001; Trevisani et al. 2005). Traditionally, it was thought that TRPV1

was associated with somatic thermal hyperalgesia in tissue inflammation (Caterina

and Julius 2001); however, recent studies suggest that the TRPV1 channel plays

a significant role in visceral hyperalgesia associated with tissue inflammation

(Apostolidis et al. 2005; Dinis et al. 2004; Fujino et al. 2004, 2006; Matthews et al.

2004; Schicho et al. 2004; Yiangou et al. 2001). In inflammatory bowel disease and

esophagitis, the expression of TRPV1 receptors in the lamina propria markedly

increases, suggesting that the channel is closely associated with inflammatory

process of the GI tract (Matthews et al. 2004; Yiangou et al. 2001). In immunohis-

tochemical examination of tissues from rectosigmoid biopsies, it has been reported

that the TRPV1 immunoreactivity was significantly higher (3.5-fold) in the nerve

fibers from IBS patients compared with controls. The high TRPV1 immunoreactiv-

ity was associated with significantly high SP immunoreactivity in the nerve fibers,

mast cells, and lymphocytes in the tissues in the IBS group. This study also reported

that high TRPV1 immunoreactive fibers and tissue mast cells closely correlated

with the abdominal pain score in patients. Increased TRPV1 immunoreactive nerve

fibers were observed in IBS together with a low-grade inflammatory response

(Akbar et al. 2008). Similarly, the expression of TRPV1 significantly increases in

the DRGs of rats following exposure of the esophagus and stomach to acid (Schicho

et al. 2004; Banerjee et al. 2007). In a rat model of cystitis, TRPV1 plays an

important role in bladder hyperreflexia, which can be significantly attenuated by

blocking the TRPV1 channels (Dinis et al. 2004). It has been shown that hyperre-

flexia in cystitis is associated with activation of the TRPV1 channel through

inflammation-induced release of anandamide, an endogenous ligand for TRPV1

channels (Dinis et al. 2004). It appears that the TRPV1 channel functions via

positive feedback during the inflammatory process and visceral sensitivity. For

example, the activation of the channel in sensory neurons leads to neurogenic

inflammation by release of SP and CGRP. Once the inflammation of the tissue

has set in, inflammatory products, including cycloxygenase derivatives of arachi-

donic acid and other inflammatory cytokines, activate the channel to further

enhance the inflammatory process. As indicated in Sect. 3.2.2, TRPV1 plays an

important role in mechanotransduction properties of muscle afferents and for that

reason visceral sensitivity to mechanical distension of the colon was found to be

significantly reduced in TRPV1 knockout mice (Daly et al. 2007; Jones et al. 2005).

Therefore, it is very likely that blocking the TRPV1 channel may reduce visceral

pain. This has been confirmed in recent studies documenting that pretreatment or

posttreatment of a selective TRPV1 antagonist significantly improves colonic

inflammation and attenuates the visceral hypersensitivity (Fujino et al. 2004;

Miranda et al. 2007; Winston et al. 2007).

3.4.7 GABAB Receptor

g-Aminobutyric acid (GABA), a major inhibitory neurotransmitter, plays an im-

portant role in antinociception. The effect is largely mediated by GABAB receptors,
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which are ubiquitously present in the brain and spinal cord. Baclofen, a GABAB

receptor agonist, produces antinociception in the rat model of visceral pain (Abelli

et al. 1989; Hara et al. 1999). It has been shown that in conscious rats subcutaneous

injection of baclofen prevents the behavioral responses of pain produced by instil-

ling xylene into the urinary bladder (Abelli et al. 1989). Similarly, intrathecal

injection of baclofen increases the threshold for VMR to colon distension (Hara

et al. 1999). The c-fos expression in the lumbosacral spinal cord from intracolonic

mustard oil induced inflammation was markedly reduced by intraperitoneal injec-

tion of baclofen (Lu and Westlund 2001). The effect was primarily via the activa-

tion of presynaptic GABAB receptors that regulate the release of SP from the

afferent terminals in the spinal cord (Barber et al. 1978; Malcangio and Bowery

1996; Marvizon et al. 1999; Riley et al. 2001). Electrophysiology studies have

documented that GABAB receptor agonists modulate responses of vagal mucosal

and muscle afferents innervating the esophagus and proximal stomach, suggesting

the presence of functional GABAB receptors at the receptive terminals of the vagal

afferent fibers (Page and Blackshaw 1999; Partosoedarso et al. 2001; Smid et al.

2001). The existence of GABAB receptor and receptor mRNA has been documen-

ted in DRGs (Towers et al. 2000). GABAB receptor mRNA is highly expressed in

both small- and large-diameter DRG cells. A recent electrophysiology study

showed that baclofen dose-dependently attenuates responses of mechanosensitive

PN afferents to noxious colon distension, providing direct evidence that GABAB

receptor agonist can modulate visceral pain by acting at the peripheral site (Sengupta

et al. 2002). Since GABAB receptor agonist other than its antinociceptive effect has

multiple undesirable CNS effects, including sedation, tolerance, respiratory depres-

sion, and motor deficiency, its therapeutic use for visceral pain could be seriously

limited. However, GABAB is a unique G protein coupled receptor, which requires

dimerization of two subunits (GABAB1 and GABAB2) to form a functional receptor.

A number of splice variants of the GABAB1 subunit (GABA1a, GABA1b, GABA1c,

and GABA1d) have been identified in the rat and human, which are differentially

expressed in different tissues (Isomoto et al. 1998). For example, the GABAB1

subunit is ubiquitously present in the CNS and nonneuronal tissues, whereas the

GABAB2 subunit is present only in the neurons of the brain and spinal cord (Bolser

et al. 1994). Therefore, a peripherally restricted agonist targeting for the GABAB2

splice variant may be a useful to modulate the visceral pain.

4 Conclusion

Despite the large number of reports emerging, the mechanism of visceral pain is still

less understood than that of somatic pain. This is primarily due to the diverse nature

of visceral pain compounded by multiple factors such as sexual dimorphism, psycho-

logical stress, genetic trait, and the nature of predisposed disease. Sensitization of

primary sensory afferents is an important underlying mechanism for visceral hyper-

sensitivity and hyperalgesia and the duration of sensitization is possibly the determi-

nant of the chronic nature of the pain. In short-term sensitization, excitation of
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afferent fibers lasting 1–2 h may lead to a widespread increase in cell responsive-

ness in the CNS owing to enhanced synaptic strength, whereas in long-term

sensitization there could be morphological changes of neurons (e.g., sprouting),

central synaptic connectivity, expression of receptor molecules, an altered descend-

ing modulatory system, and cortical processing. Findings in animal studies have

indicated that the mechanism of neonatal stress-induced visceral hyperalgesia could

be different from that in adults. Stress and a noxious stimulus early in life perma-

nently alter the hypothalamic–pituitary–adrenal axis, the descending pain modula-

tory system, and the expression profile of receptor molecules, and these animals

exhibit chronic hyperalgesia later in their life. Such a pain mechanism is possibly

different from that observed in postinfectious, diarrhea- or constipation-predominant

IBS or in painful bladder syndrome. Similarly, sexual dimorphism plays a critical

role in differential pain sensation. Considering this diverse mechanism of visceral

pain, the treatment strategy and therapeutic intervention will depend on the disease

symptoms.
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Abstract Migraine is a neurovascular disorder which affects one fifth of the

general population. Disability due to migraine is severe and involves patients

from infancy through senescence and it is aggravated by the fact there is no

complete cure. However, various drugs for the symptomatic or prophylactic treat-

ment of the disease are available. Recently, better knowledge of the neurobiological

and pharmacological aspects of a subset of trigeminal primary sensory neurons has

provided key information for the development of effective molecules that specifi-

cally target the activation of the trigeminovascular system and may represent a

significant advancement in the treatment of the disease. These novel antagonists

block the receptor for the sensory neuropeptide calcitonin gene-related peptide

(CGRP), which upon release from peripheral terminals of trigeminal perivascular

neurons dilates cranial arterial vessels. Whether neurogenic vasodilatation is the

major contributing factor to generate the pain and the associated symptoms of

the migraine attack or whether other sites of action of CGRP receptor antagonists
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are responsible for the antimigraine effect of these compounds is the subject of

current and intense research.

Keywords Neurogenic vadodilatation, Calcitonin gene-related peptide, Primary

sensory neurons, CGRP receptor

1 Introduction

More than 70 years ago, Sir Thomas Lewis postulated that one portion of a widely

branching sensory fiber responds to the injury, and that action potentials generated

by this event are carried, antidromically, to other branches of the fiber, where they

release a chemical substance that causes the flare and increases the sensitivity of

other sensory axons responsible for pain (Lewis 1937). The neurons that mediate

these responses have been proposed to belong to a previously unrecognized sub-

group and termed ‘‘nocifensors’’ because of their dual function. The first function is

to sense injurious stimuli and the second function is to promote a first line of

defense by a neurovascular response which encompasses arterial vasodilatation,

plasma protein extravasation, and other responses. Decades after these pioneering

observations, the concept that a neurogenic component of inflammation exists has

been generally recognized (Geppetti and Holzer 1996; Szolcsanyi 1977). Despite

the fact that in experimental animals neurogenic inflammation has been well

documented and has been proven in the majority of tissues and organs, and its

role has been robustly established in relevant models of human diseases, the

demonstration that neurogenic inflammation has a significant contribution to

human diseases, and particularly in migraine, is still a matter of debate. However,

very recent clinical trials (Doods et al. 2007) have given support to the hypothesis

originating from a number of neurochemical and pharmacological data that neuro-

genic inflammation plays a key role in the mechanism of migraine (Markowitz et al.

1987).

The major somatosensory innervation to the extracranial tissues is supplied by

the trigeminal nerve, which has a smaller, but important, intracranial component that

provides a sensory innervation to the cranial meninges (Penfield and McNaughton

1940). This latter component has attracted most attention in the pathophysiology of

migraine following the neurosurgical observation that direct stimulation of the

meninges, particularly at vascular sites, could evoke painful, headache-like sensa-

tions (Fay 1935; Feindel et al. 1960; Ray and Wolff 1940). Intracranial sensory

innervation supplies both the major cerebral arteries (as the middle cerebral

arteries) and the dural venous sinuses. The arterial nerve supply and pain sensation

does not extend to the brain itself, as the sensory innervation is restricted to the

meningeal covering around the outside of the brain. Although it cannot be excluded

that the nerve supply to extracranial arterial vessels plays a significant role, it has

been postulated that meningeal sensory innervation has a major contribution to the
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migraine headache. Thus, the present chapter will focus of the neurochemical and

functional features of the subset of sensory neurons which mediate neurogenic

inflammation in the cranial district, and particularly in the meninges.

2 A Subset of Sensory (Nocifensor) Neurons Exerts
a Dual Afferent and Efferent Function and Mediates
Neurogenic Inflammation

The stimulation of peripheral terminals of a subset of primary sensory neurons is not

only associated with the transmission of nociceptive, or pain, signals, but also

results in a series of proinflammatory responses collectively referred to as ‘‘neuro-

genic inflammation’’ (Geppetti and Holzer 1996). The neurons which mediate

neurogenic inflammation have Ad- and C-fibers, are defined as polymodal noci-

ceptors because they sense thermal, chemical, and high-threshold mechanical

stimuli, and are characterized by their content in neuropeptides, namely, the calci-

tonin gene-related peptide (CGRP) and the tachykinins substance P (SP) and

neurokinin A (NKA). Finally, this subset of sensory neurons is uniquely sensitive

to capsaicin, the pungent principle contained in plants of the genus Capsicum.
Sensitivity to capsaicin is given by the expression on the plasma membrane of the

neuron of a protein which belongs to the superfamily of the transient receptor

potential (TRP) ion channels. TRP channels, in mammals, currently encompasses

28 proteins belonging to six different families, which transduce a variety of sensa-

tions produced by both chemical and physical stimuli (Nilius et al. 2007).

TRPV1 (V indicates the sensitivity to vanilloid molecules), also termed the

‘‘capsaicin receptor,’’ was cloned 10 years ago (Caterina et al. 1997) and it was

soon recognized as an integrator of various sensory stimuli, including noxious heat,

low extracellular pH, various lipid derivatives, including anandamide, N-arachido-
noyl dopamine, and eicosanoids, and other stimuli (Caterina et al. 1997; Huang

et al. 2002; Hwang et al. 2000; Tominaga et al. 1998; Zygmunt et al. 1999).

Capsaicin, by stimulating TRPV1, produces a burning sensation and releases

sensory neuropeptides, which causes neurogenic inflammation. In addition, expo-

sure to high concentrations/doses of capsaicin for a prolonged time, after an initial

excitatory phase, and in a time- and concentration/dose-dependent manner, desen-

sitizes sensory neurons or nerve endings, an effect that ultimately results in the

inability of the nerve fibers to evoke pain and neurogenic inflammation (Szallasi

and Blumberg 1999; Szolcsanyi 1977). This specific feature of capsaicin and

TRPV1 has been of great value for the current understanding of the multiple

functions of sensory neurons, as well as of their role in models of human diseases.

In addition, because after capsaicin application the desensitized tissue becomes

irresponsive to a series of painful stimuli, this procedure has been used to success-

fully treat various painful conditions (Knotkova et al. 2008). In addition to TRPV1

(Caterina et al. 1997), other TRP channels are expressed by C-fiber nociceptors,

including TRPV2, TRPV3, and TRPV4 (gated by warm, nonnoxious and noxious
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temperatures and small reductions in tonicity) and TRPM8 (activated by menthol

and moderately low temperature) (Alessandri-Haber et al. 2003; Bautista et al.

2007; Caterina et al. 1999; Liedtke et al. 2000; McKemy et al. 2002; Peier et al.

2002). TRPA1 is a recently identified channel, almost entirely coexpressed with

TRPV1 on sensory neurons (Nagata et al. 2005; Story et al. 2003) and activated by

isothiocyanates, thiosulfinate, or cinnamaldehyde compounds, which are the pun-

gent ingredients found in mustard, garlic, and cinnamon, respectively (Bandell et al.

2004; Bautista et al. 2006; Jordt et al. 2004; Macpherson et al. 2005). Thus, all these

channels and their appropriate stimuli are potentially implicated in the activation of

neurogenic inflammatory responses.

Biological effects produced by either tachykinins or CGRP account for all the

responses mediated by stimulation of capsaicin-sensitive sensory nerves, and,

accordingly, the three neuropeptides (SP, NKA, and CGRP) are considered the

mediators of neurogenic inflammation. SP or NKA activates with diverse affinities

three different heterotrimeric G protein coupled receptors, NK1, NK2, and NK3,

which are associated with Gq/11 proteins and mobilization of Ca2+ ions in the

cytosol. Stimulation of NK1 receptors on endothelial cells of postcapillary venules

activates intracellular contractile elements and opens tight gap junctions between

these cells, thus allowing the passage of macromolecules, including albumin, into

the interstitial space and by this mechanism produces inflammatory plasma protein

extravasation. NK1 receptor activation also mediates leukocyte adhesion to the

venular endothelium (Baluk et al. 1995). Less evident is the receptor subtype

involved in mast cell degranulation and inflammatory mediator release evoked by

SP. However, apart from arterial vasodilatation, the vascular and cellular in-

flammatory responses produced by capsaicin and other selective stimulants of

capsaicin-sensitive sensory nerves are entirely mediated by tachykinin NK1 recep-

tors. The observation that the plasma protein extravasation that follows trigeminal

nerve stimulation occurs not only in the extracranial tissue but also in the meninges

of rodents suggested that this mechanism could be important for the mechanism of

migraine (Markowitz et al. 1987). Additional findings that drugs effective for the

acute treatment of the migraine attack such as ergotamine or triptans markedly

inhibited meningeal neurogenic plasma extravasation further supported this

hypothesis (Moskowitz and Buzzi 1991). In those same years the discovery of the

first nonpeptidic NK1 receptor antagonist was reported (Snider et al. 1991) and it

was soon followed by the identification of a series of nonpeptidic, high-affinity and

selective NK1 receptor antagonists, which boosted the clinical scrutiny of these

compounds as novel antimigraine medicines. Unfortunately, none of these drugs

proved to be efficacious in reducing the pain and the allied symptoms of the

migraine attack because in various randomized clinical trials different NK1

receptor antagonists, including RPR100893 (Diener 2003), GR205171 (Connor

et al. 1998), and lanepitant (Goldstein et al. 1997), failed to show efficacy. Phar-

macokinetic issues or other reasons might have been of importance for the failure of

these drugs, but it is also possible that neurogenic, NK1-receptor-mediated plasma

extravasation does not play any role in this disease.

Although there is little doubt that SP/NKA and NK1 receptors mediate neuro-

genic plasma extravasation in rodents, the certainty that a similar mechanism exists
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in man is far from clear. For example, capsaicin administration to the human skin

causes a remarkable erythema and arteriolar vasodilation (Simone and Ochoa

1991), but there are no reports that capsaicin causes plasma extravasation in the

human skin. SP and NKA potently contract human bronchi and the urinary bladder

in vitro, indicating that NK2 and NK1 receptors are expressed in the smooth muscle

of these human tissues. However, there is no report that capsaicin produces any

contractile responses in isolated human bronchi or bladder. Thus, it is possible that

in man either there is no anatomofunctional vicinity between the sensory nerve

terminal and the tachykinin receptor expressing effector cell or an insufficient

amount of tachykinins is released from sensory nerve terminals. Failure to detect

a measurable amount of SP/NKA following exposure of human sensory nerve

terminals to capsaicin in vitro (Geppetti et al. 1992) strengthens this latter proposal.

In conclusion, in man neurogenic inflammation does not seem to include plasma

protein extravasation as a major feature of this type of inflammatory response.

It is a common experience, and scientifically well documented, that capsaicin

application to the human skin produces a neurogenic flare response (Brain et al.

1985; Simone and Ochoa 1991), which is most likely mediated by CGRP, and there

is also direct neurochemical or indirect pharmacological evidence that capsaicin or

other TRPV1-dependent or TRPV1-indepedent stimuli release CGRP from human

tissues in vitro (Franco-Cereceda 1991; Gazzieri et al. 2007; Geppetti et al. 1992).

Thus, it is possible to propose that in human somatic and presumably visceral

tissues, neurogenic inflammation exists and its main, if not sole component, is the

arterial vasodilatation mediated by the unknown substance, hypothesized by Sir

Thomas Lewis in 1936, and that, at present, we can identify with CGRP.

3 CGRP, Its Receptor, and Receptor Antagonists

The alternative processing of RNA transcripts from the calcitonin gene results in

the production of two distinct messenger RNAs (mRNAs), one of them encoding

calcitonin and the other a 37-amino acid neuropeptide: CGRP (Amara et al. 1985).

In contrast with the expression of mRNA for calcitonin in the thyroid, CGRP

mRNA is predominantly expressed in the nervous system and particularly in

primary sensory neurons of the dorsal root, trigeminal, and vagal ganglia (Quirion

et al. 1992). CGRP belongs to a family of peptides that includes adrenomedullin

and amylin (Cooper et al. 1987; Kitamura et al. 1993), which affect glucose

metabolism and exert other biological functions. Of the two isoforms of CGRP,

aCGRP and bCGRP (Amara et al. 1985; Morris et al. 1984), bCGRP, which differs
from aCGRP by three amino acids, is mostly located within enteric nerves

(Mudderry et al. 1988) and the pituitary gland (Petermann et al. 1987). The half-

life of CGRP in the circulation is approximately 7–10 min in human plasma

(Struthers et al. 1986), and there is no evidence for a specific proteolytic pathway

involved in CGRP metabolism, although mast cell tryptase in the skin (Brain and

Williams 1989) and matrix metalloproteinase II have the ability to metabolize

CGRP and remove its vasodilator activity (Fernandez-Patron et al. 2000).
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The existence of two distinct receptors for CGRP (CGRP1 and CGRP2) was

postulated on a pure pharmacological basis because CGRP8–37, a 30 amino acid

fragment of CGRP, behaves as an antagonist with a relative selectivity for the

CGRP1 receptor (Chiba et al. 1989). Rat and human calcitonin receptor-like (CL)

receptor (Fluhmann et al. 1995; Njuki et al. 1993) surprisingly did not bind CGRP

in the cells studied and therefore it was, at first, considered an orphan receptor. Only

if the CL receptor complementary DNA was expressed in cells coexpressing the

receptor-activity-modifying protein (RAMP), a single transmembrane domain pro-

tein with 148 amino acids necessarily required to be associated with CL, did the

‘‘mature’’ receptor acquire activity (McLatchie et al. 1998). It is now accepted

that RAMP1 associates with CL to produce the CGRP receptor (CGRP1) that is

antagonized by CGRP8–37 and other antagonists.

The discovery of BIBN4096BS (olcegepant), 1-piperidinecarboxamide,

N-[2-[[5-amino-1-[[4-(4-pyridinyl)-1-piperazinyl]carbonyl]pentyl]amino]-1-[(3,5-

dibromo-4-hydroxyphenyl)-methyl]-2-oxoethyl]-4-(1,4-dihydro-2-oxo-3(2H)-qui-
nazolinyl) a competitive nonpeptide potent (Ki, 14.4 � 6.3 pM) antagonist at the

human CGRP1 receptor (Doods et al. 2000) has boosted research in the area of

CGRP in relation to the trigeminovascular system and migraine. Additional mole-

cules with affinities lower than that of olcegepant, such as compound 1, (4-(2-oxo-

2,3-dihydro-benzoimidazol-1-yl)-piperidine-1-carboxylic acid [1-3,5-dibromo-4-

hydroxy-benzyl)-2-oxo-2-(4-phenyl-piperazin-1-yl)-ethyl]-amide) and SB-273779

[N-methyl-N-(2-methylphenyl)-3-nitro-4-(2-thiazolylsulfinyl)-nitrobenzanilide]

have been reported. Compound 1 showed a pKi of 7.8 in binding experiments on

SK-N-MC as compared with 8.9 for CGRP8–37 (Aiyar et al. 2001; Edvinsson et al.

2001). Subsequently, other peptide antagonists have been developed (Boeglin et al.

2007; Taylor et al. 2006). However, a major breakthrough was the report of the first,

nonpeptide, orally available and high-affinity CGRP receptor antagonist, MK-0974

[N-[(3R,6S)-6-(2,3-difluorophenyl)-2-oxo-1-(2,2,2-trifluoroethyl)azepan-3-yl]-4-
(2-oxo-2,3-dihydro-1H-imidazo[4,5-b]pyridin-1-yl)piperidine-1-carbox amide]

(Paone et al. 2007; Salvatore et al. 2008).

4 CGRP Release and CGRP-Mediated Responses

CGRP release from nerve terminals of nociceptors is finely tuned by a series of

prejunctional receptors and channels expressed on the plasma membrane of these

neurons and these receptors/channels represent a therapeutic opportunity for

migraine treatment. However, only a few of them seem to contribute to the patho-

physiological changes accompanying migraine because most of these receptor/

channel agonists and antagonists have failed to significantly affect the migraine

attack. TRPV1 and other excitatory channels and receptors enhance CGRP release,

and in contrast ergot derivatives and triptans reduce sensory neuropeptide release

from trigeminal perivascular endings. TRPV1 undergoes marked plasticity by

neurotrophic factors or by several proinflammatory mediators (Chuang et al. 2001;
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Premkumar and Ahern 2000), which may play a role in migraine. In particular, the

observations that low extracellular pH, which is easily encountered at the site of

inflammation, and ethanol (a known trigger of migraine attack) stimulate TRPV1

(Bevan and Geppetti 1994; Tominaga et al. 1998; Trevisani et al. 2002) and by this

mechanism release sensory neuropeptides from the dura mater (Fanciullacci et al.

1991) or produce a CGRP-dependent vasodilatation of dural blood vessels

(Nicoletti et al. 2008), suggesting that TRPV1 might be involved in the initiation

of the process that ultimately results in the migraine attack.

CGRP shows a potency as a vasodilator substance approximately tenfold greater

than the prostaglandins and 2–3 orders of magnitude greater than that of other

classic vasodilators, including acetylcholine, adenosine, serotonin, and SP. This

effect of CGRP is particularly relevant in small vessels. In the venous tissue, which

is also densely innervated by CGRP-containing nerves, the role of the peptide is less

clear. Generally, CGRP induces an endothelium-independent relaxation, apart from

in some vessels, including the rat aorta and the human internal mammary artery,

where the relaxation to CGRP depends on the presence of an intact endothelium and

is attenuated by inhibitors of NO synthase, implying an NO-dependent mechanism

(Brain et al. 1985; Gray and Marshall 1992; Raddino et al. 1997).

5 Sensory Neurons and Migraine

The precise mechanism of migraine is still unknown. Hitherto undetermined, but

probable, genetic abnormalities should initiate the alteration of the response thresh-

old to migraine-specific triggers in the brain (Goadsby et al. 2002a). The common

observation reported by Lance (1969) that alcohol and other vasodilators are well

recognized as inducers of migraine or cluster headache and vasoconstrictors are

instrumental in ending them accompanies the pioneering finding by Wolff and

colleagues (Wolff 1948) that stimulation of cerebral and meningeal arteries caused

headache. These and other data contributed to the widespread belief that vasodila-

tation of intracranial blood vessels is the underlying mechanism for migraine

headache (Ferrari and Saxena 1993). Although positron emission tomography has

shown increased blood flow (an index of neuronal activity) during spontaneous

migraine attacks in the cerebral hemispheres (Welch 2003), more recent evidence

(Schoonman et al. 2008) obtained with 3-T magnetic resonance angiography

negated any vasodilatation occurring in cerebral and meningeal arteries during

the headache phase of the migraine attack induced by nitroglycerine. It is worth

noting that vasodilator substances such as nitroglycerine (Thomsen et al. 1993) and

CGRP (Lassen et al. 2002) can trigger migraine in susceptible subjects, although

migraine arises a few hours after the occurrence of the relatively short lived

vasodilating response caused by these agents. Also, extracranial vessels may

contribute to the pain of the migraine attack as suggested by Graham and Wolff

(1938), who observed that ergotamine decreased migraine headache along with the

pulse amplitude measured over the temporal artery. However, both ergotamine and
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dihydroergotamine may affect vessel caliber in a different manner depending on the

state of the artery during the migraine attack (Brazil and Friedman 1957). Another

way by which ergot derivatives may affect vessel caliber is through inhibition of

CGRP release from perivascular trigeminal nerve endings by stimulating the

inhibitory serotonin 5-HT1B/D receptor. Although this neuronal effect of ergots

and triptans has been more extensively studied with respect to SP-mediated plasma

protein extravasation (Markowitz et al. 1987; Moskowitz and Buzzi 1991), there is

also evidence that by the same mechanism the 5-HT1B/D receptor inhibits CGRP-

mediated vasodilatation. This seems to be the case for ergotamine and triptans,

which in addition to contracting dilated cranial blood vessels and carotid arteriove-

nous anastomoses (Tfelt-Hansen et al. 2000) reduce CGRP release from perivas-

cular trigeminal nerve endings and inhibit nociceptive transmission on peripheral

and central endings of trigeminal sensory nerves (Goadsby et al. 2002a, b;

Williamson et al. 2001). Human trigeminal ganglia and sensory nerve fibers express

5-HT1B/1D receptors (Smith et al. 2002), thus supporting the role of presynaptic

inhibitory effects on the antimigraine effect of triptans (Edvinsson 2004).

Reduction of neuropeptide release from sensory nerve endings by stimulation of

presynaptic receptors has been proposed for drugs different from triptans. GR79236

(N-[(2-methylphenyl)methyl]adenosine (metrifudil), 2-(phenylamino)adenosine),

an agonist of the inhibitory adenosine A1 receptor, has been found to reduce

neurogenic vasodilatation in rats (Humphrey et al. 2001), trigeminal nociception

and CGRP release in cats (Goadsby et al. 2002a, b), and trigeminal nociception in

humans (Giffin et al. 2003). The promising clinical studies that reported that

GR79236 has an antimigraine action, probably due to an inhibitory effect on

nociceptive trigeminal neurons (Humphrey et al. 2001), have been, however,

hampered by concerns regarding the cardiovascular safety of this drug.

The concept that antimigraine activity of triptans is mainly, if not solely,

due to their inhibitory action on primary sensory neuron discharge rather than

to a mere vasoconstrictor activity has boosted further research on selective

neuronal versus vascular 5-HT1 receptor agonists, with the aim of maintaining

antimigraine activity with fewer cardiovascular side effects. Selective agonists of

the 5-HT1D receptor, such as PNU-109291 ([(S)-3,4-dihydro-1-ethyl]-N-methyl-

1H-2-benzopyran-6-carboximide) (Ennis et al. 1998), or the 5-HT1F receptor, such

as LY334370 (4-fluoro-N-[3-(1-methyl-4-piperidinyl)-1H-indol-5-yl]-benzamide)

(Ramadan et al. 2003), have been developed following this hypothesis. However,

failure of PNU-142633 (Gomez-Mancilla et al. 2001) and efficacy of LY334370

only at doses which may interact with 5-HT1B receptors (Goldstein et al. 1999;

Ramadan et al. 2003) did not give clinical support to this view.

6 CGRP Antagonists in Migraine

Trigeminal sensory nerve fibers expressing abundant CGRP-like immunoreactivity

are well represented in the intracranial and extracranial circulation (Williamson

et al. 2001). CGRP but not SP release has been demonstrated from human tissues
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innervated by nontrigeminal (Franco-Cereceda 1991) or trigeminal (Geppetti et al.

1992) sensory nerve endings. In addition, plasma concentrations of CGRP, but not

of SP, were found to be elevated during spontaneous or nitroglycerine-provoked

attacks of migraine (Goadsby et al. 1990) and cluster headache (Fanciullacci et al.

1995). More importantly, intravenous infusion of CGRP produced a migraine-like

headache (Lassen et al. 2002), and intravenous infusion of NO evoked a migraine-

like headache with an associated increase in plasma CGRP levels (Juhasz et al.

2003). Baseline CGRP plasma levels were more elevated in migraine patients, and

changes in plasma CGRP levels during migraine attacks significantly correlated

with the headache intensity (Juhasz et al. 2003). All these findings suggested that

CGRP could contribute to the migraine mechanism and that inhibition of the CGRP

receptor could be beneficial in the treatment of the migraine attack. Thus, when

high-affinity and selective antagonists of the CGRP receptor become available they

will have to be quickly subjected to clinical scrutiny in migraine patients.

CGRP8–37, the first peptide CGRP receptor antagonist, was found to be ineffec-

tive in migraine (Durham 2004), most likely because of its low potency and very

short half-life (Chiba et al. 1989). A novel selective CGRP receptor antagonist,

olcegepant (BIBN4096BS), showed the following relevant features: reduction of

the vasodilatation induced by trigeminal stimulation in marmosets (Doods 2001),

inhibition of the vasodilator responses induced by capsaicin in porcine carotid, in-

cluding carotid arteriovenous anastomotic dilatation and decreased CGRP-

induced porcine carotid vasodilatation, and arterial-jugular venous oxygen

saturation difference (Kapoor et al. 2003). Furthermore, although its peptoid nature

requires a parenteral route of administration, the unique high affinity for the human

CGRP receptor (Doods et al. 2000) suggested that olcegepant could be developed as

an antimigraine medicine. Indeed, olcegepant is effective in the acute treatment of

migraine without significant side effects (Olesen et al. 2004) or intrinsic vasocon-

strictor effects (Petersen et al. 2005). Already at a dose of 2.5 mg it reduced

migraine headache by 66% as compared with 27% for a placebo. Olcegepant

also showed significant superiority over a placebo in improving the nausea,

photophobia, phonophobia, functional capacity, and the time to meaningful relief

(Olesen et al. 2004). The most frequent adverse effect was paresthesia and overall

side effects were 25% with olcegepant compared with 12% with the placebo. Of

interest is the finding that intracranial and extracranial vessel caliber and systemic

hemodynamics were not affected by olcegepant, suggesting that, under basal

conditions, circulating CGRP does exert a tonic vasodilatory activity and CGRP

receptor antagonists should not provoke cerebral or systemic vasospasm (Petersen

et al. 2005).

Another breakthrough in the development of novel CGRP antagonists was

obtained with the discovery of MK-0974, an orally available drug which originated

from a (3R)-amino-(6S)-phenylcaprolactam core (Paone et al. 2007). High affinity

(approximately nanomolar) for the human and the rhesus monkey CGRP receptor

compared with the canine and the rat CGRP receptor and the ability of the orally

administered drug to inhibit dermal vasodilatation evoked by capsaicin application

into the rhesus monkey skin (Salvatore et al. 2008) indicated MK-0974 as a suitable
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drug for clinical testing in migraine patients. Indeed, apart from the oral dose of 400

mg, the other two doses of 300 and 600 mg showed a better headache response at 2-

h (68.1 and 76.5%, respectively, vs. the placebo 46.3%; p < 0.015). In the same

study the response to rizatriptan was 69.5% (Ho et al. 2007). Adverse events did not

appear to be augmented with increasing doses of the drug and MK-0974 was

generally well tolerated (Ho et al. 2007). Two recent review articles summarized

results of these early clinical studies showing that both olcegepant and MK-0974, in

addition to causing a better headache response, produced a significantly better pain-

free state at 2 h and a better recurrence rate (olcegepant) or sustained pain-free

condition (MK-0974) as compared with a placebo (Doods et al. 2007). Of interest is

the report (Knotkova et al. 2008) that the sustained pain-free rate at 24 h after MK-

0974 administration showed a tendency to be superior to that of rizatriptan (Ho

et al. 2007), and that after olcegepant administration it was also apparently better

than that produced in a study with sumatriptan (Ferrari et al. 2001). Obviously,

further studies and in particular phase III randomized and placebo controlled trials

are need to confirm these early results and to show a highly desirable superiority of

CGRP antagonists, in terms of safety and duration of action, over current antimi-

graine medicines.

7 Conclusions

The recent clinical data obtained with chemically different CGRP antagonists

point to this neuropepeptide, selectively released from a subset of nociceptive

TRPV1-expressing trigeminal nerve fibers, as an important contributing molecule

in the mechanism of migraine. This implies that whatever the initiating factor,

primary sensory neurons of cranial nerve V play a key role in migraine. The most

parsimonious hypothesis to explain the beneficial effect of CGRP receptor block-

ade in migraine suggests that olcegepant or MK-0974 inhibits the receptor

expressed on vascular smooth muscle cells and the subsequent vasodilatation

provoked by CGRP within the cranial microcirculation, which somehow is

associated with the headache phase of the migraine attack. This hypothesis

conflicts with some evidence that vasodilatation is not always present or may

be only an epiphenomenon in migraine. On the other hand, the hypothesis that the

beneficial effect of olcegepant is due to a central mode of action is challenged by

the finding that this peptoid molecule does not very effectively antagonize CGRP-

mediated vasodilatation of intracerebral vessels (Petersen et al. 2005), and there-

fore is assumed not to cross the blood-brain barrier readily. A recent detailed

investigation on the distribution of immunoreactivity for the CL receptor, RAMP-

1, or CGRP in the rat trigeminovascular system (Lennerz et al. 2008) identified

individual components of the CGRP pathway in peripheral and central cells and did

not exclude the possibility that a central site of action is involved in migraine

mechanism. However, ‘‘complete’’ and therefore functional receptors were only

observed in arterial smooth muscle cells and possibly in inflammatory cells of the
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macrophage lineage and in Schwann cells (Lennerz et al. 2008). Thus, the absence

of ‘‘mature’’ receptors in neurons of the spinal trigeminal nucleus or of autorecep-

tors in sensory nerve endings cannot exclude, but strongly argues against, the

hypothesis that antimigraine CGRP-receptor antagonists act at a central site of

action. During the last 5 years, major progress has been accomplished in the

perspective of a better therapy of migraine. This advancement also has an enormous

impact on the understanding of the mechanism of the disease, and further confirms

that better knowledge of the pathophysiological and pharmacological aspects of

trigeminal primary sensory neurons can be one of the main strategies to fight

against migraine and other primary headaches.

During the completion of the present chapter a report of a phase III study has

been published (Ho TW, Ferrari MD, Dodick DW, Galet V, Kost J, Fan X,

Leibensperger H, Froman S, Assaid C, Lines C, Koppen H, Winner PK (2008)

Efficacy and tolerability of MK-0974 (telcagepant), a new oral antagonist of

calcitonin gene-related peptide receptor, compared with zolmitriptan for acute

migraine: a randomised, placebo-controlled, parallel-treatment trial (2008) Lancet

372:2115–23). Results show that the orally active CGRP receptor antagonist,

telgacepant (300 mg), is more effective than placebo and as effective as zolmi-

troptan (5 mg) in reducing the headache and other symptoms of migraine attacks,

with fewer adverse effects than the triptan.
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Abstract The afferent innervation of the urinary bladder consists primarily of

small myelinated (Ad) and unmyelinated (C-fiber) axons that respond to chemical

and mechanical stimuli. Immunochemical studies indicate that bladder afferent

neurons synthesize several putative neurotransmitters, including neuropeptides,

glutamic acid, aspartic acid, and nitric oxide. The afferent neurons also express

various types of receptors and ion channels, including transient receptor potential

channels, purinergic, muscarinic, endothelin, neurotrophic factor, and estrogen

receptors. Patch-clamp recordings in dissociated bladder afferent neurons and

recordings of bladder afferent nerve activity have revealed that activation of

many of these receptors enhances neuronal excitability. Afferent nerves can re-

spond to chemicals present in urine as well as chemicals released in the bladder wall

from nerves, smooth muscle, inflammatory cells, and epithelial cells lining the

bladder lumen. Pathological conditions alter the chemical and electrical properties

of bladder afferent pathways, leading to urinary urgency, increased voiding fre-

quency, nocturia, urinary incontinence, and pain. Neurotrophic factors have been

implicated in the pathophysiological mechanisms underlying the sensitization of

bladder afferent nerves. Neurotoxins such as capsaicin, resiniferatoxin, and botuli-

num neurotoxin that target sensory nerves are useful in treating disorders of the

lower urinary tract.

Keywords Cystitis, Neurotrophic factors, Overactive bladder, Spinal cord injury,

Neuroplasticity.

1 Anatomy and Innervation of the Lower Urinary Tract

The storage and periodic elimination of urine are dependent upon the activity of two

functional units in the lower urinary tract: (1) a reservoir (the urinary bladder) and

(2) anoutlet consisting of the bladder neck, urethra, and striatedmuscles of the external

urethral sphincter (EUS) (Fig. 1) (Fowler et al. 2008; Morrison et al. 2005). These

structures are in turn regulated by three sets of peripheral nerves: sacral parasym-

pathetic (pelvic nerves), thoracolumbar sympathetic (hypogastric nerves and sym-

pathetic chain), and somatic nerves (pudendal nerves) distributed bilaterally (Fig. 1)

(de Groat 1986; Morrison et al. 2005). The nerves consist of efferent and afferent

axons originating at thoracolumbar and sacral spinal levels. Parasympathetic efferent

nerves contract the bladder and relax the urethra. Sympathetic efferent nerves relax

the bladder and contract the urethra. Somatic efferent nerves contract the EUS.
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1.1 Afferent Nerves

The afferent innervation of the human lower urinary tract arises from neurons

located in the dorsal root ganglia (DRG) at S2–S4 and T11–L2 spinal segmental

levels. Axons in the pelvic and pudendal nerves originate in sacral DRG, whereas

those in the hypogastric nerves originate in the rostral lumbar and caudal thoracic

DRG. A similar segmental organization occurs in nonhuman primates, cats (Fig. 1),

Fig. 1 Sympathetic, parasympathetic, and somatic innervation of the urogenital tract of the male

cat. Sympathetic preganglionic pathways emerge from the lumbar spinal cord and pass to the

sympathetic chain ganglia and then via the inferior splanchnic nerves (ISN) to the inferior

mesenteric ganglia (IMG). Preganglionic and postganglionic sympathetic axons then travel in

the hypogastric nerve to the pelvic plexus and the urogenital organs. Parasympathetic pregangli-

onic axons which originate in the sacral spinal cord pass in the pelvic nerve to ganglion cells in the

pelvic plexus and to distal ganglia in the organs. Sacral somatic pathways are contained in the

pudendal nerve, which provides an innervation to the penis, the ischiocavernosus (IC), bulboca-
vernosus (BC), and external urethral sphincter (EUS) muscles. The pudendal and pelvic nerves

also receive postganglionic axons from the caudal sympathetic chain ganglia. These three sets of

nerves contain afferent axons from the lumbosacral dorsal root ganglia. U ureter, PG prostate

gland, VD vas deferens
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and dogs. In rats, pelvic and pudendal afferent neurons are located in the sacral and

most caudal lumbar DRG.

The urinary bladder, which is divided into two parts, the fundus (body) and the

trigone (base or neck), consists of several layers: serosal, muscularis, lamina propria,

and urothelium. Afferent axons, identified primarily by neuropeptide immunoreactiv-

ity for calcitonin-gene-related peptide (CGRP), pituitary adenylate cyclase activating

polypeptide (PACAP), or substance P (SP), are distributed throughout the bladder

wall (Gabella and Davis 1998; Smet et al. 1997; Uemura et al. 1973) from the

serosal layer to the lamina propria, including a dense suburothelial plexus that gives

rise to axons extending into the urothelium (Birder et al. 2008; Fowler et al. 2008).

In the cat bladder, sacral afferents are more abundant in the muscularis than in the

suburothelium and have a more uniform distribution throughout the fundus and

trigone regions, whereas the lumbar afferents are localized to the trigone and are

more abundant in the suburothelium than in the muscularis (Uemura et al. 1975). In

human and animal bladders, peptidergic afferent axons are also located around

blood vessels and in close proximity to intramural ganglion cells where they may

make synaptic connections and participate in local reflex networks within the

bladder wall (Gillespie et al. 2006; Smet et al. 1997).

In the urethra, the afferent nerves are also distributed between the muscle fibers,

around blood vessels, in the urothelium, and in a dense suburothelial plexus (Crowe

et al. 1986; Fahrenkrug and Hannibal 1998; Tainio 1993). In some species afferent

nerves extend to the luminal surface of the urothelium. The striated sphincter

muscle that surrounds the urethra receives a very sparse afferent innervation that

is localized primarily to nerve bundles passing between the muscle bundles.

Specialized tension receptors (muscle spindles) which are innervated by large-

diameter myelinated group IA afferents and which are prominent in most striated

muscles are absent (Gosling et al. 1981) or are present in low density (Lassmann

1984) in striated sphincter muscles.

Retrograde axonal tracing methods have identified DRG cells innervating the

bladder, urethra, and EUS (Fig. 2a). Afferent nerves arising in DRG on one side of

the spinal cord appear to be distributed bilaterally in the bladder wall (Chai et al.

1996). Relatively small numbers, less than 3% of the total population of neurons in

an individual DRG, innervate the lower urinary tract, e.g., fewer than 3,000 sacral

afferent neurons innervate the bladder of the cat (de Groat 1986; Morgan et al.

1981). The neurons are small to medium-sized (mean, 32 mm � 23 mm in the cat)

and are distributed randomly throughout the DRG.

When different axonal tracers are injected into multiple pelvic organs, e.g.,

bladder and colon, a small percentage (5–15%) of DRG neurons are doubled-

labeled (Christianson et al. 2007; Keast and de Groat 1992; Malykhina et al.

2006), indicating that individual sensory neurons can innervate multiple target

organs. As discussed in Sect. 12, this pattern of innervation may contribute to the

phenomenon of cross-sensitization of afferent pathways and provide a mechanism

by which disease in one organ can influence sensations in an adjacent organ

(Christianson et al. 2007; Pezzone et al. 2005).
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Fig. 2 (a) Experimental methods for performing patch-clamp recordings on bladder afferent

neurons obtained from rats with chronic cystitis. Chronic cystitis was induced by intraperitoneal

injection of cyclophosphamide. Fluorescent dye (fast blue) injected into the bladder wall was

transported via Ad- and C-fiber bladder afferent axons to neurons in the dorsal root ganglia (DRG).
L6 and S1 DRG were dissected and dissociated into single neurons by enzymatic methods. Whole-

cell patch-clamp recordings were then performed on fast blue-labeled bladder afferent neurons that

were identified with a fluorescence microscope. (b) Characteristics of a bladder afferent neuron
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1.2 Central Afferent Pathways

Central projections of afferent neurons innervating the lower urinary tract and the

relationship between these projections and the spinal interneurons and efferent

neurons have been studied by anterograde and retrograde axonal tracing methods.

Parasympathetic preganglionic neurons are located in the intermediolateral gray

matter (laminae V–VII) in the sacral segments of the spinal cord (de Groat et al.

1981; Morgan et al. 1993), whereas sympathetic preganglionic neurons are located

in medial (lamina X) and lateral (laminae V–VII) sites in the rostral lumbar spinal

cord. EUS motoneurons are located in lamina IX in Onuf’s nucleus (Thor et al.

1989b; de Groat et al. 2001; Morrison et al. 2005). Parasympathetic preganglionic

neurons and EUS motoneurons send dendrites to similar regions of the spinal cord

(laminae I, V–VII, and X), indicating that these sites contain important pathways

for coordinating bladder and sphincter function (Morgan et al. 1993).

Afferent pathways from the lower urinary tract labeled by transganglionic

transport of tracers project to discrete regions of the dorsal horn that contain the

soma and/or dendrites of efferent neurons innervating the lower urinary tract

(Fig. 3b). Afferent pathways from the urinary bladder of the cat (Morgan et al.

1981; de Groat 1986) and rat (Jancso and Maggi 1987; Steers et al. 1991a) project

into Lissauer’s tract in the lumbosacral spinal cord and then pass rostrocaudally

giving off collaterals that extend through lamina I laterally and medially around the

dorsal horn into deeper laminae (laminae V–VII and X) at the base of the dorsal

horn. The lateral pathway, which is the most prominent projection (Fig. 3b),

terminates in the region of the sacral parasympathetic nucleus (SPN) and also

sends some axons medially to the dorsal commissure. Bladder afferents have not

been detected in the center of the dorsal horn (laminae III–IV) or in the ventral horn.

Afferent axons from the pelvic viscera of the cat passing through sympathetic

nerves to the rostral lumbar segments have similar sites of termination in laminae

I, V–VII, and X (Morgan et al. 1986). Although afferents are distributed primarily

to the ipsilateral side of the spinal cord, an estimated 10–20% also project to the

opposite side of the cord (Applebaum et al. 1980; Jänig and Morrison 1986).

Fig. 2 (Continued) (24-mm diameter, C-fiber afferent neuron, top record) exhibiting tetrodotoxin

(TTX)-resistant action potentials and a bladder afferent neuron (33-mm diameter, Ad-fiber afferent
neuron, bottom record) exhibiting TTX-sensitive action potentials. The left panels are voltage

responses and action potentials evoked by 30-ms depolarizing current pulses injected through the

patch pipette in current-clamp conditions. Asterisks with dashed lines indicate the thresholds for

spike activation. The second panels on the left side show the effects of TTX application (1 mM) on

action potentials. The third panels from the left show firing patterns during membrane

depolarization (700-ms duration). The panels on the right show the responses to extracellular

application of capsaicin (1 mM) in voltage-clamp conditions. Note that the TTX-resistant bladder

afferent neuron (a) exhibited phasic firing (i.e., one to two spikes during prolonged membrane

depolarization) and an inward current in response to capsaicin, while the TTX-sensitive afferent

neuron exhibited tonic firing (i.e., repetitive firing during membrane depolarization) and no

response to capsaicin
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Fig. 3 (a) Summary of the events involved in chronic inflammation of the bladder and

hyperexcitability of C-fiber bladder afferent neurons. The events that occur following chronic

bladder inflammation (1) are indicated by sequential numbers (2–7). DRG dorsal root ganglia,

5-HT serotonin, PGE prostaglandin E, NGF nerve growth factor. (b) Primary afferent pathways to

the L6 spinal cord of the rat project to the dorsal commissure (DCM), the superficial dorsal horn

(DH), and the sacral parasympathetic nucleus (SPN), which contains parasympathetic

preganglionic neurons. The afferent nerves consist of myelinated Ad axons, which respond to

bladder distension and contraction, and unmyelinated C-fiber axons, which respond to noxious

stimuli. (c) Spinal neurons that express c-fos following the activation of bladder afferents by a

noxious stimulus (acetic acid) to the bladder are located in the same regions of the L6 spinal

segment that receive afferent input
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Pudendal nerve afferent pathways from the EUS of the cat have central termina-

tions that overlap in part with those of bladder afferents in lateral laminae I and

V–VII and in lamina X (de Groat 1986; Thor et al. 1989b). These afferents differ

markedly from other populations of pudendal nerve afferents that terminate in the

deeper layers of the dorsal horn (laminae II–IV). The latter innervate sex organs as

well as cutaneous and subcutaneous tissues of the perineum (Ueyama et al. 1984;

Thor et al. 1989b).

The spinal neurons involved in processing afferent input from the lower urinary

tract have been identified by the expression of the immediate early gene c-fos
(Fig. 3c). In the rat, noxious or nonnoxious stimulation of the bladder and urethra

increases the levels of Fos protein primarily in the dorsal commissure, the superfi-

cial dorsal horn, and in the area of the SPN (Birder and de Groat 1993; Birder et al.

1999; Vizzard 2000a). Noxious stimulation induces c-fos expression in a greater

number of spinal neurons and in a larger number of neurons in the dorsal commis-

sure (Fig. 3c). Some of these interneurons send long projections to the brain,

whereas others make local connections in the spinal cord and participate in

segmental spinal reflexes (Birder et al. 1999).

2 Histological and Chemical Properties of Afferent Nerves

Light and electron microscopy has revealed that the visceral nerves innervating the

lower urinary tract are composed primarily of small myelinated (Ad) and unmy-

elinated (C-fiber) axons (Hulsebosch and Coggeshall 1982; Gabella and Davis

1998; Uvelius and Gabella 1998). The cat pelvic and hypogastric nerves contain

axons less than 2–3 mm in diameter, with a few larger axons 5–10 mm in diameter.

The rat pelvic and hypogastric nerves contain approximately 25,000 and 21,000

axons, respectively, of which 94% are unmyelinated (Hulsebosch and Coggeshall

1982). On the other hand, the pudendal nerve in the rat contains larger-diameter

myelinated as well as unmyelinated axons (Hulsebosch and Coggeshall 1982). The

total number of axons in these nerves is considerably larger than the number of

afferent neurons in the DRG and efferent neurons in the spinal cord sending axons

into the nerves. For example, the pelvic nerve of the cat has approximately 18,000

axons (Morgan et al. 1981), compared with approximately 5,000 afferent and

efferent neurons projecting into the nerve (Morgan et al. 1981). This suggests that

there is considerable branching of afferent axons as they pass from the DRG into the

periphery (Langford and Coggeshall 1981).

DRG neurons giving rise to myelinated Ad-fiber and unmyelinated C-fiber axons

can also be distinguished by immunohistochemical staining for neurofilament

protein. Neurofilament is a cytoskeletal protein that is synthesized in cell bodies

and delivered to axons by axoplasmic transport. The level of neurofilament expres-

sion is known to correlate with axonal caliber and myelination. The 200-kDa

neurofilament subunit is exclusively expressed in myelinated A-fiber DRG neurons,

but not in unmyelinated C-fiber neurons (Lawson et al. 1993). Approximately two

98 W.C. de Groat and N. Yoshimura



thirds of bladder afferent neurons in rats are neurofilament-poor (i.e., C-fiber

neurons), while the remaining one third of cells exhibit intense neurofilament

immunoreactivity (Ad-fiber neurons) (Yoshimura et al. 1998). Neurofilament

immunoreactivity in bladder afferent neurons negatively correlates with the sensi-

tivity to capsaicin (Fig. 2b). Approximately 80% of neurofilament-poor C-fiber

bladder afferent neurons are sensitive to capsaicin (Yoshimura et al. 1998). The

predominance of neurofilament-poor, C-fiber afferent cells in the bladder afferent

population is also in line with studies using conduction velocity measurement or

histological analysis of the pelvic nerve which revealed that unmyelinated C-fiber

bladder afferents are more numerous than myelinated Ad-fiber afferents in bladder

afferent pathways (Hulsebosch and Coggeshall 1982; Vera and Nadelhaft 1990).

In the rhesus monkey, pelvic and pudendal nerves have axons conducting at 2–31

and 34–119 ms�1, respectively, reflecting the larger fiber diameter in the pudendal

nerve (Rockswold et al. 1980a, b). Bladder afferent axons in the pelvic and

hypogastric nerves in the cat have conduction velocities of 1–22 and 1–16 ms�1,

respectively (Winter 1971).

Afferent neurons innervating the lower urinary tract exhibit immunoreactivity for

various neuropeptides, such as SP, CGRP, PACAP, leucine enkephalin, corticotro-

pin releasing factor, and vasoactive intestinal polypeptide (VIP) (de Groat 1986,

1989; Maggi 1993; Keast and de Groat 1992; Vizzard 2001, 2006) as well as

growth-associated protein 43 and, nitric oxide synthase (NOS) (Vizzard et al.

1996), glutamic acid, and aspartic acid (Keast and Stephensen 2000). These sub-

stances have been identified in many species and at one or more locations in the

afferent pathways, including (1) afferent neurons in lumbosacral DRG, (2) afferent

nerves in the peripheral organs, and (3) afferent axons and terminals in the lumbo-

sacral spinal cord (Kawatani et al. 1985, 1986, 1996; Morrison et al. 2005). The

majority (more than 70%) of bladder DRG neurons in rats appear to contain

multiple neuropeptides, CGRP, SP, and PACAP being the most common. In cats,

VIP is also contained in a large percentage of bladder DRG neurons (de Groat

1989).

Peptide-containing axons are distributed throughout all layers of the bladder but

are particularly dense in the lamina propria just beneath the urothelium. In the

spinal cord of rats and cats, peptidergic afferents are present in Lissauer’s tract, in

lamina I, where they are very prominent on the lateral edge of the dorsal horn and

in the region of the parasympathetic nucleus (Kawatani et al. 1985, 1996; Vizzard

2001). This distribution is similar to that of the central projections of bladder

afferent neurons labeled by axonal tracers (de Groat 1986; Steers et al. 1991a).

Acute treatment with C-fiber afferent neurotoxins, capsaicin or resiniferatoxin,

releases CGRP, SP, and PACAP in the bladder wall and can trigger inflammatory

responses, including plasma extravasation or vasodilation (i.e., neurogenic inflam-

mation) (Maggi 1993). Chronic treatment with these toxins reduces peptidergic

afferent staining in the bladder wall of animals and humans, indicating that the

majority of peptidergic bladder afferent nerves are capsaicin-sensitive C-fibers

(Fowler et al. 2008).
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Bladder afferent neurons and axons, especially C-fiber afferents, also express

various receptors, including transient receptor potential vanilloid 1 (TRPV1, the

capsaicin receptor), transient receptor potential ankyrin 1 (TRPA1), transient re-

ceptor potential cation channel subfamily M member 8 (TRPM8), a cold receptor,

tropomyosin-related kinase A (TrkA), which responds to nerve growth factor

(NGF), a and b estrogen receptors (Bennett et al. 2003), tropomyosin-related kinase

B (TrkB), which responds to brain-derived neurotrophic factor (BDNF), glial cell

line derived neurotrophic factor (GDNF) receptors, which respond to GDNF

(GRFa1) and artemin (GRFa3) (Forrest and Keast 2008), isolectin B4 (IB4)

binding sites, muscarinic receptors, endothelin receptors, and purinergic receptors

(P2X2, P2X3 P2Y), receptors that can be activated by adenosine 50-triphosphate
(ATP) (Bennett et al. 1996; Everaerts et al. 2008; Streng et al. 2008;Vizzard and

Boyle 1999; Zhong et al. 2003). Many of these receptors have been detected not

only in axons in the bladder but also in the lumbosacral spinal cord in the same

locations as the projections of bladder afferent axons.

C-fiber afferents innervating the lower urinary tract of the rat have been sub-

divided into two populations on the basis of lectin binding; i.e., IB4-negative,

peptidergic and IB4-positive, nonpeptidergic subpopulations (Bennett et al. 1996;

Yoshimura et al. 2003). The IB4-negative, peptidergic subgroup represents the

largest population (70–80%) of C-fiber afferents. IB4 binding has also been used

to identify different types of somatic C-fiber afferents (Averill et al. 1995; Bennett

et al. 1996). One type that does not exhibit IB4 binding is NGF-dependent,

expresses TrkA receptors and contains neuropeptides (Averill et al. 1995), whereas

a second type that binds IB4 is dependent on and expresses the GDNF family of

growth factor receptors (GFRa) and is thought to be largely nonpeptidergic

(Bennett et al. 1996). The IB4-binding somatic afferent neurons reportedly express

a specific type of ATP receptor, P2X3 (Vulchanova et al. 1998; Guo et al. 1999), as

well as TRPV1 receptors (Guo et al. 1999).

Bladder afferent neurons have a lower percentage of IB4-positive cells (30%)

than somatic afferent neurons innervating the skin (50%) (Bennett et al. 1996). In

addition, afferent neurons innervating the bladder or proximal urethra contain a

smaller population of IB4-positive, nonpeptidergic C-fiber cells than somatic

afferent neurons innervating the distal urethra (20% vs. 49% of C-fiber neurons)

(Yoshimura et al. 2003). The smaller numbers of the IB4-positive bladder afferents

is also reflected in the smaller numbers of GFRa receptor positive neurons. GRFa1
is present in 15.4%, GFRa3 in 8.4%, and GRFa2 in only 1% of lumbosacral bladder

DRG neurons (Forrest and Keast 2008). The total percentage of GFRa-positive
bladder neurons is similar to the percentage of IB4-positive bladder neurons.

The expression in bladder afferent nerves of multiple receptors indicates that

sensory mechanisms in the bladder are likely to be complex and involve the

summation of a variety of chemical and mechanical signaling mechanisms, many

of which may interact to produce excitation, while others may produce the opposite

effect and suppress afferent firing. It is clear that transient receptor potential

channels such as TRPV1, TRPA1, and TRPM8, as well as TrkA receptors, P2X

purinergic receptors, nicotinic and muscarinic receptors, and endothelin receptors
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when activated by intravesical administration of receptor agonists in in vivo

experiments or by direct application to nerves in in vitro preparations can enhance

afferent nerve activity (Fig. 3a), release afferent transmitters, or stimulate reflex

bladder activity (Andrade et al. 2006; Avelino et al. 2002; Birder et al. 2001, 2002a;

Chuang et al. 2001; Du et al. 2007; Lee et al. 2000; Nishiguchi et al. 2005; Ogawa

et al. 2004; Pandita and Andersson 2002; Pandita et al. 2000; Rong et al. 2002;

Streng et al. 2008; Studeny et al. 2005; Zhong et al. 2003). On the other hand, some

putative transmitters/neuromodulators such as nitric oxide, nicotinic and musc-

arinic agonists also appear to have inhibitory effects (Beckel et al. 2006; Kullmann

et al. 2008b; Masuda et al. 2007; Ozawa et al. 1999; Pandita et al. 2000). The

complex chemical modulation of bladder afferent activity may be related not only

to the expression of multiple receptors on afferent nerves, but may also be due to

effects on nonneural cells (urothelial cells and myofibroblasts) that can interact

with afferent nerves via chemical messengers (Birder et al. 2008; Birder and de

Groat 2007).

3 Anatomy and Putative Sensory Functions of the Urothelium

The specialized epithelial lining of the urinary tract (termed ‘‘urothelium’’) which

extends from the renal pelvis to the urethra is composed of at least three layers: a

basal cell layer attached to a basement membrane, an intermediate layer, and a

superficial apical layer with large hexagonal umbrella cells (diameters of 25–250 mm)

(Birder et al. 2008). Cells in all cell layers may have direct connections to the

basement membrane. Basal cells, which are thought to be precursors for other cell

types, normally exhibit a low (3–6 month) turnover rate, but have an accelerated

proliferation after injury (Lavelle et al. 2002).

The major function of the urothelium is to act as a barrier to block the passage of

potentially noxious substances from the urine into the bladder wall. When this

function is compromised during injury or inflammation, it can result in damage to

the underlying tissue (neural/muscle layers), resulting in urgency, frequency, and

pain during bladder distention. The superficial umbrella cells, which exhibit a

number of unusual characteristics, including specialized membrane lipids, asym-

metric unit membrane particles, and a plasmalemma with stiff plaques, play a

prominent role in maintaining this barrier (Hu et al. 2002). The ‘‘watertight’’

function of the apical membrane is due in part to these specialized lipid molecules

and uroplakin proteins which reduce the permeability of the urothelium to small

molecules (water, urea, protons), while the tight-junction complexes reduce the

movement of ions and solutes between cells.

While the urothelium has been historically viewed as primarily a ‘‘barrier,’’ it is

becoming increasingly appreciated as a responsive structure capable of detecting

physiological and chemical stimuli, and releasing a number of signaling molecules

(Birder and de Groat 2007; Birder et al. 2008; de Groat 2004) (Fig. 4). Thus,

urothelial cells display a number of properties similar to those of nociceptive and
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mechanosensitive sensory neurons and can use diverse signal-transduction mechan-

isms to detect physiological stimuli. The urothelium expresses ‘‘sensor molecules’’

(i.e., receptors/ion channels) that have been identified in afferent neurons, including

receptors for bradykinin (Chopra et al. 2005), neurotrophins (TrkA and p75)

(Murray et al. 2004), purines (P2X and P2Y) (Birder et al. 2004; Hu et al. 2002;

Lee et al. 2000; Tempest et al. 2004), norepinephrine (a and b) (Birder et al. 1998,
2002b), acetylcholine (nicotinic and muscarinic) (Beckel et al. 2006; Chess-Wil-

liams 2002; Kullmann et al. 2008a, b), protease-activated receptors, amiloride/

mechanosensitive Na+ channels (Wang et al. 2003), and a number of transient

receptor potential channels (TRPV1, TRPV2, TRPV4, TRPM8) (Birder et al. 1998,
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Fig. 4 Receptors present in the urothelium (left side) and in sensory nerve endings in the bladder

mucosa (center) and putative chemical mediators that are released by the urothelium, nerves, or

smooth muscle (right side) that can modulate the excitability of sensory nerves. Urothelial cells

and sensory nerves express common receptors (P2X, TRPV1, and TRPM8). Distension of the

bladder activates stretch receptors and triggers the release of urothelial transmitters such as ATP,

acetylcholine, and nitric oxide that may interact with adjacent nerves. Receptors in afferent nerves

or the urothelium can respond to changes in pH, osmolality, high K+ concentration, chemicals in

the urine, or inflammatory mediators released in the bladder wall. Neuropeptides (neurokinin A)

released from sensory nerves in response to distension or chemical stimulation can act on

neurokinin-2 autoreceptors to sensitize the mechanosensitive nerve endings. The smooth muscle

can generate force which may influence some mucosal endings. Nerve growth factor released from

muscle or urothelium can exert an acute and chronic influence on the excitability of sensory nerves

via an action on TrkA receptors. ACh acetylcholine, MAChR muscarinic acetylcholine receptor,

TRPV1 transient receptor potential vanilloid receptor 1 that are sensitive to capsaicin, TRPM8
menthol/cold receptor, NO nitric oxide, Trk-A tropomyosin-related kinase A receptor
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2001, 2002a, b, 2008; Stein et al. 2004; Gevaert et al. 2007). In addition, urothelial

cells can release neurotransmitters and signaling molecules such as nitric oxide,

ATP, acetylcholine, prostaglandins, SP, and NGF (Birder et al. 1998, 2002a, b;

Ferguson et al. 1997; Yoshida et al. 2004) that influence the excitability of afferent

nerves (Fig. 4). Chemicals released from urothelial cells may act directly on

afferent nerves or indirectly via an action on suburothelial myofibroblasts (also

referred to as ‘‘interstitial cells’’) that lie in close proximity to afferent nerves.

Myofibroblasts are extensively linked by gap junctions and can release chemicals

that in turn act on afferent nerves (Fowler et al. 2008). Thus, it is believed that

urothelial cells and myofibroblasts can participate in sensory mechanisms in the

urinary tract by chemical coupling to the adjacent sensory nerves.

4 Properties of Afferent Receptors in the Lower

Urinary Tract

4.1 Sacral Afferents

The properties of small myelinated Ad and unmyelinated C-fiber afferent axons that

innervate the bladder and urethra have been studied with single-unit and multiunit

recording in in vitro and in vivo preparations of various mammalian species. Ad
mechanoreceptor afferents in the pelvic nerve (Bahns et al. 1987; Downie and

Armour 1992; Winter 1971; Satchell and Vaughan 1994) and sacral dorsal roots

(Jänig and Morrison 1986; Häbler et al. 1993) of the cat respond to both passive

distension as well as active contraction of the bladder, indicating that that they are

in series tension receptors (Fig. 5). These afferents, which have conduction velo-

cities ranging between 2.5 and 15 ms�1 (Häbler et al. 1993), are silent when the

bladder is empty, but during slow filling of the bladder they display a graded

increase in discharge frequency at bladder pressures above threshold, which gener-

ally is below 25 mmHg. Multiunit recordings exhibit a successive recruitment of

mechanoreceptors with different thresholds during bladder filling. The maximal

firing rates range from 15 to 30 Hz. All afferents behave like slowly adapting

mechanoreceptors with both a dynamic and a static component of their discharge.

Pressure thresholds for mechanosensitive afferents in the cat fall on the flat,

compliant part of the bladder pressure-volume curve at about 25–75% of the

pressure at which the curve becomes steep. These thresholds are consistent with

the conditions in which humans report the first sensation of bladder filling. Howev-

er, one study in cats (Downie and Armour 1992) which simultaneously measured

intravesical pressure and orthogonal receptive field dimensions with a piezoelectric

crystal revealed that afferent activity did not correlate with maximal bladder

volume or pressure. Furthermore, activity was not linearly related to intravesical

pressure, receptor field dimensions, or calculated wall tension. Thus, it was con-

cluded that afferent receptors are also influenced by the viscoelastic properties of

the bladder wall. Urethral afferents do not respond to bladder distension, but are
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excited by low-threshold mechanical stimulation induced by movements of a

urethral catheter.

The firing of pelvic nerve Ad afferents in the cat also reflects the size and timing

of bladder contractions, and the afferent responses are larger under isovolumetric

than under isotonic conditions (Jänig and Morrison 1986). When the thresholds for

afferent firing were studied using small neurally evoked bladder contractions or

irregular contractions that occurred spontaneously, the thresholds ranged from 5 to

15 mmHg. These pressures are within the physiological range for contractions

during micturition in people with normal bladders or the pressures during involun-

tary detrusor contractions in people with detrusor overactivity (DO). Thus, the

pelvic nerve afferents provide the central nervous system with accurate information

about the size and timing of bladder contractions.

Activity of unmyelinated C-fiber bladder afferent axons recorded in the sacral

dorsal roots of the cat revealed only a small population (seven of 297 units) of
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Fig. 5 Organization of the parasympathetic excitatory reflex pathway to the detrusor muscle. The

scheme is based on electrophysiological studies in cats. In animals with an intact spinal cord,

micturition is initiated by a supraspinal reflex pathway passing through a center in the brainstem.

The pathway is triggered by myelinated afferents (Ad-fibers), which are connected to the tension

receptors in the bladder wall. Injury to the spinal cord above the sacral segments interrupts the

connections between the brain and spinal autonomic centers and initially blocks micturition.

However, over a period of several weeks following cord injury, a spinal reflex mechanism

emerges, which is triggered by unmyelinated vesical afferents (C-fibers); the A-fiber afferent

inputs are ineffective. The C-fiber reflex pathway is usually weak or undetectable in animals with

an intact nervous system. Stimulation of the C-fiber bladder afferents by instillation of ice-water

into the bladder (cold stimulation) activates voiding responses in patients with spinal cord injury.

Capsaicin (20–30 mg, subcutaneously) blocks the C-fiber reflex in chronic spinal cats, but does not

block micturition reflexes in intact cats. Intravesical capsaicin also suppresses detrusor hyperre-

flexia and cold-evoked reflexes in patients with neurogenic bladder dysfunction. Glutamate is the

main neurotransmitter released by Ad and C afferent fibers at synapses in the spinal cord; C-fiber

afferents additionally release neuropeptides such as substance P (SP) or vasoactive intestinal

polypeptide (VIP) as neurotransmitters. In animals with an intact spinal cord, noxious stimulation

can activate C-fiber afferents, which leads to a facilitation of the micturition reflex pathway
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mechanosensitive afferents that have high intravesical pressure thresholds ranging

from 30 to 50 mmHg (Häbler et al. 1990). These pressures are within the range of

intravesical pressures at which humans report discomfort and pain. The afferents

are silent with the bladder empty, but exhibit a graded increase in firing at pressures

between 30 and 100 mmHg. Among the mechanoinsensitive ‘‘silent’’ C-fiber units

which have a mean conduction velocity of 1.4 ms�1 approximately 10% could be

activated by intravesical injection of the irritant substance mustard oil (Fig. 5).

After irritation of the bladder with mustard oil or turpentine oil, some mechan-

oinsensitive units became mechanosensitive. Some C-fiber bladder afferents also

respond to cold temperatures and intravesical administration of menthol, an agent

that sensitizes TRPM8 receptors (Fall et al. 1990; Jiang et al. 2002; Lindstrom et al.

2004). C-fiber bladder afferents have also been identified in the sacral ventral roots

(Clifton et al. 1976) as well as in the dorsal roots.

Bladder afferent nerves have also been studied in the rat (Dmitrieva and

McMahon 1996; Mitsui et al. 2001; Moss et al. 1997; Namasivayam et al. 1999;

Sengupta and Gebhart 1994; Shea et al. 2000; Su et al. 1997; Vera and Nadelhaft

1990; Yu and de Groat 2008), mouse (Rong et al. 2002; Daly et al. 2007; Xu and

Gebhart 2008), guinea pig (Zagorodnyuk et al. 2006, 2007), and dog. In the rat,

70% of bladder afferents in the pelvic nerve have conduction velocities in the

C-fiber range and 30% in the Ad-fiber range. The mechanoreceptive afferents are

subdivided into a large population (80%) of low-threshold (6 mmHg) fibers and a

smaller population (20%) of high-threshold (34 mmHg) fibers. Conduction velocity

does not correlate with response threshold, each population consisting of Ad as well
as C-fiber axons. The majority of axons exhibit resting activity with the bladder

empty (Dmitrieva and McMahon 1996; Sengupta and Gebhart 1994; Shea et al.

2000), show a monotonic increase in firing with graded bladder distension, and

slow adaptation in response to a maintained distension. Receptive fields are located

in the body, base, and at the ureterovesical junction and are punctuate or oval in

shape. The majority of afferents respond to distension or contraction of the bladder

and therefore have been defined as tension receptors. However, some afferents with

C-fiber axons respond to distension but not to contraction and have been defined as

volume receptors (Morrison 1997). Some bladder afferents that do not respond to

bladder distension can be excited by intravesical application of potassium or

capsaicin.

In the mouse pelvic nerve, four classes of bladder afferents (serosal, muscular,

muscular/urothelial, and urothelial) have been identified on the basis of responses to

receptive field stimulation with different mechanical stimuli, including probing,

stretch, and stroking the urothelium. Both low-threshold, representing 65–80% of

the total population, and high-threshold stretch-sensitive muscular afferents are

present (Daly et al. 2007; Xu and Gebhart 2008). The muscular afferents can be

sensitized by application of a combination of inflammatory mediators (bradykinin,

serotonin, prostaglandin, and histamine at pH 6.0) (Xu and Gebhart 2008).

In the guinea pig bladder, four classes of afferents have also been detected

(Zagorodnyuk et al. 2006, 2007). These include (1) stretch-sensitive afferents in

muscle which behave as in-series tension receptors, (2) tension-mucosal mechan-

oreceptors which can be activated by stretch, mucosal stroking with light von
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Frey hairs, or hypertonic solutions applied locally to the receptive fields in the

mucosa, (3) stretch-insensitive afferents consisting of mucosal mechanoreceptors

and chemoreceptors, and (4) muscle mechanoreceptors activated by stretch but not

by mucosal stroking or by hypertonic solution or capsaicin. Removal of the

urothelium does not affect the stretch-induced firing.

Muscle-mucosal mechanoreceptors are activated by both stretch and mucosal

stroking, by hypertonic solution, by a,b-methylene-ATP but not by capsaicin.

Stroking- and stretch-induced firing is significantly reduced by removal of the

urothelium. The third class of afferents, mucosal high-responding mechanorecep-

tors, are stretch-insensitive but can be activated by mucosal stroking, hypertonic

solution, a,b-methylene-ATP, and capsaicin. Stroking-induced activity is reduced

by removal of the urothelium. The fourth class of afferents, mucosal low-responding

mechanoreceptors, are stretch-insensitive but can be weakly activated by mucosal

stroking but not by hypertonic solution, a,b-methylene-ATP, or capsaicin. Removal

of the urothelium reduces stroking-induced firing. All four populations of afferents

conducted in the C-fiber range and showed class-dependent differences in spike

amplitude and duration.

4.2 Lumbar Afferents

Activity of Ad and C-fiber bladder and urethral afferent axons with conduction

velocities of 3–15 ms�1 and below 2 ms�1, respectively, has been identified in the

hypogastric nerves (Winter 1971; Floyd et al. 1976), lumbar splanchnic nerves

(LSN), and the lumbar white rami (Bahns et al. 1986). The receptive fields of the

units are either single or multiple punctuate sites on the bladder or urethral surface

or associated with blood vessels in the peritoneal attachments to the bladder base.

Afferents with receptive fields on or in the bladder wall respond in a graded manner

to passive distension or isovolumetric contraction at intravesical pressures ranging

from 10 to 70 mmHg, with threshold pressures generally below 20 mmHg. Urethral

afferents exhibit either no responses to bladder stimulation or low discharge rates at

higher intravesical pressures. No functional differences between the Ad and C-fiber
afferent populations in the hypogastric nerve have been reported, except that firing

rates are lower in the latter group. In contrast to pelvic nerve afferents, the hypogas-

tric afferents are often active with the bladder empty (Winter 1971; Bahns et al.

1986).

Bladder afferents in the LSN in the mouse consist of low-threshold and high-

threshold subtypes with receptive fields in the serosal and mucosal layers of the

bladder (Xu and Gebhart 2008). The serosal afferents are the most abundant.

Virtually all of these afferents possess small (0.5-mm), punctuate receptive fields

that tend to be clustered at the base of the bladder. Some of the afferents exhibit low

rates of spontaneous activity. LSN afferents do not exhibit a dynamic response to

probing or adaptation during a maintained force, whereas pelvic afferents in the
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mouse give dynamic responses at the onset of stimulation and adaptation to a

maintained stimulus.

5 Electrophysiological Properties of Afferent Neurons

Functional properties of bladder afferent neurons have been extensively investigated

using patch-clamp techniques combined with retrograde axonal transport of fluores-

cent dyes injected into the wall of the bladder or urethra to label the neurons

(Dang et al. 2005, 2008; Sculptoreanu et al. 2005a, b; Yoshimura 1999; Yoshimura

and de Groat 1997, 1999; Yoshimura et al. 1996, 2001a, b, 2003; Zhong et al.

2003) (Fig. 2a).

5.1 Passive Membrane Properties and Action Potentials

On the basis of current clamp recordings, bladder afferent neurons are divided into

two populations according to the electrical characteristics of their action potentials

(Yoshimura et al. 1996) (Fig. 2b). The most common population of bladder afferent

neurons (greater than 70%) exhibit high-threshold, long-duration action potentials

with an inflection on the repolarization phase. These neurons are small in size and

have action potentials that are resistant to application of tetrodotoxin (TTX), a Na+

channel blocker (Fig. 2b). The other population of bladder afferent neurons, which

is larger in size, exhibits low-threshold, short-duration action potentials that are

reversibly blocked by TTX (Fig. 2b). The population of neurons with TTX-resistant

spikes usually exhibits a phasic firing pattern (i.e., one to two spike generation),

while the neurons with TTX-sensitive spikes have a tonic firing pattern (i.e.,

multiple spikes) when stimulated with long-duration depolarizing current pulses

(Fig. 2b). Since the majority of bladder afferent neurons with TTX-resistant spikes

are sensitive to capsaicin (Fig. 2b), TTX-resistant neurons are likely to be the origin

of C-fiber afferent axons (Yoshimura and de Groat 1999). The correlation of

spike characteristics with other electrical and morphological properties of the

neuron such as somal size, capsaicin sensitivity, action potential threshold, and

duration has also been reported by other investigators in unspecified DRG neurons

(Waddell and Lawson 1990).

Another distinctive characteristic of bladder afferent neurons with TTX-resistant

action potentials is the prominent effect of 4-aminopyridine (4-AP), an A-type K+

(IA) channel blocker, on the spike threshold and firing pattern (Yoshimura et al.

1996; Yoshimura and de Groat 1999). When depolarizing currents were injected

into these cells, they usually exhibited a relaxation in the membrane potential at

voltages (�45 to �40 mV) below the threshold for spike activation (Fig. 2b). Since

application of 4-AP suppresses this membrane potential relaxation, lowers the

threshold for spike activation, and switches the phasic firing pattern to tonic firing

(Yoshimura et al. 1996; Yoshimura and de Groat 1999), IA currents activated by
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small depolarizations from resting membrane potential are likely to contribute

to high thresholds for spike activation and the phasic firing pattern in these

TTX-resistant neurons. This is discussed further in Sect. 5.3.

5.2 Sodium Channels

Voltage-clamp recordings of Na+ currents in bladder afferent neurons have

revealed a similar correlation between cell size and sensitivity to TTX (Yoshimura

et al. 1996, 2001a). Although both TTX-resistant and TTX-sensitive Na+ currents

can occur in single neurons, usually one type of current predominates. TTX-

resistant currents are prominent, representing more than 85% of the total Na+

current in small bladder neurons, whereas TTX-sensitive currents represent 60–

100% of the total Na+ current in large bladder afferent neurons. These two types of

Na+ currents exhibit different voltage-dependence. The threshold for activation of

the TTX-resistant Na+ current is shifted in the depolarizing direction by approxi-

mately 15 mV relative to the threshold of the TTX-sensitive Na+ current. Steady-

state activation and inactivation of TTX-resistant Na+ currents are also displaced to

more depolarized levels by 10 and 30 mV, respectively, in comparison with the

value for the TTX-sensitive Na+ current. Thus, these different properties of the Na+

currents likely contribute to the higher spike thresholds in C-fiber bladder afferent

neurons with TTX-resistant action potentials.

Two different Na+ channel subunits (Nav1.8 and Nav1.9) are responsible for

TTX-resistant Na+ currents in DRG neurons (Novakovic et al. 1998). Nav1.8

channels, which are expressed at higher levels than Nav1.9 channels in bladder

DRG neurons (Black et al. 2003), are thought to have an important role in bladder

nociceptive mechanisms because intrathecal administration of an Nav1.8 antisense

oligodeoxynucleotide suppresses reflex bladder hyperactivity induced by bladder

irritation in addition to reducing Nav1.8 expression in lumbosacral DRG neurons

and TTX-resistant Na+ currents in bladder afferent neurons (Yoshimura et al.

2001a). The relatively greater contribution of the Nav1.8 channel to bladder sensory

mechanisms is in line with previous findings that the two types of TTX-resistant

channels are expressed in different types of C-fiber afferent neurons: (1) Nav1.8 in

peptidergic, IB4-negative neurons and (2) Nav1.9 in nonpeptidergic, IB4-positive

neurons.

5.3 Potassium Channels

Several types of transient IA K+ currents are expressed in sensory neurons (Gold

et al. 1996). One of these IA currents exhibits slowly inactivating decay kinetics

(time constant between 150 and 300 ms) that is considerably shorter than that of

other fast inactivating IA currents. This slowly inactivating IA current has a half-

maximal inactivation voltage that is displaced to a more positive membrane potential
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when compared with that of the fast inactivating IA current. The slowly inactivating

IA current is selectively expressed in small capsaicin-sensitive DRG neurons that

have action potentials with inflections on the repolarization phase, whereas the fast

inactivating IA current is present in large-diameter DRG neurons without action

potential inflections. Bladder afferent neurons exhibit a similar distribution of two

types of IA current; i.e., small neurons with TTX-resistant humped spikes exhibiting

slow-inactivating IA currents and large neurons with TTX-sensitive spikes exhibit-

ing fast inactivating IA currents (Yoshimura et al. 1996; Yoshimura and de Groat

1999). In bladder afferent neurons, the steady-state inactivation of slowly inacti-

vating IA currents is displaced by approximately 20 mV in a more depolarizing

direction than fast inactivating IA currents. Thus, 20% of the slow IA current is

available at the resting membrane potential between �50 and �60 mV, while

the fast IA current is almost completely inactivated at this membrane potential

(Yoshimura et al. 1996; Yoshimura and de Groat 1999). This is inconsistent with

the current clamp recordings showing that small bladder afferent neurons exhibit a

4-AP-sensitive membrane potential relaxation during depolarization. Thus, in small

C-fiber bladder afferent neurons, TTX-resistant high-threshold Na+ currents and

slow IA currents contribute to the high thresholds for spike activation.

SP, which is known to act on afferent terminals in the bladder to enhance afferent

firing (Morrison et al. 2005), mimics the effect of 4-AP on small-diameter DRG

neurons, reducing IA currents and converting phasic firing to tonic firing (Sculptor-

eanu and de Groat 2007). The effects of SP are blocked by neurokinin-2 anatgonists.

Similar effects are elicited by neurokinin A analogs that act selectively on neuro-

kinin-2 receptors. However, other agonists that activate neurokinin-1 or neurokinin-

3 receptors do not elicit these effects. These observations raise the possibility that

neurokinins which are released from afferent nerves terminals in the bladder might

participate in a positive autofeedback mechanism to increase the excitability at

C-fiber afferent terminals.

5.4 Calcium Channels

Voltage-sensitive Ca2+ channels are divided into high-voltage-activated (HVA) and

low-voltage-activated types according to their voltage thresholds for activation.

HVA channels, which are known to be involved in neurotransmitter release from

nerve terminals, are further classified into L, N, P/Q, and R subtypes on the basis of

electrophysiological and pharmacological properties. N and L channels are major

subtypes of HVACa2+ channels in both types of bladder afferent neurons. However,

expression of L-type Ca2+ channels is greater in C-fiber than in Ad bladder afferent
neurons, while the proportion of N-type channels is similar in the two types of

neurons (Yoshimura et al. 2001b).

HVA Ca2+ channels can be modulated by neurotransmitters. Nitric coxide donors

inhibit N-type Ca2+ currents in bladder afferent neurons (Yoshimura et al. 2001b),

raising the possibility that nitric oxide released from the urothelium might exert an
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inhibitory effect on the excitability or neurotransmitter release from afferent term-

inals in the bladder. Neurokinin-2 receptor activation enhances L- and N-type Ca2+

channels via protein kinase C (PKC)-induced phosphorylation in rat DRG neurons

(Sculptoreanu and de Groat 2003). This effect could occur in combination with the

blockade of IA channels to enhance the excitability of afferent terminals in the

bladder.

Low-voltage-activated T-type Ca2+ currents, which are important in controlling

cell excitability, are expressed in somatic afferent neurons innervating the urethra

and pelvic floor muscles, but not in visceral afferent neurons innervating the

bladder or urethra (Yoshimura et al. 2003).

5.5 Purinergic Channels

ATP or a,b-methylene-ATP activates purinergic receptors and evokes persistent

inward currents in a large percentage (88%) of cultured L6–S1 (LS) bladder DRG

neurons of the rat (Zhong et al. 2003; Dang et al. 2008). The remaining neurons

exhibit biphasic, transient, or no responses. In contrast, the majority (66%) of

cutaneous afferent neurons in L3–L4 DRG exhibit transient or biphasic responses

to a purinergic agonist (Zhong et al. 2003). The subtype-selective purinergic

antagonist trinitrophenyl ATP (TNP-ATP), which is a 1,000-fold more potent in

inhibiting P2X2/3 receptors than P2X2 receptors, inhibits the persistent currents

evoked by purinergic agonists. TNP-ATP is also effective in inhibiting ATP or a,b-
methylene-ATP induced facilitation of bladder afferent nerve activity in the rat (Yu

and de Groat 2008) and mouse (Rong et al. 2002). Thus, it likely that heteromeric

P2X2/3 receptors are primarily involved in mediating the persistent purinergic

evoked currents in bladder sensory neurons. This conclusion is supported by

patch-clamp studies in unidentified DRG neurons from P2X3 and P2X2/3 knockout

mice showing that homomeric P2X3 receptors mediate transient currents and

heteromeric P2X2/3 receptors mediate sustained currents (Cockayne et al. 2000).

Bladder afferent neurons in the thoracic and rostral lumbar (TL) DRG in rats

exhibit different responses to purinergic agonists (Dang et al. 2005, 2008). Only

50% of these neurons respond to ATP or a,b-methylene-ATP. In addition, the

predominant responses are transient or biphasic currents, in contrast to the persis-

tent currents in LS bladder DRG neurons, suggesting that in TL bladder neurons

homomeric P2X3 receptors rather than heteromeric P2X2/3 receptors mediate the

ATP-evoked responses. ATP also produces a low-magnitude depolarization and

fewer action potentials in TL than in LS bladder neurons.

5.6 Transient Receptor Potential Channels

Capsaicin stimulates TRPV1 receptors and evokes an inward current (Fig. 2b) and

cobalt uptake in rat LS and TL bladder afferent neurons (Yoshimura et al. 2003;
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Dang et al. 2005) and in sacral bladder afferent neurons in the cat (Sculptoreanu

et al. 2005a). In one study (Yoshimura et al. 2003) 70% of LS neurons responded to

capsaicin, but in another study (Dang et al. 2005) more than 90% of the LS and TL

neurons responded to capsaicin. The capsaicin-evoked inward currents are significantly

smaller in TL than in LS neurons. More than 90% of capsaicin-sensitive LS

neurons have TTX-resistant Na+ currents and action potentials. Nearly all capsaicin-

responsive LS and TL neurons respond to a,b-methylene-ATP or acid solution

(pH 5) (Dang et al. 2005); and 75% of LS neurons respond to all three stimuli,

whereas only 48% of TL neurons respond to the three stimuli. Among the

a,b-methylene-ATP sensitive neurons, 60% of LS neurons and 85% of TL neurons

exhibit IB4 binding, indicating that not all P2X receptor expressing bladder

afferents are IB4-positive.

5.7 Acid-Sensing Ion Channels

The response of bladder afferent neurons to acid solutions was analyzed to deter-

mine if it was related to activation of TRPV1 channels or acid-sensing ion channels

(ASICs) (Dang et al. 2005). The large majority of LS (78%) and TL (86%) neurons

respond to application of pH 5 solutions. The neurons exhibit (1) transient currents

that can be separated into rapidly and slowly desensitizing components and (2) sus-

tained currents. Transient currents occur in 20% of LS neurons and 11% of TL

neurons. Sustained currents occur in 31% of LS neurons and 44% of TL neurons.

The remaining neurons exhibit mixed currents. Capsazepine, a TRPV1 antagonist,

significantly reduces the sustained currents without affecting the transient currents,

indicating that the sustained currents are mediated in part by activation of TRPV1

channels. On the other hand, amiloride, a nonselective ASIC blocker, almost

completely blocks the transient currents while reducing the sustained currents,

indicating that ASIC channels are expressed in LS and TL bladder afferent neurons.

6 Role of Afferent Neurons in the Normal Control of the

Lower Urinary Tract

Afferent nerves innervating the bladder, urethra, and EUS have different roles in the

regulation of urine storage and elimination. Mechanosensitive afferents in the bladder

are activated during bladder filling and transmit information to the brain about the

degree of bladder distension and, in turn, the amount of urine stored in the bladder.

Studies in healthy volunteers have shown that the first sensation of filling occurs when

about 40% of bladder capacity is reached, but this sensation is indistinct and easily

disregarded. The first desire to void is reported at approximately 60% of capacity and

has been defined by the International Continence Society (ICS) standardization com-

mittee as ‘‘the feeling, during filling cystometry that would lead to the patient to pass
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urine at the next convenient moment, but voiding can be delayed if necessary.’’ At

more than 90% of capacity, people report a strong desire to void, which is defined

by ICS as a ‘‘persistent desire to void without fear of leakage.’’ On the basis of

studies in animals which examined the effects of C-fiber afferent neurotoxins on

voiding and studies in humans after transection of sympathetic or parasympathetic

nerves, it appears that the normal sensations of bladder filling are dependent on Ad
afferents carried in the pelvic nerves to the sacral spinal cord (Fowler et al. 2008).

These afferents are also essential for the generation of storage and voiding reflexes.

Fig. 6 Neural circuits controlling continence and micturition. (a) Urine storage reflexes. During

the storage of urine, distension of the bladder produces low-level afferent firing in the pelvic nerve,

which in turn stimulates (1) the sympathetic outflow to the bladder outlet (base and urethra) and

(2) pudendal outflow to the external urethral sphincter. These responses occur by spinal reflex

pathways and represent guarding reflexes, which promote continence. Sympathetic firing also

inhibits detrusor muscle and modulates transmission in bladder ganglia. A region in the rostral

pons (the pontine storage center) increases external urethral sphincter activity. (b) Voiding

reflexes. During elimination of urine, intense bladder afferent firing activates spinobulbospinal

reflex pathways passing through the pontine micturition center, which stimulate the parasympa-

thetic outflow to the bladder and internal sphincter smooth muscle and inhibit the sympathetic and

pudendal outflow to the urethral outlet. Ascending afferent input from the spinal cord may pass

through relay neurons in the periaqueductal gray (PAG) before reaching the pontine micturition

center
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6.1 Sympathetic Storage Reflexes

Although the integrity of the sympathetic input to the lower urinary tract is not

essential for the performance of micturition, it does contribute to the storage

function of the bladder. Surgical interruption or pharmacological blockade of the

sympathetic innervation can reduce urethral outflow resistance, reduce bladder

capacity, and increase the frequency and amplitude of bladder contractions

recorded under constant-volume conditions (Morrison et al. 2005). Sympathetic

reflex activity is elicited by a sacrolumbar intersegmental spinal reflex pathway that

is triggered by Ad vesical afferent activity in the pelvic nerves (Fig. 6a). The reflex
pathway is inhibited when bladder pressure is raised to the threshold for producing

micturition (Fig. 6b). This inhibitory response is abolished by transection of the

spinal cord at the lower thoracic level, indicating that it originates at a supraspinal

site, possibly the pontine micturition center. Thus, the vesicosympathetic reflex

represents a negative-feedback mechanism that allows the bladder to accommodate

larger volumes.

6.2 Urethral Sphincter Storage Reflexes

Motoneurons innervating the striated muscles of the EUS exhibit a tonic discharge

which increases during bladder filling. This activity, which is termed the ‘‘guarding

reflex’’ because it closes the urethral outlet and prevents urine leakage, is mediated

by a reflex pathway in the lumbosacral spinal cord that is activated by low-level

afferent input from the bladder traveling in the pelvic nerve (Fig. 6a). Electrical

stimulation of Ad afferents in the pelvic nerve of the cat and rat evokes reflex

discharges in pudendal nerve motor axons innervating the EUS and increases in

EUS EMG activity, indicating that Ad bladder afferents initiate the guarding reflex

(Chang et al. 2007; Thor et al. 1989a). Cold stimulation of the rat urinary bladder

also induces tonic activity of the EUS EMG. This reflex response is abolished by

pretreatment with capsaicin, indicating that it is dependent on bladder C-fiber

afferent nerves.

Sphincter-to-bladder reflexes may also contribute to urine storage because

afferent activity arising in the striated EUS muscles during contractions can sup-

press reflex bladder activity and, in turn, increase bladder capacity. Studies in cats

and monkeys revealed that direct electrical stimulation of the EUS muscles or

electrical stimulation of motor pathways to induce a contraction of the sphincters

suppresses reflex bladder activity (McGuire et al. 1983; de Groat et al. 2001).

Similar inhibitory responses are elicited by electrical stimulation of afferent axons

in the pudendal nerve, some of which must arise in the sphincter muscles.
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6.3 Voiding Reflexes

Micturition is mediated by activation of the sacral parasympathetic efferent path-

way to the bladder and the urethra as well as reciprocal inhibition of the somatic

pathway to the EUS (Fig. 6b). Studies in anesthetized and decerebrate cats and rats

revealed that reflex activation of the bladder is mediated by a spinobulbospinal

pathway passing through the pontine micturition center (PMC; Barrington’s nucleus)

at the level of the inferior colliculus (de Groat et al. 1981, 1993). The reflex

pathway is activated by Ad bladder afferents traveling in the pelvic nerve to the

sacral spinal cord (Fig. 5). Activation of the PMC also induces reflex inhibition of

the spinal EUS and sympathetic storage reflexes. Micturition is accompanied by

relaxation of the urethral smooth muscle mediated by activation of a sacral para-

sympathetic pathway and release of an inhibitory transmitter, nitric oxide, in the

urethra. This reflex is activated by Ad bladder afferents in the pelvic nerve. During

micturition the flow of urine through the urethra also activates urethral afferents

which travel in the pudendal nerve to the sacral spinal cord and facilitate the

excitatory bladder reflex pathways.

In some species (rat, mouse, dog), micturition is accompanied by rhythmic

contractions of the EUS (EUS bursting) rather than complete EUS relaxation

(Chang et al. 2007). The pulsatile urethral contractile activity is thought to enhance

urine flow. The EUS bursting is activated by bladder distension and by Ad bladder

afferents in the pelvic nerve. The EUS bursting is dependent on input from the PMC

in rats with an intact spinal cord, but is mediated by lumbosacral spinal pathways in

chronic spinal cord transected rats (Chang et al. 2007).

7 Plasticity of Afferent Neurons Induced by

Spinal Cord Injury

7.1 Emergence of a C-Fiber Afferent Micturition Reflex

Spinal-cord injury (SCI) rostral to the lumbosacral level eliminates voluntary and

supraspinal control of voiding, leading initially to an areflexic bladder and complete

urinary retention, followed by a slow development of automatic micturition and

bladder hyperactivity mediated by spinal reflex pathways (de Groat and Yoshimura

2006). However, voiding is commonly inefficient owing to simultaneous contrac-

tions of the bladder and urethral sphincter (detrusor-sphincter dyssynergia, DSD).

Electrophysiological studies in cats have shown that the recovery of bladder

function after SCI is mediated by a change in the afferent limb of the micturition

reflex pathway and remodeling of synaptic connections in the spinal cord. In

chronic spinal cats, unmyelinated C-fiber afferents rather than Ad afferents initiate

voiding; and the spinal micturition reflex occurs with a short central delay (15 ms),

in contrast to the long central delay (60 ms) of the reflex in cats with an intact spinal
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cord (de Groat et al. 1981) (Fig. 5). These findings are supported by pharmacologi-

cal studies showing that subcutaneous administration of capsaicin, a C-fiber neuro-

toxin, completely blocks reflex bladder contractions induced by bladder distension

in chronic spinal cats, whereas capsaicin has no inhibitory effect on reflex bladder

contractions in cats with an intact spinal cord (de Groat et al. 1990; Cheng et al.

1999). Thus, it is plausible that C-fiber bladder afferents which usually do not

respond to bladder distension (i.e., silent C-fibers) (Häbler et al. 1990) become

mechanosensitive and initiate automatic micturition after SCI.

Studies in humans have revealed an increased density of TRPV1 and P2X3

immunoreactivity as well as immunoreactivity to a pan-neuronal marker (protein

gene product 9.5) in suburothelial nerves and increased TRPV1 immunoreactivity

in the basal layer of the urothelium in patients with neurogenic detrusor overactivity

(NDO) resulting from multiple sclerosis or various types of SCI (Brady et al.

2004a, b; Apostolidis et al. 2005a). Treatment of NDO patients with intravesical

capsaicin or another C-fiber neurotoxin, resiniferatoxin, produces symptomatic

improvement in a subpopulation of these patients and reduces the density of

TRPV1, P2X3, and protein gene product 9.5 immunoreactive nerve fibers and

urothelial TRPV1 immunoreactivity (Brady et al. 2004a, b). Injections into the

bladder wall of botulinum neurotoxin type A, an agent that blocks the release of

neurotransmitters from urothelial cells and from afferent and efferent nerves, also

reduces NDO (Apostolidis and Fowler 2008; Popat et al. 2005; Schurch et al., 2005;

Cruz and Dinis 2007) and reduces the density of TRPV1- and P2X3-immunoreac-

tive nerves but does not alter TRPV1 and P2X3 staining in the urothelium

(Apostolidis et al. 2005a, b, 2008). These results suggest that an abnormality of

the C-fiber afferent innervation contributes to NDO.

The effect in cat spinal cord of VIP, a putative bladder C-fiber afferent transmit-

ter (Morgan et al. 1999), is also changed after SCI. Intrathecal administration of

VIP, which suppresses reflex bladder activity in cats with an intact spinal cord,

enhances or unmasks reflex bladder activity in chronic SCI cats. In addition, VIP-

immunoreactive C-fiber afferent projections to the sacral spinal cord expand and

reorganize after SCI (Thor et al. 1986). This is evident as (1) a wider distribution of

VIP-immunoreactive axons in lateral lamina I of the dorsal horn forming an almost

continuous band of axons in the rostrocaudal direction in comparison with a

discontinuous distribution in normal cats, (2) appearance of rostrocaudal axons in

this region where they are not normally present, (3) more extensive contralateral

projections to lamina I, and (4) a more extensive ipsilateral projection to lateral

lamina VII which contains bladder preganglionic neurons. These observations raise

the possibility that C-fiber bladder afferents sprout and contribute to the synaptic

remodeling in the spinal micturition reflex pathway that occurs after SCI.

Changes in morphology and neuropeptide expression in C-fiber afferents have

also been detected in the rat after SCI. The changes include (1) somal hypertrophy

of bladder afferent neurons (45–50% increase in cross-sectional area) in the LS

DRG (Kruse et al. 1995; Yoshimura and de Groat 1997; Yoshimura et al. 1998),

(2) increase in expression of PACAP immunoreactivity in bladder DRG neurons

and expansion of PACAP-immunoreactive afferent axons in the lumbosacral spinal
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cord (Zvarova et al. 2005), (3) expansion of CGRP-containing primary afferent

fibers in the spinal cord (Weaver et al. 2006), and (4) increase in Fos protein

expression in the spinal cord in response to bladder distension (Vizzard 2000a).

Six weeks after SCI in the rat, PACAP immunoreactivity markedly increases in

spinal segments and DRG (L1, L2, L6, S1) involved in micturition reflexes, but no

changes occur in adjacent spinal segments (L4–L5) (Zvarova et al. 2005). PACAP

immunoreactivity increases in the superficial laminae (I–II) of the relevant spinal

segments and in a fiber bundle extending ventrally from Lissauer’s tract in lamina I

along the lateral edge of the dorsal horn to the SPN in the LS spinal segments. This

is the same region in which VIP immunoreactivity increases in the cat after SCI

(Thor et al. 1986). After SCI, PACAP immunoreactivity increases in cells in the L1,

L2, L6, and S1 DRG and the percentage of bladder afferent cells expressing

PACAP immunoreactiviy also significantly increases. These studies raise the pos-

sibility that upregulation of PACAP expression in C-fiber bladder afferent neurons

may contribute to urinary bladder dysfunction or reemergence of primitive voiding

reflexes after SCI.

The possible role of PACAP as a transmitter in bladder afferent pathways

prompted an investigation of the physiological effects of PACAP on micturition

reflex pathways in the spinal cord. Intrathecal administration of PACAP-27

(Ishizuka et al. 1995) or PACAP-38 (Yoshiyama and de Groat 2008a, b) in spinal

cord intact unanesthetized rats decreases bladder capacity, decreases micturition

volume, and increases micturition pressure, whereas PACAP-38 (Yoshiyama and

de Groat 2008a, b) reduces EUS EMG activity. Thus, in spinal cord intact rats,

PACAP-38 seems to facilitate micturition by enhancing the parasympathetic excitatory

pathway to the bladder and inhibiting the somatic excitatory pathway to the EUS.

The effects of PACAP-38 in chronic SCI rats are somewhat different. During

continuous-infusion cystometrograms in SCI rats, intrathecal injections of PACAP-

38 decrease the amplitude of bladder contractions and suppress EUS EMG activity

(Yoshiyama and de Groat 2008a). This unexpected result is most reasonably

attributed to the combined effect of PACAP-38 on bladder and sphincter, where

the excitatory effect of PACAP-38 on bladder activity is masked by a simultaneous

inhibitory effect on the EUS that in turn blocks DSD and reduces urethral outlet

resistance. This would indirectly lower intravesical pressure during voiding.

The physiological role of PACAP in the control of bladder function in chronic

SCI rats was examined by administering PACAP6-38, a PAC1 receptor antagonist,

during continuous-infusion cystometrograms in awake rats (Zvara et al. 2006).

Intrathecal administration of the antagonist reduces premicturition contractions

during bladder filling and reduces maximal voiding pressure, suggesting that

activation of PAC1 receptors by endogenous PACAP contributes to the micturition

reflex and bladder hyperreflexia. Capsaicin also suppresses premicturition contrac-

tions in SCI rats, indicating that they are induced by C-fiber bladder afferent

pathways (Cheng et al. 1999). However, voiding contractions in SCI rats still

occur, presumably triggered by capsaicin-resistant Ad-fiber afferents.
The site and mechanism of action of PACAP on spinal micturition reflex path-

ways has been explored using patch-clamp recording in lumbosacral parasympa-
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thetic preganglionic neurons in spinal-slice preparations (Miura et al. 2001). The

experiments revealed that PACAP-38 has direct excitatory effects on the pregan-

glionic neurons and enhances excitatory input to the neurons, suggesting that it

might act at several sites in the spinal micturition reflex pathway. In parasympa-

thetic preganglionic neurons PACAP-38 decreases the electrical threshold for

triggering action potentials, increases the number of action potentials induced by

depolarizing current pulses, increases input resistance, and suppresses a 4-AP-

sensitive outward current. PACAP-38 also induces spontaneous firing and increases

the frequency of spontaneous excitatory postsynaptic potentials in the presence of

TTX. Because excitatory synaptic inputs are mediated primarily by a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionate and N-methyl D-aspartate glutamatergic

synapses, it was proposed that PACAP-38 facilitates glutamatergic excitatory

synaptic input to the parasympathetic neurons in addition to directly enhancing the

excitability of the neurons by blocking K+ channels. PACAP-38 could act presynap-

tically to enhance the firing of excitatory interneurons and enhance glutamate

release from interneuronal terminals or act postsynaptically directly on parasympa-

thetic neurons to enhance glutamatergic currents.

Chronic spinal injury in humans also causes the emergence of an unusual bladder

reflex that is elicited by infusion of cold water into the bladder (the Bors Ice Water

Test) (Geirsson et al. 1993, 1994). The response to cold water does not occur in

normal adults but does occur in (1) infants, (2) patients with suprasacral cord lesions,

(3) patients with multiple sclerosis and Parkinson’s disease, and (4) elderly patients

with hyperactive bladders. Studies in animals indicate that cold temperature acti-

vates TRPM8 and possibly other temperature-sensitive receptors in bladder C-fiber

afferents (Fig. 5) and/or urothelial cells (Fig. 4) (Fall et al. 1990; Stein et al. 2004).

Intravesical administration of capsaicin to paraplegic patients blocks the cold-

induced bladder reflexes, indicating that they are mediated by C-fiber afferents in

humans as well (Geirsson et al. 1995, Jiang et al. 2002; Mazieres et al. 1998). Cold

stimulation of the rat bladder also induces DSD and capsaicin pretreatment prevents

this response (Cheng et al. 1997). The presence of the cold reflex in infants, its

disappearance with maturation of the nervous system, and its reemergence under

conditions in which higher brain functions are disrupted suggests that it may reflect

a primitive spinal involuntary voiding reflex activated by C-fiber afferents.

Patients with SCI at the level of T6 or higher often exhibit autonomic dysreflexia,

which is characterized by arterial pressor responses induced by visceral stimuli such

as bladder distension, fecal impaction, or bladder inflammation below the level of

spinal cord lesion (Fam and Yalla 1988; Weaver et al. 2006). These stimuli cause

excitation of sympathetic reflex pathways and induce arteriolar vasoconstriction

and high blood pressure, as well as piloerection and sweating below the level of

injury. Studies in rats revealed that autonomic dysreflexia is associated with

sprouting of CGRP-containing afferent nerves in the spinal cord (Weaver et al.

2006).
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7.2 Role of Neurotrophic Factors

NGF has been implicated as a chemical mediator of injury or disease-induced

changes in C-fiber afferent nerve excitability and reflex bladder activity (Vizzard

2000b; Yoshimura 1999). The levels of neurotrophic factors, including NGF,

increase in the bladder after SCI (Vizzard 2000b, 2006) and increased levels of

NGF have been detected in the lumbosacral spinal cord and DRG of rats after SCI

(Seki et al. 2003). It is known that NGF upregulates PACAP expression in DRG

neurons and it has been demonstrated that chronic administration of NGF into the

spinal cord or chronic administration of NGF into the bladder of rats induces bladder

hyperactivity and increases the firing frequency of dissociated bladder afferent

neurons (Lamb et al. 2004; Seki et al. 2003; Yoshimura 1999; Yoshimura et al.

2006; Zvara and Vizzard 2007). Endogenous NGF seems to contribute to the lower

urinary tract dysfunction after SCI because intrathecal application of NGF anti-

bodies, which neutralize NGF in the spinal cord, suppresses detrusor hyperreflexia

and DSD in SCI rats (Seki et al. 2002, 2004). This treatment with NGF antibodies

produced effects similar to the effect of desensitizing C-fiber afferents with capsai-

cin or resiniferatoxin (Cheng et al. 1999). Intrathecal administration of NGF

antibodies also blocks autonomic dysreflexia induced by bladder or distal bowel

distension in SCI rats (Weaver et al. 2006). Thus, NGF and its receptors in the

bladder and/or the spinal cord are potential targets for new therapies to reduce

voiding dysfunction after SCI.

7.3 Changes in Firing Properties of Bladder Afferent Neurons
After Spinal Cord Injury

The ionic mechanisms underlying the hyperexcitability of C-fiber bladder afferents

were investigated using whole-cell patch-clamp recording in bladder DRG neurons

(Yoshimura and de Groat 1997). Chronic SCI in rats produced hypertrophy of

dissociated bladder DRG neurons as reflected by an increase in cell diameter and

cell input capacitance. This is consistent with results from histological sections of

LS DRG showing that bladder afferent neurons undergo somal hypertrophy (45–

50% increase in cross-sectional area) in SCI rats (Kruse et al. 1995). In addition to

neuronal hypertrophy, bladder afferent neurons from chronic SCI rats increased

their excitability. In contrast to neurons from spinal cord intact rats where the

majority (approximately 70%) of bladder afferent neurons exhibit high-threshold

TTX-resistant action potentials (Yoshimura et al. 1996) (Fig. 2b), in chronic SCI

rats, 60% of bladder afferent neurons exhibit low-threshold TTX-sensitive action

potentials.
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7.4 Plasticity in Sodium and Potassium Channels After
Spinal Cord Injury

The alteration of electrophysiological properties in bladder afferent neurons after

SCI was also reflected in changes in Na+ current distribution (Yoshimura and de

Groat 1997). Consistent with the increment in the proportion of neurons with TTX-

sensitive spikes, the number of bladder afferent neurons which predominantly

expressed TTX-sensitive Na+ currents (60–100% of total Na+ currents) also

increased. The density of TTX-sensitive Na+ currents in bladder afferent neurons

significantly increased from 32.1 to 80.6 pA/pF, while TTX-resistant current

density decreased from 60.5 to 17.9 pA/pF following SCI. In addition, an increase

in TTX-sensitive Na+ currents was detected in some bladder afferent neurons that

still retained a predominance of TTX-resistant currents (more than 50% of total Na+

currents) after SCI. These data indicate that SCI induces a switch in expression of

Na+ channels from TTX-resistant type to TTX-sensitive type. Since TTX-sensitive

Na+ currents have a lower threshold for activation than TTX-resistant currents, it is

reasonable to assume that these changes in expression of Na+ channels in bladder

afferent neurons after SCI contribute to a low threshold for spike activation in these

neurons.

Bladder afferent neurons with TTX-sensitive spikes in chronic SCI rats also do

not exhibit membrane potential relaxation during low-intensity depolarizing current

pulses. Furthermore, the voltage responses induced by current injections are not

altered by application of 4-AP as noted in cells from control animals (Yoshimura

et al. 1996). Therefore, it is likely that following SCI, A-type K+ channels are

suppressed in parallel with an increased expression of TTX-sensitive Na+ currents,

thereby increasing the excitability of C-fiber bladder afferent neurons. If the

changes occurring in afferent cell bodies also occur at peripheral receptors in the

bladder or in the spinal cord, these changes could contribute to the emergence of the

C-fiber-mediated spinal micturition reflex following SCI.

8 Afferent Nerves and Idiopathic Detrusor Overactivity

Urgency incontinence with underlying idiopathic detrusor overactivity (IDO) is a

common condition but its fundamental cause remains to be discovered. There is

accumulating evidence that aberrant afferent activity plays an important role in IDO

because women with IDO, like patients with NDO (see Sect. 7.1), have increased

density of suburothelial afferent nerves that are immunoreactive for SP, CGRP,

TRPV1, and P2X3 (Fowler et al. 2008). Moreover, intravesical administration of

resiniferatoxin delays or suppresses involuntary detrusor contractions in patients

with IDO (Apostolidis et al. 2005a; Fowler et al. 2008). In addition, biopsies from

patients with IDO who exhibited decreased urgency symptoms after botulinum

neurotoxin type A treatment also had a normalization of the density of suburothelial

TRPV1- and P2X3-immunoreactive nerves (Apostolidis et al. 2005b, 2006).
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Although IDO and NDO patients respond to neurotoxins that target afferent nerves,

this does not necessarily mean that a common pathophysiological mechanism

underlies both conditions.

9 Afferent Nerves and Urethral Outlet Obstruction

Plasticity of bladder afferent fibers in a setting of bladder outlet obstruction (BOO)

resulting from benign prostatic hyperplasia likely plays a critical role in the

subsequent manifestation of clinical symptoms. Evidence obtained from ice-water

cystometry, which elicits a C-fiber-dependent spinal micturition reflex, suggests

considerable C-fiber upregulation in symptomatic subjects with BOO (Chai et al.

1998; Hirayama et al. 2003). Among BOO patients with a positive ice-water test,

the incidence of DO is significantly greater in those who report nocturia three times

or more per night than in those who reported fewer episodes (Hirayama et al. 2003).

Histological and electrophysiological confirmation of neural plasticity in blad-

der afferent and bladder reflex pathways was obtained using a rat model of partial

BOO. A significant increase in the size of bladder afferent and postganglionic

efferent neurons innervating an enlarged bladder was documented in animals

following 6 weeks of partial urethral obstruction (Steers et al. 1991a). Remodeling

of the spinal cord components of the micturition reflex pathway was also evident

following experimental BOO. With use of axonal labeling to identify afferent

axonal projections to spinal cord, it was demonstrated that bladder afferent term-

inals expand to cover a larger area (60% increase) in the lateral dorsal horn and in

the region of the SPN in BOO rats (Steers et al. 1991a). Electrophysiological

experiments revealed that a spinal micturition reflex mechanism was unmasked in

rats with BOO. An immunohistochemical analysis of the distribution and density of

GAP-43 showed that this protein was increased in the spinal cord in the region of

the SPN in BOO rats (Steers and Tuttle 2006). Because this protein is a marker for

axonal sprouting, its upregulation provides further indirect support for morpholog-

ical plasticity in afferent pathways after BOO.

Subsequent experiments using the same BOO rat model revealed that hypertro-

phied bladder tissue contained significantly greater amounts of NGF protein than

normal bladders (Steers et al. 1991b). To determine if the changes induced by BOO

were due to an action of NGF, BOO was carried out in NGF-immune animals in

which endogenous NGF antibody prevents access of NGF to nerves. BOO in the

NGF-immune animals does not elicit hypertrophy of bladder sensory neurons,

increase in afferent projections in the spinal cord, or increase GAP-43 expression

in afferent pathways (Steers et al. 1996). Removal of the urethral obstruction in

BOO rats causes a partial reversal of both the elevated NGF levels in the bladder

and the neuronal hypertrophy; however, bladder overactivity persists in the pres-

ence of the elevated NGF levels.

The stimulus for NGF production in the bladder is due in part to urinary retention

and stretch of the bladder after BOO. Stretching bladder smooth muscle cells in
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vitro increases messenger RNA for NGF and stimulates the secretion of NGF

(Steers and Tuttle 2006). Protein synthesis inhibitors suppress the stretch-evoked

secretion. NGF levels also increase in the urothelium of BOO rats. These results

indicate that mechanical stretch activates cellular machinery for the production and

secretion of NGF, which in turn acts on sensory nerves in the bladder to enhance

afferent input to the spinal cord and enhance reflex bladder activity.

Patch-clamp recordings from bladder sensory neurons in BOO rats have

explored the mechanisms underlying the changes in afferent neuron excitability.

The neurons exhibit increased amplitude and altered kinetics of TTX-sensitive Na+

currents that result in lowered firing thresholds (Steers and Tuttle 2006). An

experimental drug (ICMI-136) that preferentially blocks TTX-sensitive currents

reduces bladder overactivity in BOO rats.

Human bladder tissue obtained from subjects undergoing suprapubic prostatec-

tomy for outlet obstruction had more than twice the level of NGF than tissue

obtained by cystoscopy from patients who were being evaluated for conditions

other than obstruction (Steers et al. 1991b). Increased levels of urinary NGF have

also been detected in BOO patients exhibiting overactive bladder (OAB) symp-

toms. Total urinary NGF levels were low in controls (0.5 pg ml�1) and in patients

with BOO without OAB symptoms (1 pg ml�1), but considerably higher in patients

with BOO and OAB symptoms (41 pg ml�1) or BOO and DO (50 pg ml�1) (Liu and

Kuo 2008). Following successful medical treatment with a combination of an

a-adrenergic blocking agent and a 5a-reductase inhibitor that reduce symptoms,

the urinary NGF levels were reduced to 3.2 pg ml�1. It was concluded that urinary

NGF levels can be used as a biomarker for OAB and DO and as a method for

assessing successful therapies.

10 Afferent Nerves and Cystitis

Cystitis, which is an inflammatory condition of the urinary bladder that can occur as a

result of infection, radiation-induced damage, irritant chemicals in the urine, or

unknown causes (painful bladder syndrome, PBS/interstitial cystitis, IC), is accom-

panied by pain, unusual hypersensitivity to bladder distension, edema, and accumu-

lation of large numbers of inflammatory cells in the bladder mucosa and musculature.

Activation of sensory nerves (Ad or C-fibers) by mechanical or chemical stimuli

plays a key role in this condition by transmitting signals to the central nervous system

to induce painful sensations and by releasing chemicals such as tachykinins that

induce or enhance inflammatory mechanisms in the periphery. Because sensitization

of the relatively inexcitable bladder C-fiber afferent nerves seems to play a key role in

the symptoms of cystitis, considerable attention has been focused on disease-induced

plasticity in these nerves.

Histological analysis of bladders from patients with PBS/IC revealed marked

edema, vasodilation, proliferation of nerve fibers, and infiltration of mast cells

(Johansson and Fall 1997). Chemically induced cystitis in animals using cyclo-
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phosphamide, mustard oil, turpentine oil, low-pH solutions, or acrolein, which

increase urinary frequency, is initiated by sensitizing mechanosensitive afferents

and/or recruitment of afferents normally unresponsive to mechanical stimulation

(i.e., silent C-fibers) (Dmitrieva and McMahon 1996; Dmitrieva et al. 1997; Häbler

et al. 1990; Sengupta and Gebhart 1994) (Fig. 3a). Proinflammatory agents such as

prostaglandin E2, serotonin, histamine, bradykinin, and adenosine, as well as

neurotrophic factors such as NGF, which are released during chemical irritation

can induce bladder hyperactivity as well as functional and chemical changes in

C-fiber afferents that can lead to hyperexcitability (Dmitrieva and McMahon 1996;

Gold et al. 1996) (Fig. 3a). For example, chronic chemical irritation of the bladder

changes ion channel function in bladder afferent neurons and also increases the

expression of various markers, including NOS (Vizzard et al. 1996), GAP-43

(Vizzard and Boyle 1999), PACAP, SP (Vizzard 2001), and protease-activated

receptors (Dattilio and Vizzard 2005). The density of peptidergic afferent nerves

also increases in the bladder mucosa and detrusor muscle (Dickson et al. 2006) and

afferent peptidergic axons and parasympathetic efferent axons/varicosities are

commonly observed in close contact, suggesting that sprouting of peripheral nerves

occurs during chronic cystitis.

NGF has attracted considerable attention as a key player in the link between

inflammation and altered pain signaling. NGF is expressed widely in various cells,

including urothelial cells, smooth muscle cells, and mast cells, and can activate

mast cells to degranulate and proliferate. In patients with PBS/IC, neurotrophins,

including NGF, neurotrophin-3, and GDNF, have been detected in the urine

(Okragly et al. 1999). Increased expression of NGF is also present in bladder

biopsies from women with IC (Lowe et al. 1997). Thus, target organ-neural inter-

actions mediated by an increase of neurotrophins in the bladder and increased

transport of neurotrophins to the neuronal cell bodies in afferent pathways may

contribute to the emergence of bladder pain in PBS/IC (Yoshimura 1999).

In the cyclophoshamide-induced chronic cystitis model in rats, increased ex-

pression of neurotrophic growth factors such as NGF, BDNF and CTNF in the

bladder as well as phosphorylation of tyrosine kinase receptors (TrkA, TrkB) in

bladder afferent neurons has been presented as direct evidence for increased

neurotrophin-mediated signaling in chronic bladder inflammation (Qiao and

Vizzard 2002; Vizzard 2000b). The enhanced neurotrophic factor mechanisms

are also associated with increased phosphorylated cyclic AMP response element

binding protein (CREB) in bladder afferent neurons. Phosphorylated CREB, which

is a transcription factor in the neurotrophin intracellular signaling pathway, is

coexpressed with phophorylated TrkA in a subpopulation of bladder afferent

neurons (Qiao and Vizzard 2004). Resiniferatoxin, a C-fiber neurotoxin, reduced

cyclophosphamide-induced upregulation of phosphorylated CREB in DRG cells,

suggesting that cystitis is linked with an altered CREB phosphorylation in capsaicin-

sensitive C-fiber bladder afferents (Qiao and Vizzard 2004). These results suggest

that upregulation of phosphorylated CREB may be mediated by a neurotrophin/

TrkA signaling pathway, and that CREB phosphorylation may play a role as a

transcription factor in lower urinary tract plasticity induced by cystitis.
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Exogenous NGF can induce bladder nociceptive responses and bladder overac-

tivity in rats when applied acutely into the bladder lumen (Chuang et al. 2001;

Dmitrieva et al. 1997) or chronically to the bladder wall or intrathecal space (Lamb

et al. 2004; Seki et al. 2003; Zvara and Vizzard 2007). Conversely, application of

NGF-sequestering molecules (TrkA-IgG or REN1820) can reduce referred thermal

hyperalgesia elicited by bladder inflammation induced by intravesically applied

turpentine oil (Jaggar et al. 1999) or bladder overactivity elicited by cyclophospha-

mide-induced cystitis (Hu et al. 2005), suggesting that increased NGF expression is

directly involved in the emergence of bladder-related nociceptive responses in

cystitis. Thus, NGF-activated mechanisms might be a potential target for the

treatment of painful symptoms in PBS/IC.

Purinergic mechanisms may also contribute to the bladder dysfunction following

chronic inflammation. ATP release from the urothelium is enhanced in patients and

cats with PBS/IC (Birder et al. 2003, 2008; Sun et al. 2001). In conscious rats with

cyclophosphamide-induced cystitis, purinergic receptor antagonists (PPADS and

A-317491) reduce nonvoiding contractions and decrease voiding frequency (Ito

et al. 2007). In in vitro whole bladder pelvic afferent nerve preparations from rats

with cyclophosphamide-induced cystitis, afferent nerve firing induced by bladder

distension or by direct electrical stimulation is markedly increased in comparison

with firing in normal rats (Yu and de Groat 2008). Exogenous purinergic agonists

mimic the facilitatory effects of cyclophosphamide treatment; and P2X purinergic

receptor antagonists suppress the effects of purinergic agonists and cystitis. These

results suggest that endogenous purinergic agonists released in the inflamed bladder

can enhance the excitability of bladder afferent nerves by activating P2X receptors.

Patch-clamp studies on bladder afferent neurons from rats revealed that chronic

cyclophosphamide treatment increases the currents induced by purinergic agonists

in both TL and LS neurons (Dang et al. 2008). Analysis of the kinetics of the

currents indicated that increased receptor expression and/or properties of homo-

meric P2X3 in TL neurons and P2X2/3 in LS neurons contribute to the enhanced

responses during cystitis.

Cystitis also induces chemical changes in the spinal cord. Acute or chronic

bladder irritation increases immediate early gene expression (c-fos) in spinal

neurons (Birder and de Groat 1993) (Fig. 3) as well as an increase in GFRa1
immunoreactivity in the spinal dorsal horn and in areas associated with autonomic

neurons (Forrest and Keast 2008). There was a much smaller increase in GFRa3
immunoreactivity and no change in GFRa2 immunoreactivity. Changes in spinal

cord mitogen-activated-protein kinases [extracellular-signal-related kinase (ERK)

1 and ERK 2] may also play a role in the facilitation of reflex voiding after bladder

inflammation. Immunohistochemical studies revealed that in noninflamed rat blad-

ders noxious but not nonnoxious stimulation significantly increased phospho-ERK

immunoreactivity (Cruz et al. 2007). However, after bladder inflammation innocu-

ous and noxious bladder distension increased the number of spinal neurons exhibiting

phospho-ERK immunoreactivity. The activation was rapid within a few minutes

and transient. Desensitization of vanilloid-sensitive afferents by intravesical ad-

ministration of resiniferatoxin does not decrease phospho-ERK immunoreactivity
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in normal or inflamed bladder preparations. ERK inhibition with intrathecal injec-

tion of PD98059 decreases reflex bladder activity and spinal c-fos expression in

animals with inflamed bladders but not in normal animals (Cruz et al. 2007). The

results suggest that activation of spinal cord ERK contributes to acute and chronic

inflammatory pain perception and mediates reflex bladder overactivity accompany-

ing chronic bladder inflammation.

Cystitis affects not only the bladder function but also alters somatic nociceptive

mechanisms. Irritation of the bladder of mice by intravesical administration of NGF

reduces the threshold for producing paw withdrawal in response to mechanical

stimulation of the paw (mechanical hyperalgesia). The response occurs within 4 h

after application of NGF and is blocked by administration of NGF antiserum.

Systemic administration of cyclophosphamide or intravesical administration of its

irritant metabolite, acrolein (Lanteri-Minet et al. 1995), produces a similar effect

that occurs 24–48 h after administration of the irritants, at times when the bladder

exhibits edema and areas of hemorrhage. These models of chemically induced

cystitis do not influence the paw withdrawal responses induced by nociceptive

thermal stimuli (thermal hyperalgesia) (Wang et al. 2008). On the other hand,

bacterial cystitis or intravesical administration of turpentine oil increases thermal

sensitivity. These selective sensitizing effects of different forms of cystitis on

somatic sensory pathways, a phenomenon that may represent a type of visceral

referred pain, raise the possibility that distinct populations of peripheral or central

bladder sensory pathways can be activated by different nociceptive stimuli in the

bladder. It is noteworthy that humans with bladder-associated pain also have a

higher incidence of other painful disorders such as fibromyalgia. It would be

interesting to determine if the location or type of somatic symptoms varies with

the type of bladder disorder.

Direct evidence linking chronic bladder inflammation with functional changes in

C-fiber afferents has been obtained from the rat cyclophosphamide chronic cystitis

model. In this model, the electrical properties of bladder afferent neurons disso-

ciated from L6 and S1 DRG as well as the activity of the inflamed bladder were

measured. The majority of bladder afferent neurons from both control and cyclo-

phosphamide-treated rats are capsaicin-sensitive and exhibit high-threshold TTX-

resistant action potentials and Na+ currents. However neurons from rats with

cystitis exhibit significantly lower thresholds for spike activation (�25.4 vs.

�21.4 mV) and show tonic rather than phasic firing characteristics (12.3 vs. 1.2

action potentials per 500-ms depolarization) (Yoshimura and de Groat 1999). Other

significant changes in bladder afferent neurons from cyclophosphamide-treated rats

include increase in somal diameter, increase in input capacitance, and decrease in

density of slowly inactivating IA currents (Yoshimura and de Groat 1999). Similar

somal hyperexcitability due to reduced IA current expression after chronic tissue

inflammation has also been detected in afferent neurons innervating the rat stomach

or the guinea pig ileum (Stewart et al. 2003). Thus, the reduction in IA current size

could be a key mechanism inducing afferent hyperexcitability and pain in pelvic

visceral organs, including the bladder.
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A recent study using cats with naturally occurring feline-type PBS/IC has also

demonstrated that capsaicin-sensitive DRG neurons exhibit an increase in cell size

and increase in firing rates to depolarizing current pulses owing to a reduction in

low-threshold K+ currents (Sculptoreanu et al. 2005a). Taken together, these data

indicate that chronic inflammation in PBS/IC induces both cell hypertrophy and

hyperexcitability of C-fiber bladder afferent neurons. If these changes in neuronal

cell bodies also occur at C-fiber afferent terminals in the bladder wall, such

hyperexcitability may represent an important mechanism for inducing pain in the

inflamed bladder. Therefore, suppression of C-fiber activity represents a mecha-

nism by which to treat bladder pain. This is supported by some clinical studies

showing that C-fiber desensitization induced by intravesical application of capsaicin

or resiniferatoxin is effective for treating painful symptoms in patients with PBS/IC

(Lazzeri et al. 1996, 2000). However, a previous prospective, randomized clinical

trial using intravesical resiniferatoxin application was not effective in patients with

PBS/IC (Payne et al. 2005).

Although there is little information available about the neuroplasticity of Ad-
fiber bladder afferents in PBS/IC, a previous study (Roppolo et al. 2005) using

single nerve fiber recordings has documented that Ad-fiber bladder afferents in IC

cats are more sensitive to bladder pressure changes than afferents in normal cats,

suggesting that, in addition to neuroplasticity of C-fiber afferents, Ad-fiber bladder
afferents might also undergo functional changes in PBS/IC.

Chronic bladder inflammation can also induce changes in functional properties

of chemosensitive receptors such as TRPV1 in sensory neurons. Sculptoreanu et al.

(2005b) reported that DRG neurons obtained from IC cats exhibit capsaicin-

induced responses that are larger in amplitude and desensitize more slowly com-

pared with those obtained from normal cats, and that altered TRPV1 receptor

activity in IC cats is reversed by an application of an inhibitor of PKC, suggesting

that PBS/IC can alter TRPV1 activity owing to enhanced endogenous PKC activity.

Since TRPV1 receptors are reportedly responsible at least in part for bladder

overactivity elicited by cyclophosphamide-induced cystitis (Dinis et al. 2004),

enhanced activity of TRPV1 receptors could contribute to bladder pain in PBS/IC.

Studies in mice have also demonstrated a role of TRPV1 in cystitis. Systemic

treatment with cyclophosphamide or intravesical administration of acrolein, the

irritant metabolite of cyclophosphamide, produces not only bladder hyperactivity

but also a sensitization of the paw withdrawal responses to mechanical stimulation

of the paw (mechanical hyperalgesia). These responses do not occur in TRPV1

knockout mice (Charrua et al. 2007; Wang et al. 2008). However, the lack of

functional TRPV1 does not inhibit the development of the histological changes

associated with bladder inflammation, including submucosal edema and areas of

hemorrhage, and does not alter the increased expression of various markers

of cystitis (messenger RNA for NGF, endothelial NOS, cyclooxygenase-2, and

bradykinin receptors) in the urothelium.

The neurotoxin saporin, which is contained in the seeds of the soapwort plant,

has been used to examine the roles of two types of afferent pathways in the

transmission of nociceptive sensory information from the bladder to the spinal
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cord of the rat. After intrathecal administration of saporin conjugated with IB4 to

selectively eliminate the IB4-positive C-fiber population, the bladder overactivity

induced by bladder irritation is suppressed (Nishiguchi et al. 2004). Similarly when

saporin conjugated to SP is administered to eliminate neurokinin-1 receptor expres-

sing, pain-related spinal cord neurons, the bladder overactivity induced by bladder

irritation is also suppressed (Seki et al. 2005). Thus, both IB4-binding, nonpepti-

dergic and IB4-negative, peptidergic C-fiber afferents seem to play an important

role in bladder nociceptive mechanisms even though the former represents a

smaller component of the total population of bladder afferent neurons.

11 Afferent Nerves and Diabetes Mellitus

Diabetes mellitus is often accompanied by urological complications characterized

by impaired sensation of bladder fullness, increased bladder capacity, reduced

bladder contractility, and elevated residual urine (Kebapci et al. 2007; Yoshimura

et al. 2005). These changes are attributable in part to afferent neuropathy that is

evident as a reduced afferent nerve conduction velocity (Nadelhaft and Vera 1992)

and reduced axonal transport of neurotrophic factors, such as NGF (Steers et al.

1994; Tong and Cheng 2007; Yoshimura et al. 2005). In streptozotocin-induced

diabetic rats, an increase in bladder capacity, an increase in postvoid residual

volumes, and a decrease in bladder activation by intravesical administration of an

irritant chemical occurs 12 weeks after injection of streptozotocin (Sasaki et al.

2002). In the same animals, NGF levels decrease in the bladder and in the lumbo-

sacral DRG. NGF gene therapy using a replication-defective herpes simplex virus

vector injected into the bladder wall reverses these changes (Sasaki et al. 2004).

These data suggest that diabetic cystopathy is related to a reduced production or

axonal transport of NGF in bladder nerves leading to a defect in the functions of Ad
or C-fiber bladder afferent pathways.

12 Afferent Nerves and Interorgan Cross-Sensitization

Axonal tracing studies revealed that a subpopulation (6–21%) of afferent neurons in

the lumbosacral DRG of the rat and mouse can innervate multiple pelvic organs

(Christianson et al. 2007; Keast and de Groat 1992). In the rat, the larger percentage

of these neurons is present in the TL DRG, whereas in the mouse the larger

percentage is in the LS DRG. Subsequent studies provided evidence that chemical

irritation of one organ (either the urinary bladder or the colon) can facilitate/

sensitize the activity of the other organ (Pezzone et al. 2005). Electrophysiological

experiments showed that acute colonic irritation can sensitize bladder C-fiber

afferents to mechanical and chemical stimuli (Ustinova et al. 2006) and enhance

the firing of lumbosacral spinal interneurons receiving afferent input from the
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bladder (Qin et al. 2005). Lumbosacral afferent neurons in the L6–S2 DRG

innervating both the colon and bladder (‘‘convergent neurons’’) exhibited decreased

voltage and current thresholds for action potential firing 3 days after colonic

irritation with trinitrobenzene sulfonic acid (Malykhina et al. 2006). The effect

persisted for 30 days in the absence of overt colonic inflammation. Colitis also

enhanced the responses to capsaicin and increased the peak amplitude of TTX-

resistant Na+ currents in bladder afferent neurons isolated from the L6–S2 DRG

(Malykhina et al. 2004).

Changes in bladder function after colonic inflammation also appear to be

mediated by a change in the cholinergic efferent pathway to the bladder (Noronha

et al. 2007). During the active colonic inflammation 3 days after instillation of

trinitrobenzene sulfonic acid into the colon, the bladder was not inflamed, but the

contractions of bladder strips induced by electrical field stimulation or carbachol, a

muscarinic receptor agonist, were reduced, while the contractions induced by KCl

were not changed. During and after recovery of the colonic inflammation (15–30

days) the contractile responses of the bladder returned to normal. It was suggested

that the bladder dysfunction was mediated by visceral organ cross talk induced

by sensitization of a subpopulation of afferents innervating both the bladder and

the colon.

13 Perspectives

The afferent innervation of the lower urinary tract plays an important role in both

reflex and voluntary control of voiding. Myelinated Ad afferent nerves which are

mechanosensitive and respond to bladder distension are essential for the initiation

of urine storage reflexes and for signaling the brain about the level of bladder filling

and the need to void. On the other hand, unmyelinated C-fiber afferent nerves seem

to function primarily as nociceptors that respond to noxious chemical and mechan-

ical stimuli. Activation of these afferents triggers painful sensations as well as body

defense mechanisms such as inflammation and bladder hyperactivity that eliminate

infectious or irritating, potentially injurious agents from the urinary tract. C-fiber

bladder afferent neurons are sensitized by a variety of endogenous substances

(neurotransmitters, neurotrophic factors and inflammatory mediators) released by

neural and nonneural cells within the bladder wall and exhibit a remarkable degree

of morphological, chemical, and electrophysiological plasticity. Thus C-fiber blad-

der afferents are involved in many pathophysiological processes and are important

targets for drugs and neurotoxins used to treat lower urinary tract dysfunction.
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Abstract The lung, like many other organs, is innervated by a variety of sensory

nerves and by nerves of the parasympathetic and sympathetic nervous systems that

regulate the function of cells within the respiratory tract. Activation of sensory

nerves by both mechanical and chemical stimuli elicits a number of defensive

reflexes, including cough, altered breathing pattern, and altered autonomic drive,

which are important for normal lung homeostasis. However, diseases that afflict

the lung are associated with altered reflexes, resulting in a variety of symptoms,

including increased cough, dyspnea, airways obstruction, and bronchial hyperre-

sponsiveness. This review summarizes the current knowledge concerning the

physiological role of different sensory nerve subtypes that innervate the lung, the

factors which lead to their activation, and pharmacological approaches that have been

used to interrogate the function of these nerves. This information may potentially

facilitate the identification of novel drug targets for the treatment of respiratory

disorders such as cough, asthma, and chronic obstructive pulmonary disease.

Keywords Rapidly adapting receptors, C-fibers, Cough receptor, Cough, Parasym-

pathetic nervous system, Sympathetic nervous system, Cough, Bronchoconstriction,

Mucus secretion, Bronchial hyperresponsiveness

1 Introduction

The primary function of the lung is gas exchange. The airways serve as a conduit for

moving inspired air to the gas-exchanging regions of the lungs, and for expiration of

CO2. Airway and lung reflexes optimize lung capacity for gas exchange in response

to a continually changing demand. Airway reflexes also serve to preserve airway

patency. These reflexes can become aberrant, however, and may worsen the

symptoms of diseases such as asthma and chronic obstructive pulmonary disease

(COPD). Multiple afferent nerve subtypes regulate these homeostatic and defensive

reflexes, each subtype with unique physiological, anatomical, and pharmacological

attributes. The properties of airway afferent nerve subtypes will be reviewed, as will

their role in regulating bronchopulmonary reflexes and bronchial responsiveness.

2 Airway and Lung Afferent Nerve Subtypes

Airway afferent nerve subtypes have been defined by their chemical and physical

sensitivity, adaptation to mechanical stimulation, origin, myelination, conduction

velocity, neurochemistry, basal activity, reflexes associated with their activation,

and sites of termination in the airways, lungs, and brain stem. These various

approaches to characterizing airway afferent nerves are hampered by their lack

of specificity. But when used in combination, patterns of physiological and
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pharmacological attributes have emerged to help define at least four distinct sub-

types of airway afferent nerves (Canning et al. 2006b).

2.1 Slowly Adapting Receptors

Slowly adapting receptors (SARs) are the prototypical airway mechanoreceptors.

The mechanical forces produced during breathing are the primary stimulus for SAR

activation, with SAR activity increasing during inspiration and peaking prior to

expiration (Miserocchi and Sant’Ambrogio 1974; Ho et al. 2001; Schelegle and

Green 2001). SARs regulate the Hering-Breuer reflex, which terminates inspiration

and initiates expiration when the lungs are adequately inflated (Schelegle and Green

2001). SARs thus play a primary role in regulating respiratory rate.

SARs can be differentiated from rapidly adapting receptors (RARs) in some

species on the basis of action potential conduction velocity, and in most species by

their modest adaptation to sustained lung inflation (Fig. 1). SARs may be differen-

tially distributed in the airways of commonly studied mammalian species (Sche-

legle and Green 2001). In cats, guinea pigs, and rats, few SARs but many RAR-like

receptors and C-fibers can be found in the extrapulmonary airways. In dogs, SARs

may also be localized to the extrapulmonary airways (Miserocchi and Sant’Am-

brogio 1974; Sant’Ambrogio et al. 1988). SARs also differ from RARs with respect

to the reflexes they precipitate (see later). Subtypes of SARs have been described

(Miserocchi and Sant’Ambrogio 1974; Schelegle and Green 2001).

SARs are generally unresponsive to chemical stimuli. With the exception of the

small population of SARs terminating in airway smooth muscle, this also includes

an insensitivity to stimuli that initiate bronchospasm, pulmonary edema, pulmonary

vascular congestion, or any stimulus that decreases lung compliance. The ion

channels regulating the mechanical sensitivity of SARs are also poorly defined.

Gadolinium (20 mM applied repeatedly for 30 min to SAR receptive fields) slightly

(10–40%) reduced rabbit bronchial SAR discharge to different levels of inflation

pressures (Ma et al. 2004). Other drugs reported to modify SAR discharge include

the voltage-sensitive K+-channel blocker 4-aminopyridine, the voltage-sensitive

Na+-channel opener veratradine, the Na+–K+–2Cl� transporter inhibitor furose-

mide, sulfur dioxide, and the Na+–K+–ATPase inhibitor ouabain (Davies et al.

1978; Matsumoto et al. 1998, 1999, 2000, 2005, 2006; Sudo et al. 2000; Guardiola

et al. 2007).

An additional and unique physiological and pharmacological property of SARs

is their sensitivity to alveolar CO2 concentrations (Coleridge et al. 1978; Fisher and

Sant’Ambrogio 1982; Green et al. 1986). As alveolar CO2 increases, SAR activity

decreases. This contrasts sharply with bronchopulmonary C-fibers, which may be

activated or at least sensitized by elevated alveolar CO2 and/or decreases in

extracellular pH (Delpierre et al. 1981; Lin et al. 2005). The inhibitory effect of

CO2 on SARs contributes in part to the hyperpnea associated with hypercapnea.

The actions of CO2 on SAR excitability may occur secondary to effects on nerve
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terminal pH as evidenced by the preventive effect of the carbonic anhydrase

inhibitor acetazolamide during CO2 challenges (Ravi 1985; Matsumoto 1996;

Hempleman et al. 2000). The expression of a carbonic anhydrase isozyme in

SARs has not been systematically evaluated.

2.2 Rapidly Adapting Receptors

The term ‘‘rapidly adapting receptor’’ (RAR) describes a subtype of airway and

lung stretch receptor that are activated during the dynamic phase of lung inflation,

but unlike SARs become quiescent during static lung inflation (Knowlton and

Larrabee 1946; Widdicombe 1954a). Often inappropriately, airway afferents that

rapidly adapt to any stimulus are grouped into a broad and heterogeneous class, all

of which are called ‘‘RARs.’’ This has proven misleading (Canning and Chou

Fig. 1 The characteristic features of airway and lung vagal afferent nerve subtypes are shown in

these single-fiber recordings in the rat. C-fibers are generally unresponsive to mechanical stimula-

tion, including the mechanical consequences of lung inflation and deflation, but are vigorously

activated by capsaicin. The rapidly adapting stretch receptors (RARs) and the slowly adapting

stretch receptors (SARs) are largely insensitive to capsaicin. Both lung stretch receptor subtypes

are responsive to lung inflation, with RAR activity more prominent in species with higher respiratory

rates. RARs and SARs are differentiated in part by their responses to sustained lung inflation. These

vagal afferent nerve subtypes differentially regulate airway autonomic outflow, respiratory pattern,

respiratory sensations, and cough. Subtypes of each afferent class have been described and are found

in all species thus far studied. (Reproduced with permission from Ho et al. 2001)

142 B.J. Canning and D. Spina



2009). In this review, the term ‘‘RAR’’ refers to those intrapulmonary stretch

receptors that rapidly adapt to sustained lung inflation (Fig. 1).

RARs are considerably less active than SARs during eupnea but more active

than C-fibers. RARs are also activated (either directly or indirectly) by a variety of

mechanical stimuli in the lung, including airway smooth muscle contraction,

pulmonary edema, decreased lung compliance, lung collapse, and negative airway

luminal pressures (Mills et al. 1970; Armstrong and Luck 1974; Bergren 1997;

Ho et al. 2001; Canning et al. 2004; Canning and Chou 2009).

RARs are generally more responsive to chemical stimuli than SARs, prompting

use of the term ‘‘irritant receptor’’ to describe this airway afferent nerve subtype.

What has been less clear, however, is whether the ability of these chemical stimuli

to activate RARs is through a direct action or secondary to a mechanical effect

evoked in the lung. As mentioned above, RARs are exquisitely sensitive to

decreases in lung compliance (Jonzon et al. 1986; Yu et al. 1987, 1989). Accord-

ingly, bronchoconstrictors such as serotonin, methacholine, histamine, and sub-

stance P and many other stimuli that initiate bronchospasm likely activate RARs at

least partly through their effects on lung mechanics (Mills et al. 1970; Mohammed

et al. 1993; Bergren 1997; Canning et al. 2004; Chou et al. 2008). Similar mechan-

isms may underlie the ability of pulmonary embolism and pulmonary vascular

congestion to activate RARs (Mills et al. 1969; Sellick and Widdicombe 1969;

Ravi and Kappagoda 1992; Bonham et al. 1996) (Fig. 2). But there are several

reports suggesting a direct effect of autacoids such as ATP, histamine, and serotonin
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Fig. 2 Responsiveness to histamine and capsaicin differentiates RARs from C-fibers. (Repro-

duced from Canning and Chou 2009 and summarizes results published elsewhere)
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on RARs (Vidruk et al. 1977; Dixon et al. 1979; Matsumoto and Shimizu 1989;

Canning et al. 2004). Unlike SARs and C-fibers, however, RARs are largely

unaffected by changes in alveolar CO2 concentrations (Sampson and Vidruk

1975; Ravi 1985).

As with SARs, the ion channels regulating RAR activation secondary to me-

chanical stimulation are poorly defined. Gadolinium (20 mM applied repeatedly for

30 min to RAR receptive fields) is reported to have a profound effect on RAR

excitation by lung inflation and pulmonary vascular congestion (Ma et al. 2004).

Given the distinctive accommodative responses of RARs to sustained lung infla-

tion, it seems possible that they express a unique set of ion channels that may be

amenable to selective pharmacological modulation. This may prove useful in

developing more selective drugs for treating respiratory disorders.

2.3 C-Fibers

With their defining physiological attribute of an axonal conduction velocity of

1 ms�1 or less, bronchopulmonary C-fibers are the most readily identifiable vagal

afferent nerve subtype innervating the airways. C-fibers can be activated by several

chemical and mechanical stimuli, with responses depending upon the stimulus and

the C-fiber subtype studied (Coleridge and Coleridge 1984; Ricco et al. 1996; Lee

and Pisarri 2001; Undem et al. 2004). The majority of C-fibers innervating the

airways and lungs of all species are activated by the TRPV1 receptor agonist

capsaicin (Figs. 1, 2), a predictable observation, given the known expression

patterns of TRPV1 in afferent C-fibers throughout the body of most species

(Caterina et al. 1997). But it is inappropriate to conclude from these data that

responsiveness to capsaicin is the defining characteristic of airway C-fibers.

C-fibers in dogs, rats, and mice that are not activated by lung capsaicin challenge

have been described (Coleridge and Coleridge 1984; Ho et al. 2001; Kollarik et al.

2003). Moreover, perhaps secondary to the end organ effects associated with

C-fiber activation (mucus secretion, vascular engorgement, airway smooth muscle

contraction, altered respiratory pattern, and cough), other afferent nerve subtypes,

especially intrapulmonary RARs, can be activated by capsaicin challenge

(Mohammed et al. 1993; Bergren 1997; Morikawa et al. 1997). A lack of respon-

siveness to mechanical stimulation and basal activity may also fail to differentiate

C-fibers from other subtypes of bronchopulmonary afferent nerves. While C-fibers

are generally less responsive to mechanical stimulation, they can be activated by

punctate mechanical stimulation or lung inflation, and can have basal activity com-

parable to that of some RARs (Coleridge and Coleridge 1984; Fox et al. 1993; Ricco

et al. 1996; Lee and Pisarri 2001).

Subtypes of bronchopulmonary C-fibers have been described. The Coleridges

defined C-fiber subtypes in dogs by their responsiveness to stimulants administered

via the pulmonary or bronchial circulation (Coleridge and Coleridge 1984). More

recently, Undem (Kollarik et al. 2003; Undem et al. 2004) described bronchopul-
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monary C-fiber subtypes in both guinea pigs and mice. In guinea pigs, C-fiber

subtypes are differentiated on the basis of their ganglionic origin (nodose vs. jugular

ganglia) and, by extension, their embryological origin, their sites of peripheral termi-

nation (extrapulmonary and intrapulmonary vs. exclusively intrapulmonary), ex-

pression of neurokinins, and responsiveness to adenosine, serotonin 5-HT3, and

ATP receptor agonists (Undem et al. 2004; Chuaychoo et al. 2005, 2006). These

subtypes are known to have opposing effects on both cough and respiration, but

both subtypes may initiate reflex bronchospasm upon activation (Canning et al.

2006a, b; Chou et al. 2008; Reynolds et al. 2008) (Fig. 3). C-fibers arising from

dorsal root ganglia also innervate the airways (Martling 1987; Kummer et al. 1992;

Dinh et al. 2004; Oh et al. 2006; Kwong et al. 2008b). Their physiological proper-

ties and reflex actions have been only partially described.

C-fibers are found throughout the airways and lungs of all species. In guinea

pigs, the jugular-type C-fibers have been localized to both intrapulmonary and

extrapulmonary airways, while the nodose-type C-fibers are found predominantly

in the peripheral airways and lungs (Undem et al. 2004). The extensively branched

terminals of C-fibers in guinea pig and rat tracheae can be immunohistochemically

labeled for the neuropeptides calcitonin gene-related peptide (CGRP), substance P,

and neurokinin A (McDonald et al. 1988; Baluk et al. 1992; Kummer et al. 1992;

Hunter and Undem 1999; Yamamoto et al. 2007). Comparable structures can be

Fig. 3 Respiratory reflex effects evoked by histamine, adenosine, and capsaicin reveal the differ-

ential distribution of airway vagal afferent nerve subtypes and their distinct effects on respiratory

pattern. Histamine selectively activates intrapulmonary RARs and initiates tachypnea. Adenosine

selectively activates pulmonary C-fibers and also initiates tachypnea. Capsaicin activates both

bronchial and pulmonary type C-fibers, initiating a profound slowing of respiration upon laryngeal

challenge, tachypnea when capsaicin is inhaled (not shown), and both tachypnea and respiratory

slowing following intravenous administration. (Data adapted from Chou et al. 2008)
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found in the airways of other species and in the peripheral airways of guinea pigs

(Dey et al. 1990; Yamamoto et al. 1998; Lamb and Sparrow 2002; Watanabe et al.

2006). C-fiber terminals can also be found in the airway microvasculature and

airway smooth muscle layer, and comprise at least a portion of Paintal’s J-receptors,

suggesting peripheral/interstitial lung terminations (Paintal 1973; McDonald et al.

1988; Baluk et al. 1992).

A myelinated (based on an axonal conduction velocity of 5 ms�1) afferent nerve

subtype with many shared physiological and pharmacological attributes of jugular

C-fibers has also been described in guinea pigs (Ricco et al. 1996). These afferents

have their cell bodies in the jugular ganglia and are activated by acid, hypertonic

saline, bradykinin, and capsaicin. Unlike jugular C-fibers, these capsaicin-sensitive

Ad-fibers terminate exclusively in the large airways (larynx, trachea, mainstem

bronchi) and do not normally express the neuropeptide substance P (but can be

labeled immunohistochemically for the structural protein neurofilament). TRPV1-

positive, substance P-negative nerve terminals have been described in the airway

epithelium of guinea pigs and may correspond to this afferent subtype (Watanabe

et al. 2005, 2006). The existence of an Ad afferent subpopulation expressing

TRPV1 in other species and their reflex effects in any species upon activation are

unknown.

In contrast to the indirect effects of autacoids and irritants thought to account for

their activation of RARs, there is molecular, immunohistochemical, and electro-

physiological evidence to suggest that many mediators associated with airway

inflammation act directly on bronchopulmonary C-fibers. Stimuli known to activate

airway and lung C-fibers include capsaicin and other TRPV1 receptor ligands, acid,

cationic proteins, bradykinin, thrombin, and other protease-activated receptor 1

(PAR1) agonists, adenosine, 5-HT3 receptor agonists, nicotine, ATP, prostanoids,

and isoprostanes, and a variety of environmental irritants including acrolein, tolu-

ene diisocyanate, and ozone (Coleridge and Coleridge 1984; Lee and Pisarri 2001;

Undem et al. 2004; Chuaychoo et al. 2005, 2006; Nassenstein et al. 2008; Taylor-

Clark et al. 2008). Many of these stimuli work partly or entirely through gating of

the ion channels TRPV1 and TRPA1. PCR analyses confirm the expression of

TRPV1 and TRPA1, but also adenosine A1, adenosine A2, PAR1, and multiple

subunits of nicotinic receptors in bronchopulmonary C-fibers (Chuaychoo et al. 2006;

Gu et al. 2008; Kwong et al. 2008a, b; Nassenstein et al. 2008). The responsiveness

to such a variety of inflammatory mediators and environmental toxins and the

reflexes initiated upon the activation of C-fibers lends credence to the notion that

bronchopulmonary C-fibers are analogous to the nociceptors innervating somatic

tissues.

TRPV1-dependent signaling is not the same in all bronchopulmonary C-fibers

and is at least suggestive of the differential expression of a ligand-transporting

system in some C-fibers or perhaps unique gating mechanisms for TRPV1 in the

various bronchopulmonary C-fiber subtypes. Olvanil and anandamide are reason-

ably effective and potent activators of intrapulmonary C-fibers in rats and in guinea

pigs, but are minimally effective at evoking tracheal/bronchial C-fiber action

potential discharge or tachykinin release from the peripheral terminals of bronchial
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and tracheal C-fibers (Tucker et al. 2001; Lin and Lee 2002; Kollarik and Undem

2004; Lee et al. 2005). This inability to activate bronchial C-fibers is overcome with

sustained incubation times, suggesting an impaired access to the intracellular

binding site of TRPV1. Conversely, cooling the terminals of pulmonary C-fibers

rendered them considerably less responsive to olvanil and anandamide, but equally

responsive to capsaicin. These data may predict the expression of an anandamide-

transporting system in pulmonary C-fibers that is absent in bronchial and tracheal

C-fibers (Ligresti et al. 2004). To date, however, no protein subserving this trans-

porting function has been identified (Glaser et al. 2005). It is thus interesting that

activation of TRPV1 has been shown to promote the movement of extraordinarily

large molecules from the extracellular to the intracellular space through the open

TRPV1 channel (Meyers et al. 2003; Binshtok et al. 2007). The Hill coefficient for

TRPV1 activation is significantly different from unity, suggestive of cooperative

binding properties (Szallasi 1994; Welch et al. 2000; Undem and Kollarik 2002). It

seems possible that threshold TRPV1 activation resulting in transient channel

opening promotes additional agonist influx and further receptor activation. Perhaps

some subtle modification of TRPV1 channel gating in C-fiber subtypes determines

the ability of anandamide and olvanil to move through the open TRPV1 channel.

In addition to the autacoids listed above that activate bronchopulmonary

C-fibers, many other mediators can sensitize them to subsequent activation. These

include histamine via H1 receptors, cysteinyl leukotrienes via cysLT1 receptors,

epinephrine via b3 receptors, and prostaglandin EP and TP receptor agonists (Karla

et al. 1992; Lee and Morton 1993, 1995; McAlexander et al. 1998; Xiang et al.

2002; Gu et al. 2007). Prostaglandins also likely account for the sensitizing effects

of protease-activated receptor 2 (PAR2) agonists on bronchopulmonary C-fibers

(Gatti et al. 2006). Some mechanistic studies of these sensitizing effects have been

carried out in patch-clamp analyses. Other unique characteristics regulating airway

C-fiber activation include sensitivity to changes in extracellular Cl� and Ca2+

concentrations, changes in airway surface liquid osmolarity, TRPV1-independent

activation by acid (perhaps involving acid-sensing ion channels), and activation/

sensitization by CO2 (Delpierre et al. 1981; Pisarri et al. 1992; Fox et al. 1995;

Pedersen et al. 1998; Kollarik and Undem 2002; Undem et al. 2003; Lin et al. 2005;

Gu and Lee 2006).

2.4 Cough Receptors

C-fiber-selective stimulants that readily initiate coughing in awake human subjects

and in awake guinea pigs have consistently failed to initiate cough in anesthetized

cats, dogs, or guinea pigs. On the basis of the studies of Widdicombe (1954a, b)

published in 1954 and the results of vagal cooling studies in cats and dogs by Tatar

et al. (1988, 1994), it had become almost dogma that cough is initiated by activation

of RARs. But many well-known and even selective stimuli for RARs, including

a variety of bronchoconstrictors, negative airway luminal pressures, or inspiratory
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efforts against a closed glottis, have been consistently ineffective at evoking cough

in either awake or anesthetized animals or humans. Recent studies carried out in

guinea pigs and a reappraisal of Widdicombe’s studies in cats suggest that a vagal

afferent nerve subtype distinct from both C-fibers and RARs plays an essential role

in regulating the cough reflex in anesthetized guinea pigs and cats and likely in any

species that has a well-defined cough reflex. These afferents have thus been called

‘‘cough receptors’’ (Canning et al. 2004, 2006a, b; Canning and Chou 2009).

Cough receptors are differentiated from C-fibers and RARs in guinea pigs by

conduction velocity. With a conduction velocity of approximately 5 ms�1, these

afferents conduct action potentials considerably faster than C-fibers (1 ms�1 or less)

but considerably slower than either RARs or SARs (more than 20 ms�1). Cough

receptors are also differentiated from C-fibers and RARs by mechanical sensitivity,

being exquisitely sensitive to punctate mechanical stimulation (5–10 times more

sensitive than C-fibers) but utterly insensitive to changes in airway luminal pressure

or airway smooth muscle contraction, both of which activate RARs. Also unlike

C-fibers, the cough receptors are insensitive to capsaicin and bradykinin (Fig. 4).

Cough receptors are activated by acid but entirely through TRPV1-independent

mechanisms (Canning et al. 2004, 2006a, b).

By combination of electrophysiological studies with intravital labeling methods,

retrograde neuronal tracing, organotypic cultures, and immunohistochemistry, the

peripheral terminals of cough receptors in the guinea pig trachea and bronchus have

been identified (Canning et al. 2006a, b). Terminating between the epithelium and

smooth muscle layers of the airways mucosa, the cough receptors assume a

Fig. 4 Electrophysiological characteristics of the extrapulmonary vagal afferent nerves regulating

cough of guinea pigs. Cough receptors and C-fibers are both activated by punctate mechanical

stimulation and by acid, but the cough receptors are insensitive to capsaicin. Capsaicin and other

C-fiber-selective stimulants initiate coughing in awake animals and in awake human subjects, but

have consistently failed to initiate coughing in anesthetized animals. In anesthetized guinea pigs,

topical acid challenge of the tracheal mucusa initiates coughing, while topical capsaicin challenge

does not evoke coughing. Rather, capsaicin challenge in anesthetized guinea pigs evokes respira-

tory slowing and, occasionally, a profound apnea followed by gasping and a gradual recovery of a

normal respiratory pattern. (Reproduced with permission from Canning et al. 2004)
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circumferential position in the extracellular matrix. Branching is extensive at the

terminals, with axons projecting from longitudinal nerve bundles through the

smooth muscle layer. Similar structures have been described in the airway mucosa

of other species but their identity as ‘‘cough receptors’’ is unclear (Larsell 1921,

1922; Gaylor 1934; Yamamoto et al. 1995; Yu 2005; De Proost et al. 2007).

Immunohistochemistry confirms the selective expression of subtypes of Na+–K+–

ATPase and Na+–K+–2Cl� transporter in guinea pig cough receptors (Canning et al.

2006a, b; Mazzone and McGovern 2006, 2008). More recently, tetrodotoxin-

insensitive Na+ channels have been localized to these cough receptors (Kwong

et al. 2008a, b). Pharmacological analyses suggest that these regulators of ion flux

and gradients, as well as Cl� channels and voltage-sensitive K+ channels, may be

critical to the regulation of cough receptor responsiveness to chemical (acid) and

punctate mechanical stimuli (Fox et al. 1995; McAlexander and Undem 2000;

Canning et al. 2006a, b; Mazzone and McGovern 2006; Canning 2007). No other

stimuli thus far studied, including a variety of autacoids and neurotransmitters and

ion channel modulators, alter cough receptor excitability or the ability of acid or

mechanical stimuli to initiate coughing in guinea pigs.

3 Autonomic Reflexes

3.1 Parasympathetic Nerve Regulation of Airway and Vascular
Smooth Muscle and Mucus Secretion

Parasympathetic nerves play a primary role in regulating airway smooth muscle

tone and glandular secretion in the airways and also regulate pulmonary and

bronchial vascular tone (Canning 2006; Wine 2007). There are two anatomically,

physiologically, and pharmacologically distinct parasympathetic pathways project-

ing to the airways with opposing effects on airway smooth muscle but synergistic

effects on airway mucus secretion. Parasympathetic-cholinergic nerves initiate air-

way smooth muscle contraction, pulmonary vascular dilatation, and mucus secretion

upon activation, with acetylcholine acting in each target tissue via muscarinic M3

receptors. Parasympathetic noncholinergic nerves also innervate the airways of most

species, including humans. Noncholinergic parasympathetic nerves utilize the pep-

tide transmitter vasoactive intestinal peptide and related peptides (pituitary adenylate

cyclase activating peptide, peptide histidine isoleucine, peptide histidine methionine)

as well as the gaseous transmitter nitric oxide (formed from arginine by the neuronal

isoform of nitric oxide synthase). Upon activation, noncholinergic parasympathetic

nerves evoke bronchodilatation, airway vascular dilatation, and mucus secretion.

Coincident activation of cholinergic and noncholinergic parasympathetic nerves

may have synergistic effects on airway glandular secretion (Choi et al. 2007;

Wine 2007).
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Airway and lung afferent nerve activation initiates myriad patterns of airway

parasympathetic nerve responses (Canning 2006). At eupnea, basal parasympathetic

tone appears to be necessarily dependent upon the ongoing activity of airway vagal

afferent nerves, either RARs or C-fibers (Jammes and Mei 1979; Kesler and

Canning 1999). With challenge, activation of bronchopulmonary C-fibers or

RARs increases airway cholinergic and noncholinergic parasympathetic nerve

activity (Fig. 5). Activation of intrapulmonary stretch receptors (SARs) by lung

Fig. 5 Reflex-evoked, airway parasympathetic nerve-dependent regulation of airway smooth

muscle tone in guinea pigs in situ. (a) The C-fiber-selective stimulant bradykinin evokes reflex

bronchospasm largely independent of any direct effects on airway smooth muscle. Histamine-

evoked reflex bronchospasm occurs secondary to its direct effects on airway smooth muscle, which

in turn activates intrapulmonary RARs. Evidence for the selective effects of bradykinin and

histamine on C-fibers and RARs, respectively, is apparent from the marked inhibition of

bradykinin-evoked reflex bronchospasm by intravenous or intracerebroventricular administration

of neurokinin receptor antagonists, which are without effect on histamine-evoked reflexes.

Neurokinins are selectively expressed by C-fibers in guinea pigs. (b) When RARs and C-fibers

are activated simultaneously, marked synergism is apparent. This synergistic effect of RAR and

C-fiber activation on airway parasympathetic tone may result from central convergence in the

nucleus of the solitary tract of these afferent nerve subtypes. (c, d) The mean data for reflex

bronchospasm and whole-lung-inflation pressures evoked by histamine, bradykinin, or the combi-

nation of histamine and bradykinin. (Reproduced with permission from Canning et al. 2001 and

Mazzone and Canning 2002a, b)
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inflation or during the hyperpnea associated with exercise induces a withdrawal of

parasympathetic cholinergic nerve activity and bronchodilatation, but has no effect

on parasympathetic noncholinergic nerves.

Reflex regulation of airway parasympathetic nerves by vagal afferents may not be

entirely unidirectional. Secondary to the end-organ effects precipitated by parasym-

pathetic nerve stimulation (e.g., mucus secretion, bronchospasm), action potential

patterning in airway mechanoreceptors may change dramatically (Coleridge et al.

1982; Richardson et al. 1984). This is especially true under conditions in which

tidal volumes are held constant (e.g., mechanical ventilation). An increase in

parasympathetic cholinergic tone will decrease airway volume and deadspace,

resulting in an increase in end-inspiratory pressure with mechanical ventilation

and an increase in alveolar stretch under any mode of static volume ventilation. The

increase in alveolar distension will favor an increase in SAR activation and a

resulting withdrawal of cholinergic tone. In this way, airway afferent and efferent

nerves may work in concert to establish a set point for airway parasympathetic tone

(Fisher and Sant’Ambrogio 1982; Richardson et al. 1984; Matsumoto 1996).

Perhaps in COPD, with alveolar destruction and increases in lung compliance,

SAR activation may be diminished, prompting the elevation in airway cholinergic

tone observed in this disease (Gross et al. 1989; Canning 2006).

Reflexes regulating noncholinergic airway parasympathetic nerves have been

studied in guinea pigs, cats, and human subjects (Szarek et al. 1986; Ichinose et al.

1987, 1988; Michoud et al. 1987; Inoue et al. 1989; Lammers et al. 1989; Canning

et al. 2001; Kesler et al. 2002; Mazzone and Canning 2002a). Unlike cholinergic

contractions of the airway smooth muscle, which reach a near maximum within 30 s

and can reverse at the same rate, noncholinergic parasympathetic nerve mediated

relaxations of airway smooth muscle are slow in both onset and reversal (Chesrown

et al. 1980; Diamond and O’Donnell 1980; Irvin et al. 1982; Matsumoto et al. 1985;

Lama et al. 1988; Canning and Undem 1993; Canning et al. 2001; Kesler et al.

2002; Mazzone and Canning 2002a, b). Perhaps noncholinergic parasympathetic

nerves function to restore or maintain airway patency during or at the conclusion of

defensive reflexes (Coburn and Tomita 1973; Canning et al. 2006a). Consistent

with this hypothesis, noncholinergic parasympathetic nerve activation is only

modestly effective at preventing bronchospasm mediated reflexively or by direct

actions on smooth muscle, but can gradually reverse an evoked contraction and

modulate sustained cholinergic tone at eupnea (Aizawa et al. 1982, 1997, 1999; Bai

et al. 1986; Szarek et al. 1986; Clerici et al. 1989; Miura et al. 1990; Inoue et al.

1991; Matsumoto et al. 1999; Canning et al. 2001; Kesler et al. 2002).

3.2 Reflex Regulation of Airway Sympathetic Nerves

Sympathetic nerves innervate the airways and lungs of all species. In most species,

including humans, sympathetic-adrenergic innervation of intrapulmonary airway

smooth muscle is limited or nonexistent (Canning 2006). In all species, sympathetic

Sensory Nerves and Airway Irritability 151



aderenergic nerves have been found innervating the airway vascular smooth mus-

cle. Until recently, however, no study has directly addressed the reflex mechanisms

controlling airway sympathetic nerve activity. We recently studied reflex regulation

of airway sympathetic nerves innervating the trachealis of guinea pigs (Oh et al.

2006). The vagus nerves were cut bilaterally to limit the influence of airway

parasympathetic nerves on smooth muscle tone. With the trachealis precontracted

with histamine, capsaicin inhalation evoked a marked relaxation of the trachealis

that was prevented by sympathetic denervation of the trachealis, propranolol, or

dorsal rhizotomy (T1-T4). Retrograde tracing and electrophysiological analyses

identified a population of capsaicin-sensitive spinal afferent nerves innervating the

intrapulmonary airways and lungs. The majority of these spinal afferent nerves

expressed substance P. Not surprisingly, then, neurokinin receptor antagonists

prevented the reflex-mediated relaxations evoked by capsaicin inhalation.

Interestingly, we found that the sympathetic reflexes evoked in the airways by

capsaicin inhalation occurred without any coincident cardiovascular responses (Oh

et al. 2006). This adds further evidence against historical notions regarding sympa-

thetic nerve function in homeostatic and defensive settings (Morrison 2001; Janig

and Habler 2003). We also observed that stimulating the central cut ends of the

vagus nerves evoked propranolol-sensitive relaxations of the trachealis (Oh et al.

2006). Vagal afferents are known to regulate sympathetic outflow to multiple

organs, including the airways (Barman and Gebber 1976; Bachoo and Polosa

1987; Habler et al. 1994; Huang et al. 2000).

3.3 The Axon Reflex

In rats and in guinea pigs, bronchopulmonary C-fiber activation can also initiate an

axon reflex, characterized by the peripheral release of neuropeptides that produce a

variety of end-organ effects within the airways and lungs, including bronchospasm,

mucus secretion, vascular engorgement, inflammatory cell recruitment, and plasma

extravasation (Barnes 1986, 2001; Canning et al. 2006a, b). The prominent role of

the axon reflex in the response to a variety of experimental challenges in rats and

guinea pigs prompted a nearly two decade effort to address the hypothesis that

respiratory disorders such as asthma and COPD were due in part to an axon reflex.

This notion did not live up to its promise in rats and guinea pigs when evaluated in

the human airways, in large part owing to the relative paucity of neuropeptide-

containing afferent nerve terminals in the airways and lungs of humans (Hislop

et al. 1990; Howarth et al. 1995; Chanez et al. 1998; Lamb and Sparrow 2002). It is

nevertheless possible that axonal reflexes regulate human airway function, but

through the actions of transmitters (e.g., ATP, glutamate) other than substance P,

neurokinin A, and CGRP.

The most effective stimulants of the axon reflex work through the gating of the

ion channel TRPV1. Capsaicin, for example, evokes a profound C-fiber discharge
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and an axon reflex, all of which are abolished when TRPV1 gating is prevented. By

contrast, bradykinin, which acts only partially through TRPV1 gating on broncho-

pulmonary C-fibers, evokes little if any axon reflex (Mizrahi et al. 1982; Bramley

et al. 1990; Schlemper and Calixto 2002). Other stimuli evoking an axon reflex

include hypertonic saline, cold, dry air, PAR2 agonists, nicotine, immunosuppres-

sants (cyclosporin A, FK 506), and TRPA1 receptor activation (Lundberg et al.

1983; Umeno et al. 1990; Mapp et al. 1991; Harrison et al. 1998; Pedersen et al.

1998; Yoshihara et al. 1998; Carr et al. 2000; Ricciardolo et al. 2000; Andresen and

Saugstad 2008; Taylor-Clark et al. 2008).

A variety of stimuli have also been reported to inhibit the axon reflex through

effects on the airway C-fiber terminal, including a2 adrenoceptor agonists, b2 adre-
noceptor agonists, m-opioid receptor agonists, GABAB receptor agonists, nociceptin,

neurotensin, galanin, serotonin (via 5-HT1 receptors), prostaglandin E1, adenosine,

phosphodiesterase type 4 inhibitors, neuropeptide Y, vasoactive intestinal peptide/

pituitary adenylate cyclase activating peptide, dopamine D2 receptor agonists,

bradykinin channel openers, and histamine H3 receptor agonists (Grundstrom

et al. 1984; Belvisi et al. 1988, 1989; Giuliani et al. 1989; Kamikawa 1989; Matran

et al. 1989; Aikawa et al. 1990; Stretton 1991; Verleden et al. 1993; Takahashi et al.

1994; Undem et al. 1994; Spina et al. 1995; Fox et al. 1997; Fischer et al. 1998;

Shah et al. 1998; Birrell et al. 2002). It is tempting to speculate that the ability of

these agents to inhibit the action-potential-independent axon reflex predicts a

peripheral site of action of these drugs on bronchopulmonary C-fiber activation.

This seems unlikely. Thus, prostaglandin E and adenosine both inhibit the axon

reflex but activate and/or sensitize C-fibers to action potential formation (Kami-

kawa and Shimo 1989; Aikawa et al. 1990; Hong et al. 1998; Ho et al. 2000). The

PAR2 agonist initiates an axon reflex but fails to initiate action potentials on airway

C-fibers (Carr et al. 2000). Removal of extracellular Ca2+ reduces neuropeptide

release from capsaicin-sensitive nerves, but enhances airway C-fiber excitability

(Hua et al. 1992; Undem et al. 2003). Together, the data argue for an almost

complete dissociation of the axon reflex from C-fiber action potential formation.

4 Respiratory Reflexes

4.1 Respiratory Pattern Changes and Respiratory Sensations

Changes in respiratory pattern attributable to airway afferent nerve activation have

been studied extensively in animals (Fig. 3). Respiratory sensations such as dyspnea

are less amenable to study in animals, but have been studied in human subjects. The

classic triad of the pulmonary chemoreflex includes bradycardia and apnea fol-

lowed by rapid shallow breathing (Green and Jackman 1984; Lee et al. 1995). Both

the apnea and the rapid shallow breathing depend upon pulmonary C-fiber activa-

tion (Green and Jackman 1984). Apnea/respiratory slowing can also be evoked by
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C-fiber activation in the extrapulmonary airways of anesthetized animals (Palecek

et al. 1989; Chou et al. 2008). In both animals and humans, activation of intrapul-

monary C-fibers and RARs can initiate tachypnea (Mills et al. 1969; Green and

Jackman 1984; Chou et al. 2008). In humans, the increase in respiratory rate evoked

by pulmonary C-fiber activation with adenosine is accompanied by a sensation of

dyspnea (Burki et al. 2005). Dyspnea and ‘‘breathlessness’’ can be reduced by

airway or vagus nerve anesthesia or transection (Winning et al. 1985; Davies

et al. 1987b; Taguchi et al. 1991). Prostaglandin E2 worsens the sensation of

dyspnea (Taguchi et al. 1992). Bradykinin, a selective stimulant for airway C-

fibers, reproduces the sensation of ‘‘sore throat’’ associated with upper respiratory

tract infections (Proud and Kaplan 1988). Enhanced breaths (or sighs) become more

frequent as airway lung compliance decreases. These have been attributed to the

activation of RARs and may serve to open closed airways during tidal breathing at

rest or during bronchospasm (Matsumoto et al. 1998; Dybas et al. 2006).

For good reason, much of the focus on respiratory sensations in disease has been

directed to the activation of pulmonary C-fibers. But a role for SARs in respiratory

sensations should not be discounted. The accumulation of CO2 in the alveoli would

limit SAR discharge, delaying inspiratory termination and thus prompting hyper-

pnea. In COPD, with alveolar destruction, the lung stretch associated with a normal

tidal volume may have limited stretching effects in the peripheral airways and

thus may limit SAR discharge, prompting a compensatory increase in end expira-

tory lung volume or an enhanced sensation of air hunger despite normal or near-

normal blood gases. The Na–K+–2Cl transport inhibitor furosemide is reported

to diminish air hunger sensation during breath hold, perhaps owing to an inhibition

of RAR discharge but an enhancement of SAR discharge (Nishino 2000; Sudo

et al. 2000).

4.2 Cough

The cough reflex is initiated by activation of the cough receptors and by activation

of a C-fiber subtype innervating the large airways (Canning and Chou 2009). The

role of C-fibers in cough has been the subject of considerable debate. The chemical

stimuli most effective at activating bronchopulmonary C-fibers, including capsai-

cin, bradykinin, and acid, are similarly very effective at initiating cough in con-

scious human subjects and in conscious animals (Forsberg et al. 1988; Laude et al.

1993; Karlsson and Fuller 1999; Jia et al. 2002; Trevisani et al. 2004; Dicpinigaitis

2007). These stimuli work entirely or partly through TRPV1, and immunohisto-

chemical and single-cell PCR confirms expression of TRPV1 in airway C-fibers

(Myers et al. 2002; Groneberg et al. 2004; Watanabe et al. 2006; Kwong et al.

2008a, b). Prior capsaicin desensitization prevents citric acid induced coughing

in awake guinea pigs, as does pretreatment with TRPV1 receptor antagonists

(Forsberg et al. 1988; Bolser et al. 1991; Lalloo et al. 1995; Trevisani et al. 2004;

Gatti et al. 2006; Leung et al. 2007). Taken together, these and other observations
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argue strongly for a role of bronchopulmonary C-fibers in cough (Canning et al.

2006a, b). But C-fiber-selective stimuli have consistently failed to evoke coughing

in anesthetized animals (Tatar et al. 1988; Karlsson et al. 1993; Tatar et al. 1994;

Canning et al. 2004, 2006a, b). Anesthesia has no effect on coughing evoked by

mechanical or acid stimulation of the airway mucosa and does not prevent C-fiber

activation or other C-fiber-dependent reflexes, and yet capsaicin and bradykinin do

not evoke cough in anesthetized animals (Coleridge and Coleridge 1984; Tatar et al.

1988; Canning et al. 2006a, b).

Perhaps it should be expected that C-fiber-selective stimulants would fail to

evoke coughing in anesthetized animals. Airway and lung C-fibers share many

characteristics with somatosensory nociceptors, and it is the objective of general

anesthesia to prevent the sensations and reflexes associated with nociceptor activa-

tion. But while the effects of anesthesia on nociceptor signaling may explain

the inability of C-fiber-selective stimulants to evoke coughing in anesthetized

animals, anesthesia cannot account for the known acute inhibitory effects C-fiber

activation may have on cough in anesthetized animals, or the inability of some C-

fiber stimuli to evoke coughing in conscious animals and in conscious human

subjects (Tatar et al. 1988, 1994). We have recently addressed the hypothesis that

C-fiber subtypes might account for these opposing effects on cough. Subtypes have

been described in several species (Coleridge and Coleridge 1984; Kollarik et al.

2003; Undem et al. 2004). In guinea pigs, airway vagal C-fiber subtypes can be

differentiated by their ganglionic origin, distribution in the airways, and respon-

siveness to ATP, adenosine, and serotonin 5-HT3 receptor agonists (Undem et al.

2004; Chuaychoo et al. 2005, 2006). The ability of C-fiber activation to evoke

coughing in awake guinea pigs is reasonably well established, and we also reported

a facilitating effect of C-fiber activation on cough (Mazzone et al. 2005; Canning

et al. 2006a, b). In these latter studies, capsaicin or bradykinin applied topically to

the tracheal mucosa greatly enhanced sensitivity to subsequent tussive stimuli. On

the basis of the location of these bradykinin and capsaicin challenges, C-fibers

arising from the jugular ganglia likely promote coughing. By inference, then, we

further speculated that nodose C-fiber activation might acutely inhibit coughing.

Consistent with this hypothesis, we found that selective activation of nodose

C-fibers with adenosine or 2-methyl-5-hydroxytryptamine did not evoke coughing

but greatly reduced the ability of citric acid to evoke coughing in anesthetized

animals. Prior adenosine inhalation also inhibited capsaicin-induced coughing in

conscious guinea pigs.

The results of studies carried out in other species are at least consistent with the

notion that C-fiber subtypes may have opposing effects on cough. In anesthetized

dogs and cats, C-fiber activation by bradykinin, capsaicin, or phenyldiguanide (a 5-HT3

receptor agonist) does not induce cough but can inhibit cough (Tatar et al. 1988,

1994; Karlsson et al. 1993). In rabbits, a species in which cough can be evoked by

citric acid aerosol inhalation (consistent with a TRPV1- and C-fiber-dependent

mechanism; Tatar et al. 1997, Adcock et al. 2003), it has also been reported

that sulfur dioxide inhalation is acutely inhibitory for cough (Hanacek et al.

1984). Sulfur dioxide is known to activate lung C-fibers (Ho et al. 2001).
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Adcock et al. (2003) speculated that the inhibitory effects of the compound

RSD931 in cough induced in rabbits might be due to its ability to activate

pulmonary C-fibers. Humans readily cough to capsaicin and bradykinin challenge,

but are refractory to serotonin and adenosine challenge (Stone et al. 1993; Burki

et al. 2005) while intravenous capsaicin infusion is only minimally effective at

evoking cough (Winning et al. 1986). There is also a report of serotonin-mediated

inhibition of cough in human subjects (Stone et al. 1993). A comparable inability of

intravenously capsaicin to evoke coughing has been reported in studies using

conscious nonhuman primates (Deep et al. 2001).

5 CNS Pharmacology and Central Interactions Between

Airway Afferent Nerve Subtypes

Studies of airway reflexes in response to stimuli known to be selective for the various

airway afferent nerve subtypes largely substantiate the accepted classification

schemes for afferent nerves. Implicit in the observation that afferent nerve subtypes

subserve distinct reflex functions is that central termination sites of the various

afferent nerve subpopulations must diverge to some extent, allowing for reflex

specificity. From the little published evidence available, this notion would seem to

be substantiated. Most of the work on central terminations of airway sensory nerves

has been carried out in cats and rats. Bronchopulmonary C-fibers and RARs termi-

nate extensively and often bilaterally in the nucleus of the solitary tract (nTS),

particularly in the commissural and medial subnuclei (Davies and Kubin 1986;

Kalia and Richter 1988; Bonham and Joad 1991; Ezure et al. 1991; Kubin et al.

1991; Lipski et al. 1991; Otake et al. 1992; Mazzone and Canning 2002a, b; Kubin

et al. 2006). SARs terminate primarily ipsilateral to their vagal origin, rostral to

obex in the lateral and interstitial subnuclei (Kalia and Richter 1985; Davies et al.

1987a,b; Bonham and McCrimmon 1990; Ezure et al. 2002; Kubin et al. 2006). No

attempt at differentiating termination sites of RAR, SAR, or C-fiber subtypes has

been described. In addition to the studies of SAR, RAR, and bronchopulmonary C-

fiber termination sites, some work has been done to identify the nTS subnuclei

regulating the cough reflex (Gestreau et al. 1997; Ohi et al. 2005; Jakus et al. 2008).

Electrophysiological and functional studies show evidence for bronchopul-

monary afferent nerve convergence in the CNS (Takagi et al. 1995; Paton 1998;

Silva-Carvalho et al. 1998). Coincident activation of airway afferent nerve subtypes

can have synergistic effects on airway reflexes, including reflex bronchospasm

and cough (Mazzone and Canning 2002a, b; Mazzone et al. 2005) (Fig. 5). Such

synergistic interactions may explain the association between extrapulmonary

disorders (e.g., gastroesophageal reflux disease, allergic rhinitis) and cough.

Several studies have characterized the pharmacology of the primary central

synapses for airway vagal afferent nerves and have revealed a prominent role for

glutamate acting via non-NMDA receptors (Bonham et al. 1993; Vardhan et al.
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1993; Karius et al. 1994; Chianca and Machado 1996; Wilson et al. 1996; Aylwin

et al. 1997; Ezure et al. 1999; Haxhiu et al. 2000; Mutolo et al. 2007, 2008).

Notably, however, NMDA receptor activation plays an essential role in the initiation

of cough, explaining in part the ability of the antitussive agent dextromethorphan to

prevent coughing in animals and in human subjects (Canning et al. 2004, 2006a, b;

Mutolo et al. 2007). Other agents shown to act centrally in nTS to regulate airway

vagal reflexes include m-opioid receptor agonists (codeine, DAMGO), GABAB recep-

tor agonists, sigma agonists, and TRPV1 receptor agonists (Mazzone and Geraghty

1999; Mazzone et al. 2005; Ohi et al. 2005, 2007; Mutolo et al. 2007, 2008).

Serotonin (5-HT) receptor antagonists have also been shown to act centrally to

modulate airway reflexes, but their site of action has not been determined (Bootle

et al. 1996).

The tachykinins substance P and neurokinin A have been localized to airway

afferent neurons, and tachykinin receptor antagonists have been shown to reduce

or abolish coughing evoked in guinea pigs, dogs, rabbits, cats, and pigs (Advenier

and Emonds-Alt 1996; Bolser et al. 1997; Moreaux et al. 2000; House et al. 2004;

Mutolo et al. 2008). Capsaicin microinjection in nTS evokes respiratory reflexes in

rats that are abolished by neurokinin receptor antagonists, while coughing evoked

in rabbits and sensitization of cough induced in guinea pigs is markedly inhibited or

abolished by nTS microinjection of neurokinin receptor antagonists (Mazzone and

Geraghty 1999; Mazzone et al. 2005; Mutolo et al. 2008). A central site of action for

neuroknin receptor antagonists in cough in cats and in guinea pigs has also been

suggested (Bolser et al. 1997). Reflex bronchospasm evoked by laryngeal capsaicin

and by intravenous bradykinin in guinea pigs is also prevented by centrally acting

neurokinin receptor antagonists (Canning et al. 2001; Mazzone and Canning

2002a, b) (Fig. 5). Neurokinin-1 receptor antagonists are also used clinically to

treat emesis, a vagal reflex in humans that has many similarities to the cough reflex

(Hornby 2001; Warr 2006). It seems likely then that neurokinins released from the

central terminals of airway afferent nerves may also modulate airway reflexes in

humans and in other species. It is thus interesting and confusing that in electro-

physiological recordings of nTS neurons receiving synaptic input from airway

afferent nerves, little evidence for an excitatory effect of neurokinins in otherwise

healthy animals has been reported. Indeed, in one study, exogenously administered

substance P was found to act presynaptically to depress synaptic transmission in

nTS (Sekizawa et al. 2003). Many of these studies involved recording from

unidentified synapses or the synapses of RARs or SARs, which are unlikely to

express substance P under normal conditions. But even in recordings in C-fiber

relay neurons, synaptic transmission has been explained entirely by the actions of

glutamate (Wilson et al. 1996; Mutoh et al. 2000). This suggests that under the

experimental conditions used for the electrophysiological recordings done to date,

solitary tract stimulation is subthreshold in intensity, frequency, or duration for

tachykinin release, the neurons selected for recording (i.e., neurons receiving

monosynaptic input) are typically devoid of direct tachykinin input, or the process

of tissue harvest and slice preparation effectively silences neurokinin-mediated

effects in nTS.
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6 Airway Sensory Nerves and Bronchial

Hyperresponsiveness

6.1 Defining Characteristics of Bronchial
Hyperresponsiveness

A number of clinical features distinguish asthmatic subjects from other respiratory

diseases and may be considered characteristic of this phenotype (Avital et al. 1995).

These include an exacerbation of disease following exposure to b-adrenoceptor
antagonists (Bond et al. 2007), an impairment in the ability to bronchodilate

following deep inspiration (Slats et al. 2007), and their bronchoconstrictor sensitivi-

ty to a wide range of innocuous stimuli (Cockcroft and Davis 2006; Van Schoor

et al. 2002).

It is well established that asthmatic subjects are invariably more responsive to a

range of stimuli, as expressed by an increase in provocative concentration that

induces a 20% fall in forced expiratory volume in 1 s termed ‘‘bronchial hyperre-

sponsiveness’’ (BHR). However, not only is there an increase in the sensitivity of

the airways to a stimulus, but there is also an increase in the maximum degree of

airway narrowing for a given dose of agonist (Fig. 6). The importance of under-

standing the underlying mechanism contributing toward BHR is confirmed by a

study showing that treating the underlying hyperresponsiveness leads to a better

improvement in asthma symptoms (Sont et al. 1999). A number of mechanisms

have been proposed to account for why asthmatic subjects are invariably more

responsive to the external environment. These include an alteration in airway

geometry due to an increase in airway smooth muscle thickness that would lead

to a greater degree of airway narrowing for a given dose of agonist and/or perturba-

tions in myosin-actin function resulting in a loss in the ability of smooth muscle to

dilate in response to deep inspiration, thereby leading to enhanced bronchocon-

strictor responses (An et al. 2007; Gil and Lauzon 2007); the release of cytokines

and growth factors from epithelial cells which stimulate mesenchymal cells and

promote structural changes in the airways leading to airway remodeling, airway

inflammation, and BHR (Holgate 2007); and recruitment and activation of dendritic

cells, T lymphocytes, and eosinophils whose cell-derived products trigger a cascade

of events within the lung leading to epithelial cell damage, increased smooth

muscle contractility, and airway remodeling (Beier et al. 2007; Hammad and

Lambrecht 2007; Jacobsen et al. 2007; Kallinich et al. 2007; Lloyd and Robinson

2007; Rosenberg et al. 2007). These mechanisms are all thought to contribute

toward BHR in asthma, are likely to be interrelated, and contribute to the overall

expression of BHR. However, there is also good evidence for the contribution

of airway sensory nerves in this phenomenon (Spina and Page 2002) that might

be likened to allodynia and/or hyperalgesia, which are characteristic of pain

syndromes (Carr and Undem 2003; Undem et al. 2002).
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6.2 Bronchial Hyperresponsiveness and Sensory Nerves

It is common for clinicians to use stimuli such as methacholine and histamine to

induce bronchoconstriction because these agents are relatively convenient to use.

However, although there is a separation in airways responsiveness to these agents

between asthmatic subjects and healthy individuals, there is a considerable degree

of overlap and it has been suggested that these agents may not be sensitive

indicators of the asthma phenotype (Avital et al. 1995; O’Connor et al. 1999). In

contrast, asthmatic subjects invariably bronchoconstrict in response to the indirect-

acting stimuli described earlier, which provoke little if any response in otherwise

healthy individuals or in subjects with other respiratory diseases (Avital et al. 1995;

Van Schoor et al. 2000).

Asthmatic subjects bronchoconstrict in response to a number of physiological

stimuli such as exercise, distilled water, cold air, and hypertonic saline which are

otherwise refractory in healthy subjects. Similarly, acidification, pollutants such as

sulfur dioxide, and chemical substances, including adenosine, bradykinin, and

neuropeptides, evoke bronchoconstriction in asthma but have little if any effect in

Fig. 6 Bronchial hyperresponsiveness (BHR) in asthma. It is convenient to measure changes in

forced expiratory volume in 1 s (FEV1) to increasing doses of methacholine. In asthma, there is an

increase in sensitivity (leftward position of the dose–response curve) often measured in terms of

PC20 (dotted line) and reactivity (increase in slope) and in severe cases of the disease an inability

to define the maximum degree value for airway narrowing compared with healthy subjects.

However, BHR as measured by changes in FEV1 to increasing doses of methacholine may not

be a sensitive indicator of the asthma phenotype (see the text). An increase in BHR can occur

during exacerbation of disease as observed naturally during the pollen season, in the case of an

allergic asthmatic, or following the deliberate exposure to a relevant antigen (arrow). However,
asthmatic subjects are invariably responsive to a wide range of physiological stimuli that are

otherwise refractory in healthy subjects. An understanding of the mechanisms by which these

stimuli induce bronchoconstriction suggests that sensitization of afferent pathways may underlie

this phenomenon
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nondiseased individuals. These agents are commonly referred to as ‘‘indirect-acting

stimuli,’’ since they do not appear to mediate bronchoconstriction by direct activa-

tion of airway smooth muscle. They are thought to elicit bronchospasm by activat-

ing a number of different cell types, including mast cells, vascular smooth muscle

cells, and vascular endothelial cells, and/or airway nerves (Spina and Page 1996,

2002; Van Schoor et al. 2000). A number of studies which measured the generation

of action potentials from individual afferent nerves using well-established electro-

physiological techniques have shown that stimuli including sulfur dioxide, acidifi-

cation, distilled water, bradykinin, neuropeptides, and adenosine can activate

C-fiber and Ad-fibers in vivo (Table 1). It is therefore of interest that asthmatic

subjects are sensitive to such stimuli, whereas healthy subjects are invariably

unresponsive to these agents (Van Schoor et al. 2000).

This suggests that the mechanisms by which these stimuli provoke bronchocon-

striction are upregulated in asthma and characteristic of this phenotype. Furthermore,

airways inflammation appears to be correlated betterwithBHR to indirect stimuli such

as adenosine (van den Berge et al. 2001), bradykinin (Polosa et al. 1998; Roisman

et al. 1996), and hypertonic saline (Sont et al. 1993) than it is to more direct acting

stimuli such as methacholine. Similarly, during an exacerbation of BHR following

the deliberate exposure of an asthmatic subject to an environmental allergen (e.g.,

house dust mite) there is a preferential increase in BHR to an indirect-acting

stimulus such as bradykinin compared with methacholine (Berman et al. 1995).

On the other hand, a number of pharmacological drugs used to treat asthma,

including nedocromil sodium and ipratropium bromide, suppress airways respon-

siveness to these indirect-acting stimuli, suggesting the likely involvement of

neural reflexes (Van Schoor et al. 2000). Furthermore, it is now recognized that

glucocorticosteroids preferentially suppress BHR to adenosine (Ketchell et al.

2002; van den Berge et al. 2001) and bradykinin (Reynolds et al. 2002) compared

with methacholine.

It is also noted that there is often a wide variability in airway sensitivity to

spasmogens in subjects with mild asthma and there is little or very poor correlation

between airway sensitivity to indirect-acting bronchoconstrictor agents such

as adenosine and sensitivity to direct-acting stimuli such as methacholine. Also,

BHR to an indirect-acting stimulus is greater during an exacerbation of asthma and

lower following anti-inflammatory treatment compared with BHR to methacholine,

which directly activates airway smooth muscle (O’Connor et al. 1999; Van Schoor

et al. 2000). This apparent lack of correlation between bronchoconstrictor potency

of these different types of stimuli suggest that alteration in the thickness of the

airway wall (i.e., airway remodeling) alone cannot account for these discrepancies.

If airway remodeling were responsible, then there would be a better correlation

between bronchoconstrictor potency of indirect-acting and direct-acting stimuli.

Furthermore, inflammatory insults to the airway wall would cause a similar change

in BHR to these different agents and, finally, there would be no preferential effect of

drug treatment on BHR to different stimuli.

Together, the findings of clinical studies support the notion that inflammatory

insults to the lung might increase the activity of neuronal pathways, thereby

160 B.J. Canning and D. Spina



T
a
b
le

1
E
le
ct
ro
p
h
y
si
o
lo
g
ic
al

ev
id
en
ce

fo
r
ac
ti
v
at
io
n
o
f
af
fe
re
n
t
n
er
v
es

in
v
iv
o
b
y
su
b
st
an
ce
s
th
at

el
ic
it
b
ro
n
ch
o
co
n
st
ri
ct
io
n
in

as
th
m
at
ic

su
b
je
ct
s

S
ti
m
u
lu
s

R
A
R
s

C
-fi
b
er
s

R
ef
er
en
ce
s

S
u
lf
u
r
d
io
x
id
e

C
at
,
ra
b
b
it

D
o
g
,
ra
t

W
id
d
ic
o
m
b
e
(1
9
5
4
a,
b
),
B
o
u
sh
ey

et
al
.(
1
9
7
4
),
H
o
et
al
.
(2
0
0
1
),

M
at
su
m
o
to

et
al
.
(1
9
9
7
),
R
o
b
er
ts
et

al
.
(1
9
8
2
)

D
is
ti
ll
ed

w
at
er

D
o
g

D
o
g
,
g
u
in
ea

p
ig

F
o
x
et

al
.
(1
9
9
5
),
P
is
ar
ri
et

al
.
(1
9
9
2
)

B
ra
d
y
k
in
in

D
o
g

K
au
fm

an
et

al
.
(1
9
8
0
)

G
u
in
ea

p
ig

G
u
in
ea

p
ig

B
er
g
re
n
(1
9
9
7
),
F
o
x
et

al
.
(1
9
9
3
),
R
ic
co

et
al
.
(1
9
9
6
)

M
o
u
se

K
o
ll
ar
ik

an
d
U
n
d
em

(2
0
0
4
)

N
eu
ro
p
ep
ti
d
es

R
ab
b
it

R
ab
b
it
,
g
u
in
ea

p
ig

B
er
g
re
n
(2
0
0
6
),
B
o
n
h
am

et
al
.
(1
9
9
6
),
P
ra
b
h
ak
ar

et
al
.
(1
9
8
7
)

C
ap
sa
ic
in

C
at
,
g
u
in
ea

p
ig

C
at
,
d
o
g
,
g
u
in
ea

p
ig
,
ra
t,
m
o
u
se

A
rm

st
ro
n
g
an
d
L
u
ck

(1
9
7
4
),
B
er
g
re
n
(1
9
9
7
)

M
o
h
am

m
ed

et
al
.
(1
9
9
3
),
M
o
ri
k
aw

a
et

al
.
(1
9
9
7
)

C
o
le
ri
d
g
e
an
d
C
o
le
ri
d
g
e
(1
9
7
7
),
D
ix
o
n
et
al
.
(1
9
8
0
),
F
o
x
et

al
.

(1
9
9
3
),
H
o
et

al
.
(2
0
0
1
),
Ja
ck
so
n
et

al
.
(1
9
8
9
),
K
o
ll
ar
ik

an
d

U
n
d
em

(2
0
0
4
),
R
ic
co

et
al
.
(1
9
9
6
)

A
d
en
o
si
n
e

R
at
,
g
u
in
ea

p
ig

C
h
u
ay
ch
o
o
et

al
.
(2
0
0
6
),
H
o
n
g
et

al
.
(1
9
9
8
),
K
w
o
n
g
et

al
.

(1
9
9
8
)

E
n
d
o
to
x
in

R
at

R
at

L
ai

et
al
.
(2
0
0
5
),
R
u
an

et
al
.
(2
0
0
5
)

R
A
R
s
ra
p
id
ly

ad
ap
ti
n
g
re
ce
p
to
rs

Sensory Nerves and Airway Irritability 161



resulting in heightened sensitivity of the lungs to these indirect-acting stimuli.

Furthermore, one cannot view BHR as a nonspecific phenomenon, that is to say,

that asthmatics are hyperresponsive to all stimuli, but rather it is increasingly

apparent that BHR is more heterogeneous than is widely appreciated (O’Connor

et al. 1999) and sensory nerves might be a common pathway through which BHR is

manifested in respiratory diseases such as asthma.

6.3 TRPV1 and Bronchial Hyperresponsiveness

Transient receptor potential (TRP) channels are protein sensors for the perception

of pain, taste, hearing, and smell and comprise at least six subfamilies (Nilius et al.

2007). One member of this superfamily (TRPV1) is predominantly localized to

small-diameter afferent neurons in dorsal and vagal sensory ganglia (Szallasi and

Blumberg 1999) and activation by capsaicin gives rise to feelings of warmth, heat,

and pain. The cloning and expression of TRPV1 has increased our understanding

of the role of this protein in neurogenic pain, but also with migraine, cough, irritable

bladder disease, and gastrointestinal inflammation (Cortright et al. 2007; Geppetti

and Trevisani 2004; Jia and Lee 2007; Kollarik et al. 2007; Liddle 2007; Ma and

Quirion 2007; Okajima and Harada 2006; Storr 2007). The role of these proteins in

contributing to BHR has been investigated in a number of experimental models. It

has long been recognized that capsaicin selectively activates a subpopulation of

afferent nerves, the neuropeptide containing C-fibers. However, it is now well

established that capsaicin may also target a subset of airway Ad-fibers whose cell

nuclei reside within the jugular but not nodose ganglion (Myers et al. 2002). The

activation of both of these nerve types can lead to a number of physiological

changes within the airways, including reflex bronchoconstriction, release of sensory

neuropeptides, edema, cough, and submucosal gland secretion (De Swert and Joos

2006).

Chronic treatment with capsaicin in various animal species leads to an impairment

of somatosensory function as a consequence of depletion of sensory neuropeptide

content, downregulation of TRPV1 receptor expression, and/or destruction and loss

of sensory nerves (Watanabe et al. 2005, 2006). A consequence of chronic treatment

with capsaicin upon neural function in the lung is an attenuation of BHR induced by

a range of stimuli (Table 2). Thus, BHR induced by exposing nonallergic animals to

lipid mediators, including platelet-activating factor and 15-hydroperoxyeicosate-

traenoic acid, is attenuated. A similar observation was noted when BHR was

elicited following exposure of nonallergic animals to lipopolysaccharide, ozone,

citric acid, parainfluenza-3 virus, and poly(l-lysine) or exposure of allergic animals

to inhaled antigens (Table 2). It has been concluded that the peripheral release of

sensory neuropeptides per se was responsible for inducing BHR because depletion

of sensory neuropeptides within the airways was a natural consequence of chronic

treatment with capsaicin. Indeed a variety of animal experimental data have

provided a wealth of information concerning the potential role of tachykinins
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such as substance P, neurokinin A, and CGRP in altering both resident lung and

inflammatory cells, thereby perpetuating the inflammatory process in the lung and

contributing to this process and inducing BHR (De Swert and Joos 2006).

It is therefore surprising that neurokinin antagonists have thus far proved

disappointing in clinical trials in asthma (De Swert and Joos 2006). However,

the rationale for the development of tachykinin antagonists was based on the

assumption that local release of tachykinins from C-fibers was sufficient to perpet-

uate the inflammatory response. One can only conclude that other mediators

released within the airways contribute to the inflammatory process, or the possibili-

ty that capsaicin is selective for C-fiber afferents in the airways needs to be revised

since TRPV1 may also be localized to non-C-fiber afferents, or is not necessarily

colocalized with sensory neuropeptides (Guo et al. 1999; Myers et al. 2002;

Tominaga et al. 1998; Watanabe et al. 2005, 2006), and, therefore, sensory-neuro-

peptide-independent mechanisms may also operate in the lung. Furthermore, most

studies showing an importance for tachykinins in mediating BHR stem from studies

conducted in the guinea pig, an animal rich in sensory neuropeptide innervation in

the lung. In contrast, the rabbit is relatively resistant to the neuropeptide-depleting

effects of capsaicin despite the inhibition of BHR induced by nonimmunological

and immunological methods (Herd et al. 1995; Riccio et al. 1997)and, therefore,

mechanisms other than neuropeptide depletion must account for this phenomenon,

and the peripheral release of sensory neuropeptides is not obligatory for the

development of BHR. This may be one reason why, thus far, selective neurokinin

antagonists have proved disappointing in the treatment of asthma (Spina and Page

2002).

Studies using capsaicin have shown that the functional effect of neuropeptides

on airway smooth muscle is species-dependent. Rabbit, monkey, and human

airways contract weakly on exposure to capsaicin in vitro (Ellis et al. 1997;

Spina et al. 1998), whereas guinea-pig airways are very sensitive (Grundstrom

et al. 1981). These variable functional effects are superficially consistent with the

differential localization of substance P and CGRP in the airways across species, as

the occurrence of these neuropeptide-containing nerves in human and rabbit tends

to be sparse (Hislop et al. 1990; Howarth et al. 1995; Laitinen et al. 1983; Lundberg

et al. 1984), whereas neuropeptides are found widely throughout the airways of

guinea pigs (Hua et al. 1985; Nohr and Weihe 1991; Saria et al. 1985).

Hyperalgesia induced by chemical and thermal stimuli is suppressed in TRPV1

knockout mice, suggesting that this protein is an important transducer of pain

(Gunthorpe et al. 2002; Julius and Basbaum 2001). It is therefore of interest that

chronic treatment with capsaicin in humans can lead to a suppression of allodynia

and hyperalgesia induced by intradermal injection of capsaicin (Davis et al. 1995)

and when applied topically to the nose, capsaicin reduces nasal hyperresponsive-

ness in allergic rhinitis patients (Sanico et al. 1999). A loss in TRPV1 signaling

might help explain the loss in BHR observed in various experimental animal

models (Spina and Page 2002).

Sensory Nerves and Airway Irritability 165



6.4 TRPV1 Antagonist and Knockout Studies

If the activation of TRPV1 is important for the sensitization of primary afferent

nerves in the lung, then it would seem reasonable to suggest that pharmacological

antagonism of this protein might reduce BHR. Unfortunately, very few studies have

specifically addressed this question in the context of BHR. In one study, BHR was

induced in the guinea pig by acute challenge with platelet-activating factor, which

was inhibited following pretreatment with ruthenium red, a nonselective TRP chan-

nel blocker (Perretti and Manzini 1993). Studies using TRPV1 antagonists may

require an additional control to rule out any possible bronchorelaxant capabilities

that may confound any potential effect on BHR (Skogvall et al. 2007).

The effect of TRPV1 antagonists on cellular recruitment has been investigated in

a number of inflammatory models. The TRPV1 antagonist N-(4-chlorobenzyl)-N0-
(4-hydroxy-3-iodo-5-methoxybenzyl) thiourea had no effect on neutrophil recruit-

ment induced by injection of complete Freund’s adjuvant into the hindpaw of mice

(Tang et al. 2007). In contrast, capsazepine inhibited neutrophil recruitment to the

lung induced by systemic administration of hydrogen sulfide donor (Bhatia et al.

2006) and inhibited neutrophil recruitment in a model of colitis (Kihara et al. 2003)

and pancreatitis (Hutter et al. 2005). Differences in the severity of the inflammatory

models utilized in these studies may account for the lack of general consensus

concerning the role of TRPV1 in inflammatory cell recruitment; however, as

indicated earlier, the findings of most chemical ablation studies using chronic

treatment with capsaicin are consistent with the peripheral involvement of sensory

neuropeptides in neutrophil recruitment to sites of inflammation (Table 2).

There has also been a paucity of studies utilizing TRPV1 gene deficient mice to

study the role of this protein in BHR and inflammation. In one study, BHR in

response to lipopolysaccharide challenge was significantly augmented in TRPV1

knockout mice, and highlighted the existence of an anti-inflammatory substance

(e.g., somatostatin) released from TRPV1-positive cells, which could act in a

negative-feedback mechanism to limit the inflammatory response (Helyes et al.

2007). However, these data are not consistent with those form chemical ablation

studies showing that BHR to lipopolysaccharide is inhibited in the guinea pig

(Jarreau et al. 1994). This discrepancy may be due to the two different methods

employed to ‘‘impair’’ TRPV1 signaling. It could be envisaged that sensory nerves

would be bombarded by multiple signals by a plethora of mediators released

following the initial insult, resulting in the activation of various receptor proteins

(e.g., bradykinin and NGF receptor, other TRPs) on primary afferent terminals.

These signals would be processed at the level of the nTS, but would also require the

activation of TRPV1 for a facilitated response (i.e., gain in function). However, the

interpretation of these signals by the nTS would be lost following chemical ablation

with capsaicin, owing to destruction of the peripheral terminations of C-fibers in the

airway, but these would be retained in TRPV1 knockout mice with an intact afferent

nervous system and therefore would still able to signal to the nTS. Alternatively,

compensatory mechanisms during the development of TRPV1 knockout mice
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might account for this anomaly. The implication is that impairment of sensory

nerve function (e.g., via TRPV1 desensitization) may be required instead of TRPV1

antagonism to completely suppress BHR.

In terms of the inflammatory response, it appears that neutrophil recruitment in

joint inflammation was either unaffected (Keeble et al. 2005) or augmented during

inflammatory insults to the lung (Helyes et al. 2007) and gastrointestinal tract

(Massa et al. 2006). Similarly, the amounts of TNF-a released within the extracel-

lular space at sites of inflammation were either increased (Clark et al. 2007) or

unaffected (Keeble et al. 2005) by gene deletion of TRPV1 in different inflamma-

tory models. Hence, these murine models have been inconclusive concerning the role

of TRPV1 in mediating BHR and/or inflammation. The observation that activation of

TRPV1 may stimulate the release of an anti-inflammatory substance in the mouse

also makes it difficult to elucidate the role of TRPV1 in BHR and inflammation in this

species (Helyes et al. 2007).

7 Conclusions

Airway sensory nerves play an essential role in regulating airway and lung defen-

sive and homeostatic reflexes. The afferent nerve subtypes regulating these reflexes

have unique physiological and pharmacological attributes that are amenable to

selective therapeutic interventions. There is extensive evidence to suggest that

airway sensory nerves are dysregulated in disease. Therapeutic strategies that target

the excitability of airway sensory nerves at their central and peripheral terminations

may provide symptom relief in conditions such as cough, asthma, and COPD.
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Abstract The heart at the time of Sir William Harvey originally was thought to be

an insensate organ. Today, however, we know that this organ is innervated by

sensory nerves that course centrally though mixed nerve pathways that also contain

parasympathetic or sympathetic motor nerves. Angina or cardiac pain is now well

recognized as a pressure-like pain that occurs during myocardial ischemia when

coronary artery blood flow is interrupted. Sympathetic (or spinal) afferent fibers
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that are either finely myelinated or unmyelinated are responsible for the transmis-

sion of information to the brain that ultimately allows the perception of angina as

well as activation of the sympathetic nervous system, resulting in tachycardia,

hypertension, and sometimes arrhythmias. Although early studies defined the

importance of the vagal and sympathetic cardiac afferent systems in reflex auto-

nomic control, until recently there has been little appreciation of the mechanisms of

activation of the sensory endings. This review examines the role of a number of

chemical mediators and their sources that are activated by the ischemic process.

In this regard, patients with ischemic syndromes, particularly myocardial infarction

and unstable angina, are known to have platelet activation, which leads to release of

a number of chemical mediators, including serotonin, histamine, and thromboxane

A2, all of which stimulate ischemically sensitive cardiac spinal afferent endings in

the ventricles through specific receptor-mediated processes. Furthermore, protons

from lactic acid, bradykinin, and reactive oxygen species, especially hydroxyl

radicals, individually and frequently in combination, stimulate these endings during

ischemia. Cyclooxygenase products appear to sensitize the endings to the action of

bradykinin and histamine. These studies of the chemical mechanisms of activation

of cardiac sympathetic afferent endings during ischemia have the potential to

provide targeted therapies that can modify the angina and the deleterious reflex

responses that have the potential to exacerbate ischemia and myocardial cell death.

Keywords Sympathetic nervous system, Cardiac spinal afferent, Myocardial

ischemia, Ischemic mediator, Nociceptor

1 Introduction

Heart disease is rapidly becoming the single most important cause of death world-

wide. Coronary artery disease is the major form of heart disease underlying the high

morbidity and mortality. Coronary atherosclerosis, or what we now call ‘‘athero-

thrombosis,’’ is now not only prevalent in developed countries but has eclipsed

infections and injuries in developing nations. The rise in atherosclerotic heart

disease is due mainly to the increase in risk factors that promote development of

the atherosclerotic plaque, including hypertension, obesity, diabetes, hyperlipid-

emia, and physical inactivity. Plaques in the coronary vasculature can physically

limit flow, particularly during times of increased myocardial oxygen demand,

resulting in an imbalance between oxygen demand and supply and hence myocar-

dial ischemia. This so-called demand-induced ischemia quickly reduces myocardial

function and is perceived by the symptom we call ‘‘angina’’ or ‘‘cardiac chest pain.’’

Acute myocardial infarction or heart attacks generally are associated with plaque

rupture and local thrombus formation because the contents of the plaque activate

platelets (Stormorken 1986; Flores and Sheridan 1994). Mortality during infarction

is directly dependent on a number of factors, including the extent of myocardial
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necrosis, the resulting pump dysfunction, and both ventricular and supraventricular

arrhythmias, all of which lower cardiac output and blood pressure. Infarction is

associated with prolonged ischemia and hence angina as well as with both excitatory

and inhibitory reflex responses that originate from activation of cardiac sensory

neural pathways. We have been interested in mechanisms, particularly chemical

events, associated with activation of cardiac sensory neural endings that ultimately

produce angina and reflex responses associated with myocardial ischemia, since

this knowledge may allow better treatment of this common and very serious

condition. We have employed a combination of whole animal reflex, electrophysi-

ological, and pharmacological methods in experimental preparations to investigate

mechanisms of activation of cardiac ischemically sensitive afferents.

2 The Responses of Myocardial Reflex During Ischemia

Two distinctly separate sensory pathways innervate the myocardium, including those

that travel side by side with vagal preganglionic motor nerves and those that travel

with sympathetic or spinal efferents. Thus, the somewhat confusing terms ‘‘vagal

afferents’’ and ‘‘sympathetic (spinal) afferents’’ have been applied to describe anato-

mically these two sets of pathways that provide information from the heart to the

central nervous system. It is useful to distinguish between these two types of afferents

since, when stimulated, they elicit quite separate physiological responses. On one

hand, when stimulated, vagal afferents cause a large decrease in heart rate and blood

pressure, while, on the other hand, sympathetic afferent stimulation increases heart

rate and blood pressure and pretty much is the sole pathway responsible for the

sensation of angina (Longhurst 1984; White 1957). Furthermore, cardiac vagal

afferent stimulation causes bradyarrhythmias, while sympathetic afferent stimula-

tion leads to tachyarrhythmias. A number of studies highlight the roles of both

finely myelinated Ad and unmyelinated C-fibers in transmission of inhibitory

cardiovascular reflex responses during stimulation of cardiac atrial and ventricular

vagal endings (Baker et al. 1980; Thoren 1973, 1976; Oberg and Thoren 1973;

Kappagoda et al. 1977, 1979; Paintal 1973). However, there has been little study of

cardiac sympathetic afferents (Malliani et al. 1981). Furthermore, there has been

very little investigation of the mechanisms of activation of cardiac sympathetic

afferent ending during myocardial ischemia. Since this system is so relevant to

angina, the predominate warning sign for patients experiencing myocardial ische-

mia and infarction as well as the associated reflexes, including reflexes that can

exacerbate the extent of ischemia and infarction and because of the attendant

potentially lethal arrhythmias, we have been studying this area over the last decade.

This review concentrates strictly on studies from our laboratory, not to minimize

any of the prior elegant work in this area but because we wish to focus the

discussion. Review of the original articles provides abundant evidence that much

of the foundation for our work has been carried out in pioneering laboratories over

the last 30 years. Our studies were conducted in a model of brief myocardial

ischemia in which ischemia was induced by complete occlusion of an appropriate

Regulation of Cardiac Afferent Excitability in Ischemia 187



branch of the coronary artery supplying the regional receptive field of the cardiac

afferent nerve fiber endings in cats (Fu and Longhurst 2002a; Huang et al.1995a).

3 Chemical Mediators in Activation of Cardiac

Spinal Afferent

3.1 Protons

Protons, derived from lactic acid, CO2, or abnormal fatty acid metabolism during

local ischemia, have been shown to be capable of stimulating visceral afferents,

including pulmonary vagal afferents and abdominal sympathetic afferent nerve

endings (Hong et al. 1997; Stahl and Longhurst 1992). Protons also can evoke a

somatic-cardiovascular reflex through activation of group III and IV afferent nerve

endings in muscle (Rotto et al. 1989). In a rat-skin-saphenous nerve preparation,

protons, derived from either lactic acid or CO2, selectively stimulated polymodal

cutaneous C-fiber rather than Ad-fiber afferents (Steen et al. 1995). However, in

studies of ischemically sensitive abdominal visceral sympathetic afferents in cats,

we have observed that Ad- and C-fiber afferents respond to administration of lactic

acid but not to hypercapnia, despite the smaller changes in local tissue pH caused by

lactic acid compared with hypercapnia (Stahl and Longhurst 1992). Likewise, it has

been found that hypercapnia does not activate cardiac vagal chemoreceptors (Mark et al.

1974). Furthermore, a number of studies have documented that, during myocardial

ischemia, protons are produced mainly from the acid products of glycolysis that are

associated with the production of lactic acid and abnormal fatty acid metabolism

(Opie et al. 1973; Poole-Wilson 1978). Finally, investigators previously have

shown that exogenous lactic acid stimulates cardiac sympathetic afferents, includ-

ing both myelinated and unmyelinated fibers (Uchida and Murao 1975; Pal et al.

1989). We therefore postulated that protons produced during myocardial ischemia

might be important mediators in activation of ischemically sensitive cardiac

sympathetic afferents.

We examined the effect of ischemia-induced alterations of epicardial pH on the

activity of cardiac afferents in the absence and the presence of isotonic neutral

phosphate buffer. We also evaluated the responses of these afferents to hypercap-

nia, acidic phosphate buffer, lactic acid, and sodium lactate since they are major

sources of protons during myocardial ischemia (Poole-Wilson 1978; Stahl and

Longhurst 1992). We continuously measured epicardial pH with a pH-sensitive

needle electrode (0.9-mm outer diameter) because cardiac sympathetic afferent

nerve endings generally are located near the epicardial surface (Baker et al.

1980). We found that epicardial pH decreased progressively during brief (5-min)

ischemia, topical application of acidic phosphate buffer, lactic acid, or exposure to a

hypercapnic gas mixture. Lactic acid, but not sodium lactate, stimulated cardiac

sympathetic afferents to a greater extent than acidic phosphate buffer solution.

Conversely, inhalation of a high CO2 gas concentration failed to activate these

afferents, despite similar or greater pH changes in the epicardial region. Compared
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with ischemically sensitive afferents, only 19% of ischemically insensitive affer-

ents responded to epicardial application of lactic acid. Moreover, the neutral

phosphate buffer, which reduced tissue acidosis in the epicardial layer of the

ischemic region, attenuated the response of these afferents to brief myocardial

ischemia (Fig. 1). These results suggest that endogenous protons, derived from

lactic acid but not as a result of hypercapnia, contribute to activation or sensitization

of cardiac sympathetic afferents during myocardial ischemia (Pan et al. 1999).

Protons likely directly stimulate cardiac sympathetic afferent nerve endings by

opening two different classes of cation channels, namely, the acid-sensing ion

channels (ASIC) and transient receptor potential vanilloid receptors 1 (TRPV1),

members of the vanilloid-receptor-like transient receptor potential channel family

(Immke and McCleskey 2003; Jordt et al. 2000). Both ASIC and TRPV1 are

enriched in cardiac spinal afferent nerves and have the capability of generating a

sustained current that triggers sensory nerve action potential (Immke and McCleskey

Fig. 1 Bar graphs displaying the responses of cardiac afferents to repeated 5 min of ischemia

before and after treatment with isotonic neutral phosphate buffer (a, n = 16) or saline (b, n = 14).

Columns and brackets are means � the standard error of the mean (SEM). *p < 0.05 compared

with the respective preischemia control. **p < 0.05 compared with the initial afferent response to

ischemia (Pan et al. 1999)
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2003; Jordt et al. 2000). Proton generation might also lead to the production of other

mediators, such as bradykinin, since an acidic environment favors activation of

kallikrein, the enzyme responsible for production of bradykinin (Stahl and Long-

hurst 1992). The role of bradykinin as a mediator of proton-induced cardiac afferent

activation during ischemia requires further study.

3.2 Bradykinin and BK2 Receptors

Bradykinin was first demonstrated to induce pain perception in humans when it was

applied to an exposed blister base in volunteers (Armstrong et al. 1951). Since then,

the role of bradykinin, as a mediator of pain and inflammation, has been extensively

investigated (Rupniak et al. 2000; Couture et al. 2001). More recently, there has

been interest in exploring the importance of bradykinin in excitation of cardiac

afferents, particularly sympathetic afferents and the associated cardiac pain (Baker

et al. 1980). In this respect, an increase in bradykinin concentration in coronary

sinus blood was observed within 2 min of cardiac ischemia created by occlusion of

the anterior descending left coronary artery (Hashimoto et al. 1977). Similarly, an

increase in the concentration of bradykinin in the coronary sinus was detected

within 2–5 min of occluding the left anterior descending coronary artery in dogs

(Kimura et al. 1973). We have observed that bradykinin, in part, is responsible for

stimulation of abdominal visceral afferents during ischemia (Lew and Longhurst

1986; Pan et al. 1994). Furthermore, exogenous bradykinin has been shown to

stimulate cardiac afferent nerve endings (Nishi et al. 1977; Nerdrum et al. 1986;

Kaufman et al. 1980; Baker et al. 1980) as well as sensory endings in skeletal

muscle during muscle contraction (Kaufman et al. 1982; Stebbins and Longhurst

1985, 1986). Finally, in a study in humans undergoing cardiac catheterization

(Schaefer et al. 1996), we demonstrated that administration of exogenous bradyki-

nin into the coronary artery causes arterial hypotension and atypical (non-angina-

like) chest pain in patients with or without coronary artery disease.

Bradykinin binds to two receptor subtypes: BK1 and BK2 receptors. Through

activation of both receptors, this peptide stimulates a large number of cell types,

including fibroblasts, endothelial cells, macrophages, kidney cells, and neurons

(Bhoola et al. 1992). Moreover, activating cardiac sympathetic afferents evokes

excitatory cardiovascular reflex responses such as tachycardia and hypertension

(Uchida and Murao 1974; Baker et al. 1980; Staszewka-Barczak et al. 1976), which

are either abolished or attenuated by a BK2 receptor antagonist (Staszewska-

Woolley and Woolley 1989). As such, we have investigated the possibility that

endogenous bradykinin contributes to activation of cardiac sympathetic afferents

during myocardial ischemia through a BK2 receptor mechanism.

We first measured the responses of cardiac sympathetic afferents to exogenous

bradykinin. Injection of bradykinin into the left atrium stimulated ischemically

sensitive as well as ischemia-insensitive cardiac afferents, indicating that this

peptide, in contrast to our observations with 5-hydroxytryptamine (5-HT; seroto-

nin), is a less specific stimulus in cats (Fu and Longhurst 2002a). Because it lacks
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specificity for ischemically sensitive afferents and because it causes atypical chest

pain in patients with coronary artery disease, it is unclear if bradykinin is responsi-

ble for cardiac pain (i.e., angina pectoris) during myocardial ischemia. However, it

is clear that this peptide is capable of stimulating cardiac C-fibers in spinal path-

ways that could contribute to the overall afferent response as part of a group of

chemicals released during ischemia.

To study the role of bradykinin during ischemia, we evaluated the responses of

cardiac sympathetic afferents to endogenously produced bradykinin as well as the

associated subtype receptor mechanism. Sufficient ischemia to induce a rise in

bradykinin concentration that could potentially stimulate cardiac sympathetic affer-

ents was achieved by occluding a branch of the coronary arterial system for 5 min.

We observed a significant increase in discharge activity of single-unit afferents

innervating this region during the initial period of ischemia. After blockade of BK2

receptor with HOE140 and NPC-17731, two selective BK2 receptor antagonists, the

ischemia-induced increase in the activity of these afferents was significantly atte-

nuated (Fig. 2) (Tjen-A-Looi et al. 1998). Conversely, we found that a kinin B1 (or

BK1) receptor agonist, des-Arg9-bradykinin, did not alter discharge activity of

cardiac sympathetic afferents. These electrophysiological data suggest that endog-

enous bradykinin contributes to activation of cardiac afferents during myocardial

ischemia through activation of BK2 receptors.

3.3 Platelets and Glycoprotein IIb-IIIa Receptors

Thrombocytes (platelets) contain at least three distinct types of storage granules:

dense granules, a-granules, and lysosomal vesicles. Dense granules contain mostly

small molecules and ions, including adenosine 50-triphosphate (ATP) and adenosine

Fig. 2 Nerve activity of an ischemically sensitive cardiac C-fiber afferent during myocardial

ischemia. (a, b) Afferent activity before and after treatment with HOE140, a kinin B2 receptor

antagonist, respectively. Neurograms 1–4 display discharge activity of the afferent at the times

indicated in the histograms. These data demonstrate that isotonic neutral phosphate buffer attenu-

ates the response of cardiac afferents to ischemia (Tjen-A-Looi et al. 1998)
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50-diphosphate (ADP), 5-HT, histamine, calcium, inorganic diphosphate, and inor-

ganic phosphate (Stormorken 1986; Meyers et al. 1982). The aa-granules and

lysosomal vesicles primarily contain macromolecular substances, including pro-

teins, glycoproteins, proteoglycans, and a number of different acid hydrolytic

enzymes (Rao 1993). Platelets normally circulate freely in the bloodstream as

small, anucleate, disk-shaped cells, but are easily activated upon interaction with

cell matrix components such as collagen, fibronectin, laminin, and von Willebrand

factor, as well as with thrombin, ADP, and epinephrine. Pathophysiologically, this

occurs with vascular injury during rupture of an atherosclerotic plaque that leads to

myocardial ischemia and infarction as well as platelet activation (Stormorken

1986). Clinical studies have shown that platelet activation occurs in patients with

spontaneous or unstable angina or during myocardial infarction (Flores et al. 1994;

Fitzgerald 1991; Grande et al. 1990).

Upon activation, platelets release the contents of granules. 5-HT and histamine,

two mediators released from activated platelets, stimulate ischemically sensitive

abdominal visceral afferents (Fu et al. 1997; Fu and Longhurst 1998). Other

platelet-derived mediators, including prostaglandins and other cyclooxygenase

products, also can stimulate or sensitize cardiac sympathetic and vagal afferents

(Ustinova and Schultz 1994; Nerdrum et al. 1986; Tjen-A-Looi et al. 1998).

Intradermal injection of human platelets induces a distinct pain sensation in humans

(Schmelz et al. 1997; Blunk et al. 1999). Furthermore, application of activated

human platelet solutions to an ex vivo skin-nerve preparation of rats excites

cutaneous nociceptors (Ringkamp et al. 1994). Thus, we hypothesized that acti-

vated platelets would be capable of exciting cardiac spinal afferents responsible for

angina and sympathoexcitatory reflexes.

To test this hypothesis, we recorded the responses of ischemically sensitive

cardiac sympathetic afferents to the presence of activated platelets. Ischemia-

sensitive afferent nerve endings were identified on the anterior and posterior

ventricles (Fig. 3). Platelets in enriched plasma were activated by either collagen

or thrombin, since both function as strong platelet activators. Thrombin activates

platelets without a measurable increase in cytoplasmic Ca2+ of platelets, whereas

collagen activates platelets by increasing cytoplasmic Ca2+ (Holmsen 1985). Left

atrial injection of platelets activated by collagen or thrombin increased discharge

activity of ischemically sensitive afferents (Fu and Longhurst 2002b). Conversely,

enriched plasma containing nonactivated platelets and platelet-poor plasma plus

collagen or thrombin did not alter afferent activity (Fig. 4). These observations are

reinforced by results of studies that have observed enhanced cutaneous C-fiber

activity following application of platelets activated by ADP (Ringkamp et al. 1994).

Similarly, intravenous injection of platelet-rich solutions induces burning pain and

protracted hyperalgesia in humans (Schmelz et al. 1997). Finally, we have shown

that depletion of circulating platelets with a polyclonal antibody attenuates the

response of cardiac spinal afferents during myocardial ischemia (Fu and Longhurst

2002b). These findings are consistent with the demonstration that depletion of

circulating platelets with anti-platelet antibody abolishes the reflex pulmonary pres-

sor and systemic depressor responses following intravenous injection of autologous
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bone marrow (Leanos et al. 1995). Taken together, these data suggest that activated

platelets are capable of stimulating ischemically sensitive cardiac sympathetic

afferents.

To further evaluate the role of activated platelets in stimulating cardiac spinal

afferents during myocardial ischemia, we employed an inhibitor of platelet glyco-

protein IIb-IIIa receptors. Platelet glycoprotein IIb-IIIa receptors located on plasma

membranes of platelets are the final common pathway leading to platelet activation.

The glycoprotein IIb-IIIa receptor, or aIIbb3 (integrin nomenclature), is expressed

only in megakaryocytes and platelets and thus is uniquely adapted to its role in

platelet physiological function. The density of glycoprotein IIb-IIIa receptors on the

surface of platelets is extraordinary (approximately 80,000 copies per platelet) and

there is an additional internal pool of glycoprotein IIb-IIIa receptors in a-granules.
Vessel damage, adhesion, and shear forces initiate signals that transform glycopro-

tein IIb-IIIa receptor into a high-affinity state that binds plasma-borne adhesive

proteins such as fibrinogen and von Willebrand factor. This binding reaction leads

to platelet aggregation irrespective of any of the agonists that stimulate platelets or

of the stimulus-response-coupling pathway (Lefkovits et al. 1995; Coller 1997).

Highly specific competitive inhibitors of platelet glycoprotein IIb-IIIa receptors,

including abciximab, eptifibatide, tirofiban, lamifibn, and fradafiban, are available.

These inhibitors combine with the resting and active forms of platelet glycoprotein

IIb-IIIa receptors and therefore bind to nonstimulated and stimulated platelets to

completely inhibit platelet activation during stimulation by any of a number of platelet

activators, includingADP, thrombin, collagen, and thromboxaneA2 (TxA2), as shown

in several animal models (Lefkovits et al. 1995; Coller 1997; Hiramatsu et al.

Fig. 3 Location of epicardial receptive fields of ischemically sensitive cardiac afferent

nerve endings on the surface of left ventricle. Symbols indicate receptive fields of cardiac afferents
(n = 41) (Fu and Longhurst 2002b)
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1997). Clinical trials of glycoprotein IIb-IIIa antagonists have shown a high degree

of inhibition of platelets leading to a significant reduction in the number of ischemic

events in patients with myocardial infarction and unstable angina (Hiramatsu et al.

1997; Phillips and Scarborough 1997; Lincoff et al. 2000). We employed tirofiban

to prevent ischemia-induced platelet activation while recording single-unit sensory

nerve activity in the sympathetic chain or rami communicates of cats. Blockade of

platelet glycoprotein IIb-IIIa receptors with tirofiban attenuated the response of

cardiac afferents to brief myocardial ischemia, confirming that platelet glycoprotein

IIb-IIIa receptors and activated platelets play an important role in ischemia-

mediated excitation of cardiac sympathetic afferents during ischemia (Fig. 5).

3.4 5-Hydroxytryptamine and 5-HT3 Receptors

5-HT is an important biogenic amine that functions as an excitatory neurotransmit-

ter and as a neuromodulator. Its role in inflammation and nociception has been the

Fig. 4 Neurograms showing discharge frequencies of an ischemically sensitive cardiac spinal

afferent during myocardial ischemia that increased the baseline activity of the afferent from 0.38 to

2.21 imp s�1. (a, b) Responses of this afferent to application of platelet-poor plasma (PPP) plus

collagen (a) or platelet-rich plasma (PRP) plus collagen (b) injected into the left atrium. (c) Peak

impulse activity of cardiac spinal afferents before (open bar) and after (closed bar) application of

PPP plus collagen, PRP plus saline, and PRP plus collagen (n = 12). Bars represent means� SEM.
#p < 0.05 versus the control (Fu and Longhurst 2002b)
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focus of much interest (Dray 1995; Richardson 1990). Numerous studies have

demonstrated that 5-HT stimulates or sensitizes somatic sensory nerves and gastro-

intestinal afferents involved in hyperalgesia (Sommer 2004), visceral pain, as well

as irritable bowel syndrome (Holzer 2001). Our group and others have shown that

5-HT stimulates visceral sympathetic afferents (Fu and Longhurst 1998; Nishi et al.

1977). The cellular sources of 5-HT with respect to peripheral nerve stimulation

mainly include platelets and mast cells (Anden and Olsson 1967; Lehtosalo et al.

1984). As much as 0.9 mmol of 5-HT can be released from 100 million human

platelets (Meyers et al. 1982). Platelet activators such as collagen induce the release

of 5-HT from rabbit platelets in vitro (Packham et al. 1977; Fujimori et al. 1982;

Packham et al. 1991), while thrombin stimulates the release of 5-HT from humans

and rat platelets (Belville et al. 1979; Verhoeven et al. 1984). Both thrombin and

collagen also activate feline platelets to release 5-HT (Fu and Longhurst 2002a, b).

Because our previous investigations have documented that application of a suspen-

sion of activated platelets can stimulate cardiac spinal afferents (Fu and Longhurst

2002b), it is likely that 5-HT plays an important role in the stimulation of cardiac

spinal sympathetic afferents by activated platelets. In this regard, we have evaluated

the response of ischemically sensitive cardiac sympathetic afferents to platelets

activated with collagen or thrombin before and after administration of tropisetron.

Fig. 5 Histograms displaying summed 5-s nerve activity of seven cardiac afferents during

myocardial ischemia before (a) and after (b) administration of tirofiban. Neurograms 1–4 are

representative tracings of a C-fiber cardiac afferent activity during preischemia (1 and 3) and
ischemia (2 and 4) in the absence (1 and 2) and presence (3 and 4) of tirofiban, a platelet

glycoprotein IIb-IIIa inhibitor. These data indicate that tirofiban attenuated the response of cardiac

afferents to myocardial ischemia (Fu and Longhurst 2002a)
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Blockade of 5-HT3 receptors, in fact, abolishes the responses of these cardiac

afferents to exogenously activated platelets (Fig. 6). Thus, through a 5-HT3 mecha-

nism, activated platelets stimulate cardiac sympathetic afferents that specifically

respond to myocardial ischemia.

In addition to in vitro activation of platelets, myocardial ischemia likely stimu-

lates the endogenous release of 5-HT, which then is available to stimulate cardiac

sympathetic afferents. In support of this hypothesis is the observation that coronary

sinus 5-HT in patients with coronary disease is significantly elevated compared

with that in patients without coronary disease (Van den Berg et al. 1989). Further-

more, brief coronary occlusion during angioplasty increases 5-HT in coronary sinus

blood of patients who have experienced angina (Golino et al. 1994). In addition, the

Fig. 6 (a) Discharge activity of nine cardiac afferents before (open bar) and after ( filled bar)
application of PRP plus collagen. (b) Effect of PRP plus collagen on the mean activity of eight

separate cardiac afferents before and after 5-HT3 blockade with tropisetron. (c) Neurograms

showing responses of an ischemically sensitive cardiac C-fiber afferent to PRP plus collagen

(1.5 ml, left atrium) before (c1) and after (c2) administration of tropisetron. This cardiac afferent

innervated the posterior wall of the left ventricle. Data are presented as the mean � SEM.

*p < 0.05 compared with the control. {p < 0.05 versus before tropisetron administration

(Fu and Longhurst 2002a)
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concentration of 5-HT is increased at the site of coronary arterial stenosis and in

coronary sinus blood during thrombosis-induced coronary artery occlusion (Ashton

et al. 1986; Benedict et al. 1986). We likewise have observed an increase in the

concentration of 5-HT in cardiac venous plasma during brief myocardial ischemia

and in the immediate reperfusion period in cats and that these increases can be

reduced by blockade of the glycoprotein IIb-IIIa receptors with tirofiban.

Exogenous 5-HT excites cardiac sympathetic Ad afferents (Nishi et al. 1977)

and evokes hypertension in anesthetized dogs (Zucker and Cornish 1980). We have

observed that 5-HT stimulates ischemically sensitive abdominal sympathetic affer-

ents (Fu and Longhurst 1998). Although there are at least seven types of 5-HT

receptors that have been described, pharmacological data indicate that at least five

types, including 5-HT1, 5-HT2, 5-HT3, 5-HT4, and 5-HT7 receptors, exist in the

brain, spinal cord, and cells of the peripheral nervous system (Hoyer et al. 1994;

Nandam et al. 2007; Jordan 2005). These receptors are coupled to a ligand-gated

ion channel, intracellular adenyl cyclase, or phospholipase C (PLC) and inositol

triphosphate (Hoyer et al. 1994). Four types of 5-HT receptors appear to be

involved in activation of the sensory nervous system. Early studies demonstrated

that 5-HT produces hyperalgesia through direct stimulation of 5-HT1A receptors on

the primary afferent nerves (Taiwo and Levine 1992). Likewise, activation of

5-HT2 receptors potentiates pain produced by inflammatory mediators (Abbott

et al. 1996) and increases transmission of nociception at the spinal level following

stimulation of somatic C-fiber afferents (Peroutka 1994). Activation of 5-HT4

receptors depolarizes the cervical vagus nerve (Rhodes et al. 1992). Furthermore,

exogenous 5-HT stimulates vagal mucosal chemosensitive afferents through a

5-HT3 receptor mechanism (Grundy et al. 1994). Activation of 5-HT3 receptors

in the heart and lungs also leads to a depressor reflex in conscious rabbits

(Evans et al. 1990). Recordings of single-unit cardiac sympathetic afferents during

ischemia, as well as during exogenous administration of 5-HT, specific 5-HT

receptor agonists, and antagonists have demonstrated that 5-HT stimulates ische-

mically sensitive afferent endings but not those that are insensitive to ischemia

(Fu and Longhurst 2002a). This relative specificity of 5-HT for a specific popula-

tion of cardiac afferents is different from the activity of bradykinin, which, as

noted earlier, has been found to broadly stimulate both ischemically sensitive and

ischemically insensitive cardiac sympathetic afferents (Tjen-A-Looi et al. 1998;

Baker et al. 1980). Similarly phenylbiguanide, a selective 5-HT3 receptor agonist,

activates most (83%) ischemically sensitive cardiac afferents, a-methyl-5-HT, a

selective 5-HT2 receptor agonist, stimulates a minority (33%) of the afferents

tested, but selective 5-HT1 and 5-HT4 receptors agonists do not alter the activity

of any afferents (Fig. 7). In concert with the agonist data, blockade of 5-HT3

receptors with tropisetron completely abolishes the response of these afferents

to exogenous 5-HT (data not shown in Fig. 8) and attenuates their responses

to myocardial ischemia, providing further confirmation that endogenous 5-HT

stimulates cardiac sympathetic afferents through a 5-HT3 receptor mechanism

(Fig. 8).
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3.5 Histamine and H1 Receptors

Histamine has been considered to be a chemical stimulus of cardiac sympathetic

afferent endings during ischemia for over a decade (Meller and Gebhart 1992).

Myocardial ischemia activates platelets and degranulates mast cells, leading to an

increase in histamine concentration in the coronary circulation and myocardial

tissue. In this regard, clinical studies have documented increased histamine in

patients with ischemic heart disease (Kounis and Zavras 1991). Coronary histamine

is elevated shortly before spasm occurs in patients with variant angina (Sakata et al.

1996). Experimental studies likewise have documented that myocardial ischemia

promotes the production and release of histamine in coronary sinus plasma (Flores

and Sheridan 1994; Wolff and Levi 1988). As noted above, coronary histamine

originates from cardiac mast cells (Frangogiannis et al. 1998) and activated plate-

lets (Masini et al. 1998; Nakahodo et al. 1994). Most cardiac mast cells are located

in the outer layer of the adventitia of coronary arteries (Stary 1990). Mast cell

degranulation occurs following plaque rupture and in spastic atherosclerotic coro-

nary segments (Laine et al. 1999). Myocardial ischemia and reperfusion or hypoxia

Fig. 7 Responses of cardiac sympathetic afferent to myocardial ischemia and to stimulation with

5-hydroxytryptamine (5-HT) and specific 5-HT receptor agonists. (a) Discharge activity of this

afferent during myocardial ischemia, which increased nerve activity from 0.67 to 2.73 imp s�1.

(b–f ) Responses of this afferent during injection of 5-HT (b), 5-CT (c), a-methyl-5-HT (d),

phenylbiguanide (e) or SC 53116 (f) into the left atrium. This C-fiber afferent (CV = 0.53 ms�1)

innervated the posterior wall of the left ventricle (Fu and Longhurst 2002a)
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also degranulates cardiac mast cells, leading to the release of histamine (Frango-

giannis et al. 1998; Laine et al. 1999; Masini et al. 1987). Adventitial mast cells are

closely associated with sensory nerve fibers in atherosclerotic coronary arteries

(Laine et al. 2000). Thrombin and collagen as well as myocardial ischemia and

hypoxia activate platelets to release histamine (Fu and Longhurst 2002b; Flores and

Sheridan 1994; Nakahodo et al. 1994; Masini et al. 1998; Saxena et al. 1989).

Histamine stimulates visceral and somatic afferent nerve endings (Fu et al. 1997;

Herbert et al. 2001). In this regard, application of histamine to an isolated rat-

skin-nerve preparation increases discharge activity of polymodal C-fibers (Koppert

et al. 2001). Histamine also stimulates group III and group IV articular afferents

innervating the knee joint of cats (Herbert et al. 2001) as well as ischemically

sensitive abdominal sympathetic afferents (Fu et al. 1997). Also, chest pain in

patients with variant angina is triggered by coronary spasm provoked by histamine

(Kounis and Zavras 1991; Ginsburg et al. 1981). In a recent single-unit cardiac

Fig. 8 Histograms displaying discharge frequency of a cardiac C-fiber afferent during myocardial

ischemia before (a) and after (b) treatment with tropisetron. Neurograms 1–6 are representative

tracings of the afferent at times indicated by arrows above the histogram. These data shows that

5 min of ischemia increased afferent activity from 0.09 to 2.90 imp s�1; while blockade of 5-HT3

with tropisetron attenuated the increase in the discharge activity of this afferent (0.12–1.40

imp s�1) during repeated ischemia. This cardiac afferent innervated the anterior wall of the left

ventricle (Fu and Longhurst 2002a)
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spinal afferent recording study, we found that histamine stimulates both ischemi-

cally sensitive and ischemically insensitive cardiac sympathetic afferents in a dose-

dependent manner (Fig. 9). Thus, like bradykinin, but unlike 5-HT and protons,

histamine is a nonspecific stimulus of afferent endings.

The physiological action of histamine is mediated by several histamine recep-

tors. Four distinct histamine receptor subtypes – H1, H2, H3, and H4 receptors –

have been identified (Hill et al. 1997; Repka-Ramirez 2003). Three types have been

implicated in the regulation of neural function. For example, stimulation of H3

receptors inhibits the release of neuropeptides, including tachykinins and calcitonin

gene-related peptide, from sensory C-fibers innervating the heart and airways

(Imamura et al. 1996; Ichinose and Barnes 1990). Sympathetic nerve endings in

the heart contain H3 receptors that are capable of modulating adrenergic responses

by inhibiting the release of norepinephrine (Imamura et al. 1995). H2 receptors

mediate histamine-induced postsynaptic excitation of submucosal plexus neurons

in guinea pigs (Tokimasa and Akasu 1989). H1 receptor messenger RNA is

expressed in unmyelinated sensory neurons of guinea pigs (Kashiba et al. 1999)

and H1 receptors have been identified in sensory neurons located in the dorsal root

ganglia (DRG) (Ninkovic and Hunt 1985). Furthermore, neurophysiological studies

have shown that application of histamine depolarizes primary afferent fibers in

mammals through an H1 receptor mechanism (Koda et al. 1996).

Stimulation of H1 receptors by histamine activates abdominal sympathetic

afferents during ischemia (Fu et al. 1997) and evokes cardiovascular excitatory

reflex responses (Stebbins et al. 1991). Recently, we observed that ischemically

sensitive cardiac spinal afferents respond to 2-(3-chlorophenyl)histamine, a selec-

tive H1 receptor agonist, but not to selective H2 or H3 receptor agonists. Blockade of

H1 receptors with pyrilamine, a selective H1 receptor antagonist, eliminates cardiac

afferent responses to histamine and significantly reduces the responses of afferents to

myocardial ischemia, suggesting that histamine through an H1 receptor mechanism,

Fig. 9 Bar graphs displaying responses of seven ischemically sensitive cardiac afferents after

injection of various doses of histamine, ranging from 5 to 30 mg kg�1, or the vehicle control (saline)

into the left atrium. Columns and error bars represent means � SEM, respectively. *p < 0.05

compared with the control (Fu et al. 2005)
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but not an H2 or an H3 receptor mechanism, participates in activation of cardiac

spinal afferents during ischemia.

The PLC and protein kinase C (PKC) intracellular pathways play a pivotal role

in signaling of sensory neurons in mammals (Bevan 1996). In fact, PKC underlies

both activation and sensitization of sensory neurons in mammals (Bevan 1996; Guo

et al. 1998). For example, we have shown that PKC contributes to ischemia-

mediated activation of abdominal visceral afferents (Bevan 1996; Guo et al.

1998). Inhibition of PKC with the partial peptide antagonist PKC-(19-36) decreases

C-fiber hyperexcitability and hyperalgesia in diabetic rats (Ahlgren and Levine

1994). More specifically, histamine may stimulate ischemically sensitive cardiac

sympathetic afferents through a PLC–PKC mechanism. In this regard, histamine

activates H1 receptors through a PLC mechanism (Nicolson et al. 2002). We also

have observed that single-unit cardiac sympathetic afferent responses to histamine

are significantly (63%) attenuated by PKC-(19-36), indicating that the PLC–PKC

pathway is involved in histamine-mediated activation of ischemically sensitive

cardiac afferents (Fig. 10).

Fig. 10 (a) Bar graphs showing discharge activity of eight ischemically sensitive cardiac afferents

before and after treatment with PKC-(19-36), a selective protein kinase C inhibitor. (b) Neurograms

illustrating the response of an ischemically sensitive cardiac afferent to injection of histamine

(10 mg kg�1) into the left atrium before (b1–b3) and after (b4–b6) administration of 30 mg kg�1 of

PKC-(19-36). Neurograms b1–b6 display afferent activity before (b1 and b4), during (b2 and b5),
and after (b3 and b6) injection of histamine. This C-fiber afferent (CV = 2.32 ms�1) innervated the

posterior wall of the left ventricle. Columns and error bars represent means � SEM, respectively.

*p < 0.05 compared with the control, {p < 0.05 after PKC-(19-36) administration versus before

PKC-(19-36) administration (Fu et al. 2005)
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3.6 Thromboxane A2 and Thromboxane A2/Prostaglandin
H2 Receptors

TxA2 is also released from activated platelets. This cyclooxygenase product is a

potent vasoconstrictor (Furci et al. 1991) but also appears to have the potential to

stimulate sensory endings during ischemic conditions. Previous studies have docu-

mented that TxA2, which is formed from cyclic endoperoxides by the action of

cyclooxygenase on arachidonic acid, is released from activated platelets during

clinical conditions, including unstable angina and myocardial infarction as well as

during provoked myocardial ischemia in experimental animals (Fitzgerald et al.

1986; Hirsh et al. 1981). For example, large increases in TxA2 coincide with

transient episodes of myocardial ischemia occurring in patients with unstable

angina and during myocardial infarction (Fitzgerald et al. 1986). It has been

demonstrated that TxA2 is increased in coronary venous plasma during spontaneous

and pacing-induced angina in patients with coronary artery disease (Mehta et al.

1984). Transcardiac TxA2 is elevated during ischemia in animals with coronary

artery stenosis (Lewy et al. 1980; Hirsh et al. 1981; Folts 1994; Folts et al. 1976).

Furthermore, TxA2 concentrations are increased in coronary venous plasma drain-

ing the ischemic region as early as 3 min after coronary artery branch occlusion

(Parratt and Cokerm 1981).

Although previous studies have investigated extensively the role of TxA2 in

vascular smooth muscle constriction as well as platelet activation (Arita et al. 1989;

Furci et al. 1991), the role of TxA2 as a mediator of sensory neural activation has

not been studied. Exogenous TxA2 appears to be capable of stimulating hindlimb

group III and group IV somatic afferent nerves (Kenagy et al. 1997). U46619, a

stable TxA2 receptor mimetic, inhibits the knee-jerk reflex through stimulation of

vagal endings in the lung (Pickar 1998). U46619 additionally can evoke tachypnea

and a depressor reflex response including bradycardia and hypotension through

stimulation of the vagus nerve (Carrithers et al. 1994; Wacker et al. 2002) and can

evoke vagally mediated rapid shallow breathing and airway hyperresponsiveness

(Shams and Scheid 1990; Karla et al. 1992; Aizawa and Hirose 1988). Finally,

epicardial application of exogenous TxA2 is capable of stimulating cardiac vagal

chemosensitive afferents in rats (Sun et al. 2001).

TxA2 receptors or TxA2/prostaglandin H2 receptors (called ‘‘TP receptors’’) are

located on platelets and smooth muscle cells (Coleman et al. 1994). Recent inves-

tigations have suggested that TP receptors also exist on neurons and structural

elements in the central and peripheral nervous systems. In this respect, immunohis-

tochemical studies have revealed the presence of TP receptors on oligodendrocytes

and astrocytes associated with myelinated fiber tracts, most notably in the striatum,

spinal cord, and optic tract (Blackman et al. 1998; Borg et al. 1994). Stimulation of

TxA2 receptors in the brain stem of rats by intracerebroventricular injection of

U46619 elevates arterial blood pressure (Gao et al. 1997), suggesting that TP

receptors may be associated with neurons, although indirect effects stemming

from activation of nearby cellular elements such as glia cannot be dismissed.
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With respect to its peripheral neural elements, it was reported that TxA2 receptors

are located on Schwann cells in rat sciatic nerves (Muja et al. 2001). Furthermore,

TP receptor messenger RNA has been detected in nodose ganglion neurons

(Wacker et al. 2005) although the organ(s) innervated specifically by these neurons

have not been identified. These studies led us to speculate that endogenous TxA2

may stimulate cardiac spinal afferents during myocardial ischemia through a direct

action on TP receptors located on cardiac sensory nerves.

To test this hypothesis, we recently recorded single-unit cardiac sympathetic

afferent activity in cats during brief (5-min) myocardial ischemia and found

that U46619 causes significant stimulation. In the same study, we administered

BM13177, a selective TxA2 receptor antagonist, which specifically blocks TxA2

receptors but does not inhibit cyclooxygenase, prostacyclin, or thromboxane

synthases (oude Egbrink et al. 1993; Stegmeier et al. 1984). BM13177 eliminated

the excitatory response to U46619 and more importantly attenuated the responses

of cardiac afferents to myocardial ischemia by 48% (Fig. 11) (Fu et al. 2008b).

Theses data suggest that TxA2 stimulates cardiac sympathetic afferents directly

through activation of TP receptors located on afferent endings, an assumption

Fig. 11 Effect of thromboxane A2 (TxA2) receptor blockade with BM13177 (30 mg kg�1, iv) on

discharge activity of a C-fiber (CV = 0.33 ms�1) cardiac sympathetic afferent during myocardial

ischemia. (a) Initial brief (5 min) myocardial ischemia increased the baseline activity of this

afferent from 1.23 to 4.47 imp s�1. (b) Blockade of TxA2 receptors with BM13177 attenuated the

increase (0.99–2.31 imp s�1) in activity of this afferent during repeated ischemia. Panels 1–4 are

representative tracings showing the discharge activity of the afferent at times indicated by the

arrows above the histograms (Fu et al. 2008b)
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confirmed by immunohistochemical data showing that TP receptors are expressed

in cardiac spinal afferent neurons in DRG. Data showing that vanilloid receptors are

located on both DRG and cardiac spinal sensory nerve endings (Zahner et al. 2003)

and on the nodose ganglia and vagal afferent nerve endings (Patterson et al. 2003)

suggest that receptors found on neuronal cell bodies are also located on nerve

endings. Thus, TxA2, released from activated platelets, stimulates cardiac spinal

sensory nerves and may contribute to reflex activation of the cardiovascular system

during ischemia. The potential for TxA2 to stimulate cardiac sympathoexcitatory

reflexes has been demonstrated in preliminary studies of cats that develop a reflex

pressor response during regional brief ischemia of the anterior cardiac wall

(Fu et al. 2008a). Since BM13177 largely reverses this ischemic reflex, it seems

very likely that TxA2 participates in this cardiogenic response.

TxA2 signals cellular events through a G protein coupled receptor, which, as

noted above, is termed the ‘‘TP receptor.’’ This receptor is coupled primarily to the

Gq-dependent activation of PLC, which, in turn, produces phosphoinositide to

mobilize intracellular Ca2+ and diacylglycerol, which activates PKC (Bevan

1996). Previous data have shown that PKC plays a pivotal role in processes

underlying activation and sensitization of sensory neurons in mammals (Guo

et al. 1998; Bevan 1996). For example, histamine and bradykinin activate sympa-

thetic visceral afferents during ischemia, in part, through a PKC mechanism (Fu

et al. 2005; Guo et al. 1998, 1999). TxA2 also appears to alter neural transmission in

the hippocampus through a PKC mechanism (Hsu and Han 1996). We therefore

hypothesized that TxA2 stimulates ischemically sensitive cardiac sympathetic

afferents through an intracellular PKC signaling pathway. Treatment with PKC-

(19-36) attenuated the responses of cardiac sympathetic afferents to U46619 by

38%. In sum, these data suggest strongly that endogenous TxA2 directly stimulates

cardiac spinal afferents through activation of TP receptors coupled to the PLC–PKC

messaging system (Fu et al. 2008b).

3.7 Reactive Oxygen Species

Reactive oxygen species (ROS) are another source of chemical mediators that may

activate cardiac sympathetic afferents during myocardial ischemia and reperfusion.

Several of these species, including hydrogen peroxide, superoxide radicals, and

hydroxyl radicals, increase in perfused rabbit hearts during myocardial ischemia

and reperfusion (Grill et al. 1992). Furthermore, previous studies have demon-

strated that ROS, produced during mesenteric ischemia, stimulate cardiac vagal

afferents and abdominal visceral afferents to reflexly activate the cardiovascular

system (Stahl et al. 1993; Ustinova and Schultz 1994); Application of H2O2 to

the epicardial surface stimulates vagal afferents to produce reflex vasodepressor

responses, while stimulation of sympathetic afferents causes sympathoexcitatory

reflexes. A small dose-dependent increase in blood pressure occurs when both vagal

and spinal pathways are intact (Fig. 12) (Huang et al. 1995b). Although hydroxyl
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radicals are produced as early as 1 min during ischemia as well as during reperfu-

sion (O’Neill et al. 1996), it is uncertain if ROS are produced in sufficient quantities

to stimulate cardiac sympathetic afferent endings during ischemia and reperfusion.

Using single-unit recording techniques, we have found that epicardial application

of H2O2 significantly stimulated cardiac sympathetic afferents. Dimethylthiourea, a

nonspecific scavenger of ROS (Jackson et al. 1985), significantly attenuates

the responses to H2O2 as well as the responses during ischemia and reperfusion

(Fig. 13). In the presence of iron, O2
�� and H2O2 form

�OH by the Haber–Weiss

reaction (Grisham and Granger 1988). Deferoxamine, which chelates iron and

thereby inhibits the Haber–Weiss reaction, inhibits �OH generation (Halliwell 1989;

Halliwell and Gutteridge 1990). Like dimethylthiourea, deferoxamine inhibits the

Fig. 13 Top panels: Bar graphs showing responses of ten cardiac afferents to topical application

of bradykinin (a), H2O2 (b), and to myocardial ischemia/reperfusion (c) before (�DMTU) and
after (+DMTU) treatment with dimethylthiourea. Discharge activity pattern of these cardiac

afferents during control, ischemia, and reperfusion before and after dimethylthiourea treatment

(d). Bottom panels: Bar graphs displaying nerve activity of seven cardiac afferents during topical

application of bradykinin (a), H2O2 (b), and myocardial ischemia/reperfusion (c) before (�Def )
and after (+Def ) treatment with deferoxamine. Discharge pattern of these cardiac afferents during

control, ischemia, and reperfusion before and after deferoxamine (d). Circles and brackets are

means � SEM. *p < 0.05 versus the control. {p < 0.05 versus before dimethylthiourea treatment

(Huang et al. 1995a)
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increased discharge activity of cardiac sympathetic afferents during ischemia and

reperfusion (Fig. 13). In contrast, under an iron-loaded condition, deferoxamine

does not alter the firing rate of these afferents during ischemia and reperfusion.

These data thus suggest that �OH contributes to activation of cardiac sympathetic

afferents during ischemia and reperfusion (Huang et al. 1995a).

A second study has been conducted to identify the sources of ROS, including

purine metabolites and polymorphonuclear leukocytes (PMNs) (Ferrari 1994).

During ischemia, purine metabolites, hypoxanthine, and xanthine accumulate as a

result of ATP breakdown (Jennings et al. 1981). In the presence of substrates such

as hypoxanthine or xanthine, xanthine oxidase reduces molecular oxygen to O2
��

and H2O2, which can react further to form the very reactive species lOH (Kuppu-

samy and Zweier 1989). Oxypurinol inhibits xanthine oxidase, decreases the

synthesis of ROS such as O2
�� and �OH during anoxia/reoxygenation (Zweier

et al. 1994), and attenuates discharge activity of cardiac sympathetic afferents

during ischemia and reperfusion by 44% (Fig. 14). Furthermore an anti-PMN

polyclonal antibody decreased circulating PMNs by 94% and attenuated the firing

rate of the cardiac afferents during myocardial ischemia and reperfusion by 66%.

Thus, both purine metabolites and PMNs contribute to the production of ROS that

stimulate cardiac sympathetic afferents during myocardial ischemia and reperfusion

(Tjen-A-Looi et al. 2002).

Fig. 14 (a) Histogram displaying group data of eight cardiac afferents yielding consistent

responses during repeated ischemia. (b) Group data of nine cardiac afferents responsive to

ischemia before and after administration of oxypurinol (10 mg kg�1). *p< 0.05 versus the control.
#p < 0.05 versus before oxypurinol administration (Tjen-A-Looi et al. 2002)
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3.8 Adenosine

Adenosine is released from cells whenever there is decline in intracellular ATP. For

instance, the concentration of adenosine increases in the ischemic region during

brief myocardial ischemia (Delyani and Van Wylen 1994). Clinical studies have

shown that intracoronary and intravenous adenosine cause angina-like pain in

humans, likely through activation of adenosine A1 receptors, whereas aminophyl-

line, a nonselective adenosine receptor antagonist, attenuates the severity of chest

pain induced by adenosine (Sylven et al. 1986; Crea et al. 1990, 1992). Some

investigators therefore believe that adenosine is an important chemical mediator

that activates cardiac sympathetic afferents during ischemia.

However, there is conflicting literature regarding the role of adenosine in

stimulation of cardiac spinal afferents. On one hand, previous studies of cardiac-

cardiovascular reflexes as well as direct recordings of cardiac afferents’ activities

suggested that adenosine might stimulate cardiac sympathetic afferents (Dibner-

Dunlap et al. 1993; Cox et al. 1989). For example, intracoronary injection of

adenosine or N6-cyclopentyladenosine, an adenosine A1 receptor agonist, reflexly

increases renal sympathetic efferent activity (Dibner-Dunlap et al. 1993; Cox et al.

1989). Also, adenosine stimulates cardiac sympathetic afferents through activation

of A1 and A2 receptors in dogs and cats (Gnecchi-Ruscone et al. 1995; Huang et al.

1995c). The issue with these studies is the failure to differentiate between the roles

of endogenous and exogenous adenosine. In fact, a number of studies have demon-

strated that endogenous adenosine does not play a role in activation of cardiac

spinal afferents. For example, aminophylline, which blocks adenosine receptors,

does not alter the response of cardiac sympathetic afferents to myocardial ischemia

in cats, although exogenous adenosine is capable of stimulating these afferents

(Gnecchi-Ruscone et al. 1995). Still, other investigators have observed that appli-

cation of adenosine to epicardium does not evoke reflex responses, including

changes in renal efferent nerve activity (Pagani et al. 1985). Likewise, we have

found that even very high concentrations of adenosine and N6-cyclopentyladeno-

sine fail to stimulate ischemically sensitive cardiac afferent nerve endings in cats,

the group of afferents that initiate excitatory cardiovascular reflexes from the heart

during ischemia (Pan and Longhurst 1995). Moreover, blocking adenosine recep-

tors with aminophylline does not attenuate the response of these C-fiber nerve

endings to ischemia (Fig. 15). Similarly, others have observed that adenosine is

unable to stimulate ischemically sensitive cardiac sympathetic afferents in cats

(Abe et al. 1998). And, intracoronary adenosine fails to elicit cardiac pain in

patients (Wilson et al. 1990). Taken together, studies evaluating the influence of

adenosine on cardiac sympathetic afferent activity and symptomatic responses have

led to mixed results. It is possible that differences in the dose of adenosine,

exogenous application versus endogenous release, experimental species, and sub-

groups of afferent fibers have contributed to different results and conclusions. One

firm conclusion, however, based on the data from our group as well as others (Abe

et al. 1998) is that endogenous adenosine at least in some species does not appear to
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be an important contributor to the activation of cardiac sympathetic afferents during

myocardial ischemia in cats.

4 Interactions Between Chemical Mediators

Myocardial ischemia leads to production and virtually simultaneous release of a

number of chemical mediators that, as discussed earlier, stimulate and/or sensitize

sensitive cardiac sympathetic afferents to ischemia. Inhibition of metabolite pro-

duction or receptor blockade limits, but never fully prevents, activation of cardiac

afferents during ischemia (Fu and Longhurst 2002a; Longhurst et al. 2001). We

have concluded therefore that chemical stimulation of these endings during ische-

mia must be multifactorial, with individual mediators acting separately and in

combination to contribute to afferent activation. Because many of the mediators

are released virtually simultaneously within a relatively short period of time after

the onset of ischemia and because our previous studies have shown that some, such

as prostaglandins, sensitize abdominal visceral afferents to ischemia (Guo and

Longhurst 2000), we have recently begun to explore interactions and their underly-

ing mechanisms, particularly those associated with sensitization and desensitiza-

tion, that might occur between various mediators that act individually on cardiac

sympathetic afferent activity during ischemia.

4.1 Prostaglandins and Bradykinin

Prostaglandins are potent bioactive lipid messengers derived from the metabolism

of arachidonic acid through the cyclooxygenase pathway. They were first extracted

from semen, prostate, and seminal vesicles by Goldblatt and von Euler in the 1930s.

It is well known that prostaglandins are hyperalgesic since they sensitize chemical

Fig. 15 Neurograms illustrating the response of a cardiac afferent to 5 min of myocardial

ischemia and reperfusion before (a) and after (b) administration of aminophylline (5 mg kg�1 iv).

This C-fiber (CV = 0.46 ms�1) afferent innervated the posterior wall of the left ventricle (Pan and

Longhurst 1995)

Regulation of Cardiac Afferent Excitability in Ischemia 209



receptors located on primary afferent nerve endings (Ferreira 1972). Sensitization

refers to an increase in the magnitude of a response, sometimes accompanied by an

increase in spontaneous activity and/or a decrease in response threshold (Gebhart

2000). Prostaglandin E2 (PGE2) and prostaglandin I2 (PGI2), for instance, produce

hyperalgesia (Taiwo and Levine 1991). Prostaglandins also sensitize muscle

mechanoreceptors to reflexly increase muscle sympathetic nerve activity in humans

(Rotto et al. 1990; Middlekauff and Chiu 2004). Arachidonic acid metabolism is

enhanced during myocardial ischemia and reperfusion (Hendrickson et al. 1997;

Van der Vusse et al. 1997). Furthermore, the concentrations of plasma prostaglan-

dins, including PGE2, prostaglandin F2a, PGI2, and TxA2, are increased in patients

with unstable angina as well as during acute myocardial infarction (Berger et al.

1977; Hirsh et al. 1981). Our data have shown that prostaglandins augment abdom-

inal sympathetic afferent activity during ischemia and bradykinin stimulation

(Longhurst and Dittman 1987; Longhurst et al. 1991; Pan et al. 1994; Guo and

Longhurst 2000). Although exogenously administered cyclooxygenase products

clearly sensitize cardiac afferents to the action of exogenous bradykinin, the role

of endogenous prostaglandins in sensitizing or stimulating cardiac sympathetic

afferents to chemical stimuli produced during myocardial ischemia has been un-

clear (Nerdrum et al. 1986). We therefore examined the interaction between

prostaglandins and bradykinin in stimulation of cardiac sympathetic afferents

during ischemia. Single-unit activity of cardiac sympathetic afferents was recorded

during myocardial ischemia and bradykinin application before and after treatment

with indomethacin. Cyclooxygenase blockade reduced cardiac sympathetic afferent

responses to ischemia by almost 60%, while in a control group the afferents

consistently responded to repeat ischemia after treatment with vehicle (8.4%

NaHCO3) (Fig. 16). Indomethacin also significantly attenuated the cardiac afferent

responses to bradykinin stimulation. Thus, endogenous prostaglandins sensitize

cardiac sympathetic afferents to the action of bradykinin and perhaps other meta-

bolites produced during myocardial ischemia (Tjen-A-Looi et al. 1998).

Fig. 16 Bar graphs showing that indomethacin reduces responses of six ischemically sensitive

sympathetic cardiac afferents to bradykinin stimulation. Bradykinin (closed bar) increases afferent
responses from the spontaneous baseline (control, open bar) level of afferent activity. Columns
and error bars are means � SEM. {p < 0.05 versus the control, *p < 0.05 versus before

indomethacin administration (Tjen-A-Looi et al. 1998)
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4.2 Bradykinin and Histamine

As noted in earlier sections of this review, both bradykinin and histamine individu-

ally stimulate cardiac sympathetic afferents during myocardial ischemia (Fu et al.

2005; Tjen-A-Looi et al. 1998). Previous studies of sensory nerve activity have

suggested that bradykinin may interact with histamine to stimulate these endings

during vascular occlusion. In this regard, brief myocardial ischemia leads to the

simultaneous release of both bradykinin and histamine (Frangogiannis et al. 1998;

Kimura et al. 1973; Kounis and Zavras 1991). Furthermore, in vitro studies of

somatic and testicular sensory nerve fibers have shown that bradykinin sensitizes

these fibers to thermal and mechanical stimulation, while histamine sensitizes

testicular polymodal afferents to thermal and mechanical stimulation (Koda et al.

1996; Koda and Mizumura 2002). Thus, these two mediators may interact

during ischemia to enhance the degree of activation of cardiac sympathetic afferent

endings.

To test this hypothesis, we examined the possibility that bradykinin potentiates

the response of cardiac spinal afferents to histamine since earlier studies had

suggested that bradykinin can potentiate histamine-evoked reflex bronchospasm

as well as the response of polymodal cutaneous afferents in vitro (Koppert et al.

2001; Mazzone and Canning 2002). Bradykinin also sensitizes rat cutaneous

nociceptive sensory fibers to mechanical stimulation, leading to hyperalgesia for

more than 20 min (Taiwo et al. 1987). Thus, we recorded the responses of

ischemically sensitive cardiac sympathetic afferents to histamine before and after

application of bradykinin. We found that bradykinin augmented the response of

these afferents to histamine by almost 60% and that the duration of this enhance-

ment was 7 min (Fig. 17). These data indicate that bradykinin indeed sensitizes

cardiac spinal afferents to stimulation by histamine (Fu and Longhurst 2005).

We next explored the mechanism underlying the interaction between bradykinin

and histamine on cardiac spinal afferents. We thought that the cyclooxygenase

products might be involved since bradykinin stimulates visceral spinal afferents

originating from the cardiac and abdominal visceral organs, in part through a

cyclooxygenase mechanism (Tjen-A-Looi et al. 1998). Also, bradykinin sensitizes

polymodal somatic C-fiber afferents to thermal stimulation through a prostaglandin

mechanism (Petho et al. 2001). We measured the influence of bradykinin on the

responses of cardiac sympathetic afferents to histamine before and after adminis-

tration of indomethacin, which fully eliminated the bradykinin-related facilitation

of histamine’s action on cardiac spinal afferents. Thus, bradykinin sensitizes

ischemically sensitive afferent responses to histamine though a cyclooxygenase

mechanism (Fig. 18).

Lastly, we explored the possibility that histamine potentiates the cardiac afferent

response to bradykinin, since in vitro studies have shown that histamine sensitizes

testicular polymodal afferents to thermal and mechanical stimulation (Koda et al.

1996; Koda and Mizumura 2002) and in high (pharmacological) concentrations

(100 M) facilitates the response of visceral afferents to bradykinin stimulation
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(Brunsden and Grundy 1999; Mizumura et al. 1995). We recorded the response of

cardiac afferents to bradykinin stimulation before and after application of hista-

mine. However, in contrast to our working hypothesis, we actually found that

histamine reduced the responses of most cardiac spinal afferents to the action of

bradykinin (Fig. 19). This finding is supported by other investigators who have

observed that histamine is capable of suppressing responses of testicular polymodal

afferents and abdominal visceral afferents to bradykinin stimulation (Mizumura

et al. 1995; Stebbins et al. 1992).

Of particular interest was our finding that the result of bradykinin sensitization of

the histamine response and the desensitization of the bradykinin response by

histamine was a net additive response when afferent endings were simultaneously

exposed to both mediators (Fig. 19). This situation is most relevant to the intact

condition during myocardial ischemia, since bradykinin and histamine are released

within the same time period during ischemia (Frangogiannis et al. 1998; Kimura

Fig. 17 (a) Discharge activity of cardiac C-fiber (CV = 0.66 ms�1) spinal afferent during

myocardial ischemia, application of histamine and bradykinin. Ischemia increased the afferent

activity from 0.85 to 2.91 imp s�1 during brief (5-min) myocardial ischemia. (b) Neurohistogram

showing responses of the afferent to histamine (Hist) before (1) and 4 min after (3) bradykinin
(BK, 2) application . Panels c1–c3 contain representative tracings of the discharge activity of

cardiac afferent at times indicated by the arrows above the histograms. This afferent innervated the

posterior wall of the left ventricle (Fu and Longhurst 2005)
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et al. 1973; Kounis and Zavras 1991). The combined action of the two mediators

reflects the individual influences of histamine and bradykinin on each other

(Fig. 20). Taken together, we believe that bradykinin sensitizes ischemically sensi-

tive cardiac spinal afferents to histamine in a time-dependent fashion and that such

sensitization requires an intact cyclooxygenase pathway. In contrast, histamine

reduces the response of most cardiac afferents to bradykinin. However, when cardiac

spinal afferents are exposed to bradykinin and histamine simultaneously, a condition

that occurs normally during ischemia, the afferent response reflects summation of the

individual responses to the two mediators (Fu and Longhurst 2005).

4.3 Thromboxane A2 and Bradykinin

As noted in earlier sections of this review, TxA2 and bradykinin contribute to

activation of cardiac afferents during ischemia. Since both mediators are released

virtually simultaneously during brief myocardial ischemia, there are several

reasons why TxA2 might interact reciprocally with bradykinin in stimulation of

Fig. 18 (a) Bar graphs summarizing the effect of indomethacin (Indo) on histamine response in ten

ischemically sensitive cardiac spinal afferents before and 4 min after administration of bradykinin.

Indomethacin attenuated bradykinin-induced sensitization of this group of afferents to histamine.

(b) Responses of five cardiac afferents to repeated application of histamine before and after

application of bradykinin in the absence of indomethacin. Columns and error bars represent

means � S.E.M. *p < 0.05 compared with the control, #p < 0.05 versus the first application of

histamine. }p < 0.05 versus the second application of histamine (Fu and Longhurst 2005)

Regulation of Cardiac Afferent Excitability in Ischemia 213



ischemically sensitive cardiac afferents (Kimura et al. 1973; Parratt and Cokerm

1981). In this regard, bradykinin stimulates phospholipase A2, which, in turn,

generates arachidonic acid, the principal substrate for the cyclooxygenase pathway

and TxA2 formation (Rang et al. 1991). Once it has formed, TxA2 diffuses out of the

cell and through a TxA2 receptor mechanism linked to the intracellular PKC

pathway this cyclooxygenase product activates cardiac afferents (Fu et al. 2008b).

Fig. 19 (a) Histamine reduces the response of seven cardiac spinal afferents to bradykinin

(1 mg, left atrium). (b) Bar graph showing responses of five other cardiac afferents to repeated

application of bradykinin (1 mg, left atrium). Columns and error bars represents means � SEM.

*p < 0.05 compared with the control. #p < 0.05 versus before histamine application (Fu and

Longhurst 2005)

Fig. 20 Discharge activity of cardiac sympathetic afferents during injection of bradykinin (1 g,

n = 7), histamine (10 g kg�1, n = 9), and bradykinin (1 g) plus histamine (10 g kg�1, n = 16)

administered into the left atrium. Columns and error bars are means � SEM. *p< 0.05 compared

with the control. }p< 0.05 compared with either bradykinin or histamine (Fu and Longhurst 2005)
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Thus, in addition to interactions with histamine and prostaglandins such as PGE2

and PGE1, bradykinin may initiate cyclooxygenase-mediated generation of TxA2

(Nerdrum et al. 1986; Tjen-A-Looi et al. 1998; Fu and Longhurst 2005). The two

chemical stimuli then would be available to activate cardiac sensory endings

through subsequent activation of the individual receptors that both operate through

the PKC messenger system.

In this regard, preliminary investigation has revealed that injection of TxA2 into

the left atrium 4 min after administration of bradykinin increases the cardiac

afferent response to TxA2 by 49% (Fu and Longhurst 2008). Additionally, admin-

istration of TxA2 and bradykinin together causes a summated response that reflects

simple addition of the individual responses. Lastly, blockade of TxA2 receptors

with BM13177 attenuates the cardiac afferent response to bradykinin by 47%.

Thus, bradykinin and TxA2 may reciprocally enhance the responses of ischemically

sensitive cardiac afferent endings to the action of the other mediator.

5 Summary

Myocardial ischemia is a complex process. It is associated with a number of

profound chemical and mechanical changes that have the potential to activate

cardiac afferents. It is clear from our studies and those of others that there is not

just one mechanism but that there are multiple mechanisms of activation of cardiac

sensory nerve endings during and after myocardial ischemia. Typically, myocardial

ischemia is associated with fissuring a rupture of an atherosclerotic plaque, dis-

charge of the plaque into the vascular lumen, platelet activation, and formation of

an occlusive thrombus with a rapid reduction of blood flow distal to the plaque.

Sudden reduction in coronary blood flow causes a rapid shift to anaerobic glycoly-

sis and the production of lactic acid, which releases protons and lowers the pH in the

ischemic region. ATP breakdown leads to the production of adenosine. Phospho-

lipids are released and arachidonic acid is produced, which through the cyclooxy-

genase pathway leads to the formation of a number of prostaglandin products such

as PGE2 and PGI2. Platelet activation is associated with the release of histamine,

5-HT, and TxA2 from platelet granules. Then, during the ischemia and, even more

so, during reperfusion, ROS such as �OH are produced. Some chemical mediators

such as bradykinin or TxA2 are rapidly metabolized, while some such as protons are

buffered and still others such as �OH are very reactive, and therefore are available

to stimulate afferent endings for only a few minutes, seconds, or for even less than a

second. Despite these relatively short half-lives, the sustained production of these

mediators during ischemia can result in sufficiently high concentrations to allow

interaction with specific receptors on afferent endings to depolarize the sensory

axonal pathways. The receptors that underlie changes in the generator potential

include BK2 receptors for bradykinin, H1 receptor for histamine, 5-HT3 receptors

for 5-HT, and the TP receptor for thromboxane. Some mediators, however, such

as adenosine, do not seem to be produced in sufficient quantities to activate
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ischemically sensitive cardiac afferents. Current techniques for assessing concen-

trations do not have the resolution to accurately assess the time line of production.

On the other hand, while it is clear that each of these chemical ligands exerts

individual actions on the spinal afferent endings, it is also clear that many are

produced early and nearly simultaneously. It comes as no surprise then that several

of them interact to either increase or decrease the actions of other mediators.

Prostaglandins, for example, sensitize endings to the action of kinins. Furthermore,

bradykinin sensitizes afferent endings to the action of histamine through a mecha-

nism involving the cyclooxygenase system. In contrast, however, histamine seems

to reduce the action of bradykinin on cardiac sensory nerve endings. There is a net

additive response when the ischemically sensitive endings are exposed simulta-

neously to both mediators, the most likely scenario to occur during myocardial

ischemia. Recent preliminary findings suggest that bradykinin and TxA2 also

reciprocally interact and likely promote the action of the other mediator. It seems

clear therefore that chemical stimulation of cardiac afferent nerve endings during

myocardial ischemia is multifactorial and quite complex. Not only are a number of

mediators produced during ischemia, each individually activating the endings, but

they are produced very nearly simultaneously and interact to produce larger or

smaller responses than would be expected from any single mediator. As we

continue to examine these and still other mediators, such as endothelin, which

work together to activate endings that ultimately subserve an important role in

cardiac chest pain (angina) as well as with sympathoexcitatory reflex responses, we

need to keep in mind that activation of the endings is simply the first step in the

sensory reflex. Thus, the pattern of neural discharge and the central neural integra-

tion, likely involving a number of neurotransmitters, will be key components that

we will need to study further to fully elucidate the mechanisms underlying cardiac

reflex regulation of the cardiovascular system.
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Abstract Oesophageal pain is one of the most common reasons for physician

consultation and/or seeking medication. It is most often caused by acid reflux

from the stomach, but can also result from contractions of the oesophageal muscle.

Different forms of pain are evoked by oesophageal acid, including heartburn and
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non-cardiac chest pain, but the basic mechanisms and pathways by which these are

generated remain to be elucidated. Both vagal and spinal afferent pathways are

implicated by basic research. The sensitivity of afferent fibres within these path-

ways may become altered after acid-induced inflammation and damage, but the

severity of symptoms in humans does not necessarily correlate with the degree of

inflammation. Gastro-oesophageal reflux disease (GORD) is caused by transient

relaxations of the lower oesophageal sphincter, which are triggered by activation

of gastric vagal mechanoreceptors. Vagal afferents are therefore an emerging

therapeutic target for GORD. Pain in the absence of excess acid reflux remains a

major challenge for treatment.

Keywords Visceral pain, Vagal afferents, Gastro-oesophageal reflux, Lower

oesophageal sphincter
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1 Pathways and Subtypes of Gastro-oesophageal Afferents

1.1 Anatomy of Gastro-oesophageal Afferents

1.1.1 Vagal Afferents

The axons of vagal afferents project directly to the nucleus of the solitary tract in

the brain stem, whereupon connections with central pathways are made. The cell

bodies of vagal afferents are located in the jugular and nodose ganglia. Viscerofugal

neurones have cell bodies in the gastric and oesophageal myenteric plexus and

project centrally in the vagal trunks, but their function is not understood. Vagal

afferents innervate all layers of the gastro-oesophageal wall. They include various

types of mucosal endings (Dutsch et al. 1998; Wank and Neuhuber 2001), intra-

ganglionic laminar endings (IGLEs), and intramuscular arrays (IMAs) (Berthoud

et al. 1997; Wang and Powley 2000). IGLEs have recently been identified as sites of

mechanotransduction in response to gastro-oesophageal distension (Zagorodnyuk

and Brookes 2000; Zagorodnyuk et al. 2001).

IGLEs are lamellar structures originating from the parent axon and covering

enteric ganglia sandwiched between longitudinal and circular layers of the tunica

muscularis (Rodrigo et al. 1975) (Fig. 1a). Some of the processes may penetrate

within the ganglia. Anterograde tracing from the nodose ganglia identified them

as vagal afferent endings in rat and guinea-pig oesophagus (Neuhuber 1987;

Lindh et al. 1989) and rat and mouse stomach (Berthoud and Powley 1992; Fox

et al. 2000). In the oesophagus, anterogradely traced IGLEs innervate virtually

every myenteric ganglion (Neuhuber et al. 1998) and about 50% of gastric myen-

teric ganglia are innervated by IGLEs (Berthoud et al. 1997). IGLEs are more

evenly scattered along the gastrointestinal tract than the IMAs, which appear to be

confined to the gastric fundus and sphincter regions, particularly the lower oeso-

phageal and pyloric sphincters (Berthoud and Powley 1992; Kressel et al. 1994;

Neuhuber et al. 1998; Phillips and Powley 2000; Wang and Powley 2000). In in

vitro preparations of the guinea-pig stomach, Zagorodnyuk et al. (Zagorodnyuk and

Brookes 2000; Zagorodnyuk et al. 2001, 2003) identified IGLEs by anterograde

tracing from branches of the vagus nerve attached to a wholemount of oesophagus

and stomach and showed a convincing correlation with hot spots of mechanotrans-

duction. Thus, the IGLEs can be considered as the mechanosensory endings of

vagal afferents that respond to low-intensity stretch. Although the sensitivity of

these afferents can be modulated (see Part 2), the sensory transduction process itself

appears to be independent of chemical transmission and most likely involves

mechanosensitive ion channels on the endings themselves (Zagorodnyuk et al.

2003). IMAs, which were also anterogradely labelled in vagus nerve stomach
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preparations, could not be correlated with mechanosensory transduction sites

(Zagorodnyuk et al. 2001). This is surprising considering the IMAs consist of

long trails of branching varicose vagal afferent fibres embedded within the smooth

muscle and arranged parallel to the muscle fibres (Berthoud and Powley 1992;

Phillips and Powley 2000).

Fig. 1 Schematic and real examples of relative localization of spinal and vagal afferent endings

within the oesophageal wall. Endings in the myenteric ganglia and mucosa are evident in both

pathways (rostrocaudal localization is not representative). Only some of the documented types

of ending are shown here for simplicity. (a) A typical oesophageal intraganglionic laminar ending

(IGLE) in rat covering a myenteric ganglion and showing calbindin immunoreactivity (green).
(b) Complex laminar type I vagal mucosal ending originating from a coarse parent axon coex-

pressing immunoreactivity for both calretinin and calbindin (red and green, respectively, resulting
in yellow; wholemount). (c) Close contacts between calretinin-positive vagal IGLEs (green) and
calcitonin gene related peptide (CGRP)-positive varicose spinal afferents (red) are indicated by

yellow mixed colour in a section of rat oesophagus. No colocalization within the same nerve fibre

is evident. (d) CGRP-positive spinal afferent endings (black) in a flat mount of rat cervical

oesophagus. (Images taken from Dutsch et al. 1998 and Wank and Neuhuber 2001 with kind

permission of the authors and the publisher Wiley-Liss Inc.)

230 A.J. Page and L.A. Blackshaw



Vagal mucosal afferents are prominent in the upper cervical region of the

oesophagus. The density of these afferents decreases in the lower cervical and

thoracic oesophagus and then slightly increases again in the abdominal portion in

rodents (Neuhuber 1987; Dutsch et al. 1998; Wank and Neuhuber 2001). In the

upper cervical oesophagus, there are also thin varicose fibres that form a dense

network in the submucosa. Many of these fibres have short fingerlike branches

extending towards the epithelium, whereas other fibres are simple unbranched

varicose fibres (Wank and Neuhuber 2001). In addition to these thin-calibre

afferents, there are thick-calibre afferents exhibiting complex branching features,

not dissimilar to IGLEs, in the upper segment of the oesophagus (Dutsch et al.

1998; Wank and Neuhuber 2001). Most of these fibres abut and even penetrate the

epithelium with small branches (Fig. 1b).

1.1.2 Spinal Afferents

Spinal afferents have their cell bodies in the cervical and thoracic dorsal root

ganglia, and central endings in the spinal dorsal horn, which may connect

directly or indirectly with projection neurones that provide central input to

sensory and reflex pathways. Specifically, the spinal afferent innervation of the

gastro-oesophageal region spans from the cervical (C1) to the upper lumbar (L2)

segment of the spinal cord (Clerc 1983; Brtva et al. 1989; Khurana and Petras

1991; Collman et al. 1992) via the thoracic spinal and greater splanchnic nerves. In

the cat, labelled gastric cells were found in the dorsal root ganglia T4–L2 or T4–L1

(Brtva et al. 1989) and in the dog, labelling with horseradish peroxidase indicated

two peak innervation fields for the cervical (C2–C6) and thoracic (T2–T4) parts

of the oesophagus (Khurana and Petras 1991). Spinal afferents from the lower

oesophageal sphincter extend from T1–L2 (Clerc 1983). Intestinofugal neurones

with cell bodies in the myenteric plexus exist in the stomach and intestines (Furness

et al. 2000) and project with spinal afferents from the gut to the coeliac ganglia and

occasionally to the spinal cord. These neurones are responsible for reflex control of

motility, but their contribution to sensory function would be indirect. It is not

known if oesophagofugal neurones exist that project with thoracic sympathetic

nerves. Up to 90% of oesophageal spinal afferent neurones in rodents contain

calcitonin gene-related peptide (CGRP) (Green and Dockray 1987; Uddman et al.

1995; Dutsch et al. 1998), in marked contrast to vagal afferents, and so CGRP has

been used as a fairly specific marker for spinal afferent endings in the oesophagus.

With use of CGRP as a marker, a delicate network of fine varicose fibres in

wholemount specimens of mucosa has been observed (Dutsch et al. 1998) (Fig. 1d).

In contrast to vagal mucosal afferents, spinal afferents are distributed evenly along

the length of the oesophagus (Wank and Neuhuber 2001). Spinal afferents also

innervate the myenteric plexus, either terminating there (Clerc and Mazzia 1994;

Mazzia and Clerc 1997; Dutsch et al. 1998) or passing to other structures.

In contrast to IGLEs, the spinal afferent ganglionic endings are less numerous
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and complex with fine varicosities rather than lamellar structures (Dutsch et al.

1998) (Fig. 1c).

1.2 Functional Properties of Gastro-oesophageal
Afferent Endings

1.2.1 Vagal Afferents

Gastro-oesophageal vagal afferents may be divided into three classes on the basis of

the layer of the gut containing the receptive field. The location of the afferent

endings described earlier is important in determining sensitivity of the individual

afferents, as anatomical and electrophysiological data concur. They have been

studied by in vivo and in vitro techniques in a number of species, including

mouse, rat, guinea pig, opossum, ferret, cat, dog and sheep, not all of which are

described here.

Mucosal receptors are generally silent at rest, but will develop activity after

acute inflammation or damage to the columnar epithelium presumably due to

release of mediators (e.g. 5-hydroxytryptamine, 5-HT) (Blackshaw and Grundy

1993b). Vagal mucosal receptors are sensitive to light stroking of the mucosa,

generating a brief burst of action potentials each time the stimulus passes over the

receptive field (Page and Blackshaw 1998; Page et al. 2002). They are insensitive to

distension and contraction of the gastro-oesophageal wall, except under circum-

stances when distortion of the mucosa occurs as a consequence. Mucosal receptors

in the oesophagus may provide feedback to reflexes controlling peristaltic contrac-

tion, but they do not reach conscious perception. In the stomach and intestines,

mucosal receptors are considered important in the initiation of satiety, nausea and

vomiting.

Tension receptors often have a resting discharge of action potentials that is

modulated in phase with any ongoing contractions. They are mechanosensitive to

contractions and distension with a slowly adapting linear relationship to wall

tension (Blackshaw et al. 1987; Sengupta et al. 1989; Page and Blackshaw 1998;

Page et al. 2002) (Fig. 2). Tension receptors signal the amplitude, pattern and

direction of luminal contractions to the central nervous system, which is important

in triggering reflexes controlling gastrointestinal function. Their stimulus-response

functions saturate within the physiological range (Sengupta et al. 1989), as distinct

from those of spinal afferents, which signal well above this range (Sengupta et al.

1990). The responses to distension of gastric tension receptors are important

in signalling of food intake and sensations such as satiety and fullness. In the

oesophagus, the responses of vagal tension receptors were thought only to play a

regulatory role in the generation of secondary peristalsis or perception of a bolus.

However, recently oesophageal vagal afferents in the guinea pig have been further

subdivided into ‘‘low-threshold mechanoreceptors’’ and ‘‘nociceptors’’ which are
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activated by noxious mechanical force (Kollarik et al. 2007), and may play a role in

signalling pain or the quality of pain.

Tension/mucosal receptors have so far been observed only in the striated

oesophagus, not the stomach, of the ferret. They show mechanosensory responses

of both tension receptors and mucosal receptors (Page and Blackshaw 1998).

Tension/mucosal receptors would appear to have a spinal counterpart in the colonic

muscular/mucosal pelvic nerve afferents observed in mice (Brierley et al. 2004).

They may have a specialized role in the detection of a rapidly moving bolus of food

and/or liquid along the oesophagus.

1.2.2 Spinal Afferents

Spinal afferents are generally considered to convey signals to the central nervous

system that result in sensations such as discomfort and pain (Cervero 1994).

Low-threshold (tonic or wide dynamic range) mechanoreceptors respond to

contractions and distension with a linear relationship to wall tension (Sengupta

et al. 1990) (Fig. 2). In the oesophagus they are likely to contribute to a range of

Fig. 2 Stimulus–response functions of vagal and spinal oesophageal afferents to distension in the

opossum in vivo. Vagal responses saturate in the non-noxious range, but both classes of spinal

afferents (wide dynamic range, and high threshold mechanonociceptor) respond well into the

noxious range. The two populations of spinal afferents can be distinguished by their threshold.

(Redrawn from Sengupta et al. 1989 and Sengupta et al. 1990)

Roles of Gastro-oesophageal Afferents in the Mechanisms and Symptoms of Reflux Disease 233



sensations, from the perception of bolus transit to mechanically induced pain. In the

stomach they are likely to signal filling and give rise to sensations of fullness.

Owing to the fact that they respond to gastric distension well into the noxious range,

it is thought that it is these receptors that also contribute to sensations such as

discomfort and pain, particularly in the presence of organ inflammation (Ozaki and

Gebhart 2001).

High-threshold (phasic) mechanoreceptors have low resting activity and

respond only to intensities of organ distension above approximately 40 mmHg,

which would be painful in the stomach (Lee et al. 2004) but not necessarily in the

oesophagus. Accordingly, they are considered mechanonociceptors (Sengupta et al.

1990; Cervero 1994; Ozaki and Gebhart 2001).

Other populations of spinal afferents have been described elsewhere in the

gastrointestinal tract, including mechanically insensitive afferents (Coutinho et al.

2000; Brierley et al. 2005) and mucosal receptors (Lynn and Blackshaw 1999;

Brierley et al. 2004), but their existence in the spinal innervation of the stomach and

oesophagus is not yet established, despite compelling anatomical evidence for

spinal mucosal endings (Clerc and Mazzia 1994; Dutsch et al. 1998).

2 Pharmacology of Gastro-oesophageal Afferents

The columnar epithelium of the small intestine is ideally suited to exocrine

and endocrine secretion of endogenous mediators, as is the stomach. However,

the squamous epithelium of the oesophagus has few secretory cells. Therefore, it

needs to be remembered that their chemical environment, and therefore their

pharmacological effects, may be quite different, although evidence to support this

is mainly lacking. The pharmacological effects of the various receptors and chan-

nels on gastro-oesophageal afferents are described below and are summarized in

Table 1, and we discuss evidence for how this may change in the diseased state.

This is not intended to be an exhaustive list, but should provide the reader with the

principles of excitatory and inhibitory modulation by receptors, and the ion chan-

nels involved in basic sensory function. For a review on ion channels involved in

the regulation of excitability and axonal transmission, the reader is referred to

Beyak and Vanner (2005).

2.1 Excitatory Receptors

In addition to adenosine triphosphate (ATP) release from viable cells, ATP is also

released from damaged cells, making it a prime candidate for signalling of noci-

ceptive events. It is also released from sympathetic and myenteric nerve terminals,

and from mechanically deformed epithelia and endothelia. ATP activates ionotropic
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(P2X) and metabotropic (P2Y) receptors, both of which are present in dorsal root

and nodose ganglion neurones (Cook et al. 1997; Tominaga et al. 2001; Fong et al.

2002; Ruan and Burnstock 2003). ATP may have two types of effect on vagal and

spinal gastrointestinal primary afferents: direct activation or sensitization to other

stimuli (Kirkup et al. 1999; Page et al. 2000, 2002; Zagorodnyuk et al. 2003).

Interestingly, the role of ATP in sensitization of gastro-oesophageal afferents may

be more predominant after or during inflammation (Page et al. 2000; Dang et al.

2005). Vagal ‘‘nociceptive-like’’ fibres in the guinea-pig oesophagus have cell

bodies in the nodose and jugular ganglia (Yu et al. 2005). Nodose ‘‘nociceptive-

like’’ fibres are exclusively C-fibres sensitive to P2X receptor analogues, whereas

jugular ‘‘nociceptive-like’’ fibres are both C- and Ad-fibres which are insensitive to

P2X receptor analogues (Yu et al. 2005), so purinergic pharmacology can in some

circumstances distinguish afferent subtypes.

Adenosine is a breakdown product of ATP. Nothing is known about the effects of
adenosine on gastro-oesophageal vagal or spinal afferents, but it has been shown

that adenosine increases mesenteric nerve activity and intestinal motility in the rat

through adenosine A1 and A2B receptors. Increased motor activity was responsible

for part but not all of the adenosine-evoked excitation (Kirkup et al. 1998; Brunsden

and Grundy 1999).

Bradykinin is a powerful algesic agent released during tissue damage which acts

on bradykinin receptors (B1–B5). Bradykinin has been shown to have an excitatory

effect on all subtypes of vagal and spinal afferents innervating the stomach and

oesophagus (Sengupta et al. 1992; Page and Blackshaw 1998). These responses

were shown in vitro to be resistant to blockade of smooth muscle contraction,

indicating a direct action (Page and Blackshaw 1998), although many of the in vivo

effects of bradykinin may be secondary to activation of afferents by potent contrac-

tile responses of smooth muscle (Sengupta et al. 1992)

Cholecystokinin (CCK) is released by nutrients from the small intestinal mucosa.

CCK receptors have been reported in both the nodose ganglia and the dorsal root

ganglia (Zhang et al. 1993; Moriarty et al. 1997; Broberger et al. 2000, 2001). It has

been shown to have a direct excitatory effect on gastric vagal mucosal receptors

(Blackshaw and Grundy 1990), but its effects on tension receptors are controversial,

and may be indirect secondary to smooth muscle responses (Blackshaw and Grundy

1990). No reports exist on the action of CCK on spinal gastro-oesophageal affer-

ents, but the action of CCK on a mixed population of afferents in the mesenteric

nerves was abolished by chronic degeneration of vagal fibres, suggesting that these

are the only targets for CCK (Richards et al. 1996).

5-Hydroxytryptamine (5-HT) is localized in enterochromaffin cells of the co-

lumnar epithelium, mast cells and enteric neurones. It is released from the gastro-

intestinal mucosa after a meal and may also be released in response to mechanical

and chemical stimuli throughout the gastrointestinal tract. 5-HT receptors are

classified into at least seven families of receptor subtypes (5-HT1–7) (Hoyer and

Martin 1997). Of these, so far only the 5-HT3 receptor has been conclusively

demonstrated to mediate actions on gastro-oesophageal afferents (Blackshaw and

Grundy 1993b). However, there is some controversy as to the role of 5-HT4
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receptors (Hicks et al. 2001; Schikowski et al. 2002) in sensory function elsewhere

in the gut, and the role of many other subtypes remains uninvestigated.

Ionotropic glutamate receptors (iGluRs) are ligand-gated cation channels that

can be divided into three main groups: N-methyl D-aspartate (NMDA) receptors,

a-amino-3-hydroxy-5-methylisoxazoleproprionate (AMPA) receptors and kainate

receptors. There are several sources of glutamate, including the diet, intrinsic and

extrinsic neurotransmission in the gut and also the epithelial cells. Slattery et al.

(2006) have shown that AMPA and NMDA receptors are involved in the peripheral

excitatory modulation of vagal afferent mechanosensitivity. These data in mouse

complement findings of studies in ferret and rat, which suggest excitatory actions

of glutamate on vagal afferents (Sengupta et al. 2004; Page et al. 2005c), although

guinea-pig afferent endings in contrast lack functional receptors for glutamate

(Zagorodnyuk et al. 2003). Expression of iGluRs in nodose ganglia has been

demonstrated in several species with transport of the receptors towards the periph-

eral endings (Shigemoto et al. 1992; Chang et al. 2003; Slattery et al. 2006),

suggesting a peripheral function. No reports exist on the effects of iGluR agonists

and antagonists on gastro-oesophageal spinal afferents, but NMDA receptor

antagonists have been shown to reduce responses to mechanical stimuli in pelvic

and splanchnic afferents from the colon (McRoberts et al. 2001).

Prostaglandins are produced in a wide variety of cell types and blockade of

prostaglandin synthesis is a common means to reduce pain and inflammation. Five

classes of prostanoid receptors (DP, EP, FP, IP and TP receptors) have been

identified and distinguished by rank order of agonist potency (e.g. PGE2 acts at

EP receptors). PGE2 has been shown to directly excite a proportion of ferret gastro-

oesophageal vagal afferents in vitro (Page and Blackshaw 1998), and sensory

neurones in the nodose ganglia express receptors for PGE2 (Ek et al. 1998). The

effect of prostaglandins on spinal afferents in the gastro-oesophageal region is

unknown; however, it has been shown that dorsal root ganglion neurones may be

sensitized upon application of PGE2 (Baccaglini and Hogan 1983; Nicol and Cui

1994; Gold et al. 1996).

Vanilloids, such as the hot chilli extract capsaicin, are well-established excitants
of somatic nociceptors, giving rise to a burning sensation mediated through tran-

sient receptor potential vanilloid receptor 1 (TRPV1), which is also a natural

receptor for heat and low pH (Caterina and Julius 2001). Capsaicin activates a

proportion of all classes of vagal and spinal afferents throughout the gastrointestinal

tract. An early report found that the majority of gastrointestinal afferents were

activated by capsaicin (Longhurst et al. 1984), but recent reports have found that

only 30% of vagal afferents (Blackshaw et al. 2000a) and 42% of nodose ganglion

cells (Bielefeldt 2000) were activated. Gastric dorsal root ganglion neurones and

nodose ganglion neurones both contain TRPV1 (Guo et al. 1999; Patterson et al.

2003) and expression of TRPV1 in gastric dorsal root ganglion neurones is

increased upon acid insult of the gastric mucosa (Schicho et al. 2004). It has also

been shown that mice lacking TRPV1 channels develop significantly less oesopha-

gitis to acid exposure compared with wild-type mice (Fujino et al. 2006). In

humans, it has been documented that oesophagitis leads to overexpression of
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TRPV1 (Matthews et al. 2004). In the guinea pig, ‘‘non-nociceptive-like’’ oesopha-

geal tension sensitive vagal afferents are distinguishable from ‘‘nociceptive-like’’

afferents not only by their saturable response to tension but also by the lack of

response to capsaicin (Yu et al. 2005). In addition, ‘‘nociceptive-like’’ tension

receptors in the oesophagus are stimulated by acid (Kollarik et al. 2007). In

contrast, the responses of ‘‘non-nociceptive’’ tension receptors to acid are less

well defined.

It is clear from studies of activation of central vagal neurones, and on reflex

relaxation of the lower oesophageal sphincter, that intraoesophageal acid activates

vagal reflexes (and therefore vagal afferents) (Blackshaw and Dent 1997;

Partosoedarso and Blackshaw 1997; Medda et al. 2005). This reflex becomes

sensitized with repeated exposure, possibly due to increased permeability of the

squamous epithelium. This effect is mimicked by capsaicin, suggesting that the

response to acid is mediated via TRPV1 (Blackshaw and Dent 1997; Partosoedarso

and Blackshaw 1997). It is also clear that there is a component of the reflex

mediated by splanchnic afferents that is resistant to vagotomy, and results in release

of substance P from axon collaterals of these afferents either in the myenteric

plexus or in the prevertebral ganglion (Smid et al. 1998). Thus, chronic splanchnic

denervation in vivo abolishes the response of the isolated lower oesophageal

sphincter to capsaicin subsequently in vitro (Staunton et al. 2000). In vitro studies

of vagal afferents indicate that only a minority of fibres are sensitive to acid (Page

and Blackshaw 1998; Page et al. 2002; Kollarik et al. 2007), indicating this reflex is

initiated by only a few afferents.

2.2 Inhibitory Receptors

g-Aminobutyric acid (GABA) exerts its effect through two ligand-gated channels,

GABAA and GABAC receptors, and a metabotropic receptor, GABAB, which acts

through G proteins to regulate potassium and calcium channels. In vivo and in vitro

recordings of ferret gastro-oesophageal vagal afferents showed that activation of

GABAB receptors potently inhibited their mechanosensory stimulus-response rela-

tionships (Page and Blackshaw 1999; Partosoedarso et al. 2001; Smid et al. 2001).

However, in the guinea pig although GABAB receptors are functionally expressed

in the nodose ganglia they are not functionally expressed at the vagal afferent

endings (Zagorodnyuk et al. 2002). These studies have stimulated clinical interest

in the use of GABAB agonists as possible targets for the treatment of gastro-

oesophageal reflux disease (GORD; see later). The ability of GABAB receptor

agonists to reduce signalling of spinal afferents has so far only been demonstrated

in the colon (Sengupta et al. 2002).

Galanin receptors fall into three types, each encoded by a different gene.

GALR1 and GALR3 are inhibitory via actions on ion channels and adenylate

cyclase, whereas GALR2 is excitatory, acting via phospholipase C. GALR1

and GALR2 have corresponding opposing actions on the mechanosensitivity of
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gastro-oesophageal vagal afferents, and there appears to be a role for endogenous

galanin release in inhibitory modulation via GALR1 (Page et al. 2005b, 2007c)

Ghrelin is known for its inhibitory action on satiety signalling, which is

mediated at least partly by actions on the inhibitory growth hormone secretagogue

receptor GHS-1 on gastric afferents (Date et al. 2002). Its effects on different

subtypes of afferents differ with species, such that in ferret, mucosal afferents

are its major target for inhibition, whilst in the mouse, it prefers tension receptors

(Page et al. 2007d). Either of these actions on gastric afferents could explain the

inhibitory effect of ghrelin on satiety signalling from the stomach. The conse-

quences of the inhibitory action of ghrelin on oesophageal afferents are not yet

clear. An action of endogenous ghrelin was revealed by potentiation of afferent

mechanosensitivity by a selective GHS-1R antagonist, and this was restricted to

gastric afferents.

Metabotropic glutamate receptors (mGluRs) may be divided into eight molecu-

lar subtypes, which currently fall into three pharmacological and functional groups:

members of group I (mGluR1 and mGluR5) are excitatory, whereas members of

group II (mGluR2 and mGluR3) and group III (mGluR4, mGluR6, mGluR7 and

mGluR8) are inhibitory to neuronal function. Studies in mouse and ferret indicate

that group II and III receptor agonists inhibit mechanical sensitivity of vagal gastro-

oesophageal afferents in a manner similar to GABAB ligands (Page et al. 2005c).

A group III antagonist increased mechanosensitivity, indicating a role for endoge-

nous glutamate. In addition, mGluR5 antagonists significantly reduce mechanosen-

sitivity of gastro-oesophageal vagal afferents (Slattery et al. 2006; Young et al.

2007), indicating opposing excitatory and inhibitory roles for endogenous gluta-

mate, which is probably released from the afferent endings themselves. Expression

of all mGluRs in nodose ganglia has been demonstrated in several species

(Page et al. 2005c), although human and ferret lack expression of mGluR3 and

mGluR6 (Page et al. 2005c). Again, like GABAB, there appears to be potential for

mGluR targeting in the treatment of GORD, which is discussed later. The effect of

mGluR agonists and antagonists in reducing signalling of spinal gastro-oesophageal

afferents has not been explored, although colonic high-threshold afferents are

potently inhibited by mGluR5 antagonists (Lindstrom et al. 2008).

Opioids act on three opioid receptors (m,d and k). Ozaki et al. (2000) have shown
that k-opioid but not m- or d-opioid receptor agonists modulate vagal afferent fibres

innervating the stomach. k-opioid receptor agonists attenuated afferent fibre

responses to gastric distension. This is confirmed in ferret oesophageal afferents,

where the k-opioid receptor agonist ICI 199441 reduced the response of oesopha-

geal vagal tension receptors. However, the m-opioid receptor agonist DAMGO also

reduced the sensitivity of oesophageal tension receptors. In agreement with Ozaki

et al. (2000), we found that the d-opioid receptor agonist SNC80 has no effect on

oesophageal vagal afferent mechanosensitivity (unpublished data). The effect of

opioid receptor agonists on gastro-oesophageal spinal afferents is unknown, al-

though their effects on colonic spinal afferents are comparable with the effects

found by Ozaki et al. (Sengupta et al. 1996).
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Somatostatin has a potent inhibitory effect on the mechanosensitivity and che-

mosensitivity of intestinal afferents via somatostatin 2 receptors (Booth et al. 2001),

which translates to inhibition of pain in human disease by a somatostatin analogue

(Schwetz et al. 2004). They may therefore have potential in treatment of oesopha-

geal pain, but this remains to be evaluated.

2.3 Mechanosensory Ion Channels

The Deg/ENaC family of ion channels, including ASIC1, ASIC2 and ASIC3, are

candidate mechanotransducers in visceral and somatic sensory neurones, although

each channel may play a different role in different sensory pathways. Whereas

mechanosensitivity of colonic afferents was potently reduced by the non-selective

Deg/ENaC blocker benzamil, gastro-oesophageal afferents were only marginally

inhibited (Page et al. 2007a). Genetic deletion of ASIC1 led to an increase in the

mechanical sensitivity of all gastro-oesophageal afferents. Deletion of ASIC2

increased mechanosensitivity in mucosal receptors, yet decreased mechanosensi-

tivity in tension receptors. In ASIC3�/� mice, tension receptors had markedly

reduced mechanosensitivity, but mucosal receptors were unaffected, showing that

different contributions of these channels towards mechanosensitivity occurs in

different subtypes (Page et al. 2005a). Moreover, ASIC1 appears to make no

positive contribution to mechanosensitivity at all (Page et al. 2004).

In addition to the roles of transient receptor potential channels in transducing

acid sensitivity of afferents discussed above, there is also evidence that they may

contribute to mechanosensory function. TRPV1 null mutant mice have reduced

mechanosensitivity of jejunal and colonic afferents (Rong et al. 2004; Jones et al.

2005), but as yet there is no evidence for their role in gastro-oesophageal afferents.

Likewise, transient receptor potential vanilloid receptor 4 makes a major contribu-

tion to colonic nociceptive afferents, but no contribution towards vagal afferent

function (Brierley et al. 2008). From studies on mechanosensory ion channels it is

emerging that each class of afferent fibre throughout the gastrointestinal tract has a

signature of expression of a range of channels, which probably contributes signifi-

cantly to their specialized mechanosensory function.

2.4 Inflammatory Pharmacology

Release of many of the excitatory substances mentioned already is increased

in inflammatory conditions, and therefore their acute effects on afferents are

relevant to inflammatory sensitization. There may also be chronic changes in

gastro-oesophageal afferents after inflammation that may alter their sensitivity to

a variety of stimuli. With use of a ferret acute oesophagitis model, it has been shown
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that the mechanosensitivity of vagal oesophageal mucosal receptors is significantly

reduced in inflammation compared with controls (Page et al. 2000). This correlates

with human data discussed later that show a lack of correlation between inflamma-

tion and symptoms. As touched upon earlier, the effects of the P2X agonist a,b-
methylene ATP (a,b-meATP) on mechanosensitivity of ferret oesophageal vagal

mucosal receptors is altered in inflammation. a,b-meATP had no effect on the

mechanosensitivity of mucosal receptors in control animals, but significantly

increased the response to mucosal stroking in the inflamed oesophagus (Page

et al. 2000). In rats, both splanchnic gastric dorsal root ganglion and vagal gastric

nodose ganglion neurones show an increase in excitability in gastric ulceration and

inflammation (Dang et al. 2005). In addition, the proportion of gastric dorsal root

ganglion and nodose ganglion neurones that responded to a,b-meATP significantly

increased (Dang et al. 2005). In reflux-induced inflammation in the rat, the expres-

sion of TRPV1 in nodose ganglion and dorsal root ganglion neurones was signi-

ficantly increased (Banerjee et al. 2007). Using an ovalbumin-sensitized model

in guinea pig, Yu et al. (2007) showed that activation of oesophageal mast cells

caused sensitization of vagal afferent responses to distension via histamine H1

receptors. There are therefore many candidates for changes in sensitivity of gastro-

oesophageal vagal and spinal afferents in the clinical setting of GORD, which is

discussed later.

3 Oesophageal Symptoms in Humans

3.1 Stimuli and Sensory Perception

Unlike the abdominal and pelvic viscera, the oesophagus is not generally asso-

ciated with symptoms of fullness, satiety or nausea. Instead, sensations are more

closely aligned with those that may be elicited from mucous membranes such as

the oral cavity, such as luminal contact, burning, distension and pain, but are far

less well-defined. It is clear that mechanosensory responses of oesophageal

afferents reach conscious perception, because we perceive bolus transit after

swallowing and balloon distension in experimental studies. Perception of chemi-

cal stimuli is chiefly to acid. How the two types of stimuli relate to one another is

described below. Which pathways mediate oesophageal sensations (vagal or

spinal) is difficult to determine because bilateral spinal or vagal transections in

humans at the corresponding level are invariably fatal, and the basic studies

described earlier do not provide clear distinctions in the adequate stimuli between

pathways.

Clinically, oesophageal pain is most often caused by acid reflux from the

stomach. A recent systematic epidemiological review of GORD estimated its

prevalence at 10–20%, defined by occurrence of symptoms at least weekly

(Dent et al. 2005), and it is therefore a major clinical problem. Different forms of
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pain are evoked by oesophageal acid, including heartburn and non-cardiac chest

pain (NCCP). Despite the widespread nature of oesophageal pain, its cause is often

difficult to ascertain. Localization of the sensation is very poor, leading to a

significant number of patients with angina-like pain undergoing coronary angiog-

raphy for investigation of possible cardiovascular origin of the pain (Richter 1991a,

b). Approximately half of patients with chest pain in the absence of cardiac disease

are diagnosed with GORD, and show symptom improvement with acid-suppressive

treatment (Bautista et al. 2004). GORD may be revealed diagnostically by the

positive response of patients to acid-suppressive treatment, or by reproduction

of symptoms with a provocative oesophageal acid perfusion test (to mimic gas-

tro-oesophageal acid reflux) and/or prolonged ambulatory oesophageal pH

monitoring to show that excessive oesophageal acid exposure occurs (Janssens

et al. 1986; Janssens and Vantrappen 1987; Hewson et al. 1989; Richter 1991a,

b). The angina-like sensation that NCCP patients report is quite different from the

heartburn normally associated with GORD (Janssens and Vantrappen 1987; Richter

1991b). This implies that these different sensations may be mediated by different

populations of primary afferents, but we cannot yet reconcile clinical observations

with basic science data. Oesophageal motor patterns may be altered by luminal

acid, but are unlikely to be the cause of symptoms, or contribute to the type of pain

experienced (Kjellen and Tibbling 1985). The duration of each acid exposure would

appear to be closely correlated with the intensity of sensation (Smith et al. 1989).

Oesophageal balloon distension may also be used as a provocative test for NCCP,

and even in these cases pain is purely related to balloon volume, there being no

correlation with contractions triggered secondary to inflation (Richter et al. 1986).

Furthermore, pain is not necessarily correlated with muscle tension during oeso-

phageal balloon distension (Paterson et al. 1991). This may be reflected in the

finding that the edrophonium-induced oesophageal contraction test may have poor

sensitivity for NCCP when used alone (Janssens and Vantrappen 1987). NCCP

would therefore seem to be characterized by a multiple sensitivity of the oesopha-

gus to stimuli acting on the epithelium and to those causing deformation of the

muscle, although its primary stimulus is usually refluxed acid.

Other, less common contributors to oesophageal pain and symptoms in the clinic

are discussed in detail elsewhere (Kahrilas 2000), and include achalasia, which is

a disease of failed lower sphincter relaxation and aperistalsis. Diffuse oesophageal

spasm, an equally rare disease, is defined by non-propagated oesophageal contrac-

tions. Non-specific motility disorders, including nutcracker oesophagus and hyper-

tensive lower oesophageal sphincter, are more prevalent. Nutcracker oesophagus is

a condition characterized by very high amplitude (more than 200 mmHg) oesopha-

geal peristaltic contractions that give rise to pain (Agrawal et al. 2006). Recent

evidence from high resolution ultrasound studies suggests specific contraction of

the longitudinal muscle is most closely associated with pain episodes in many

conditions (Mittal et al. 2005).
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3.2 Classification of Disease According to Symptoms

In contrast to the often poor predictive value of symptoms in NCCP, patients

reporting heartburn are more readily diagnosed as suffering from GORD. In

GORD there is controversy as to whether or not patients undergo a sensitization

of the oesophagus due to repeated acid exposure, which may relate to the perfor-

mance of tests at different stages of severity of the disease. The pain associated with

reflux disease has a major impact on quality of life regardless of the presence or

absence of oesophageal erosions. The correlation or lack thereof of symptoms with

oesophagitis has given rise to several subclassifications of disease. Thus, functional
heartburn is characterized by heartburn in the absence of both oesophagitis and

increased acid exposure (Fass and Tougas 2002). Non-erosive reflux disease is

characterized by no oesophagitis but increased acid exposure (Fass et al. 2001).

Erosive reflux disease is characterized by oesophagitis and increased acid exposure.
NCCP may involve erosive or non-erosive reflux disease, but with a different

quality to the pain than heartburn (Bautista et al. 2004). Some patients diagnosed

with erosive reflux disease may have severe erosions and even metaplasia

(Barrett’s oesophagus) with few or no symptoms of oesophageal pain at the time

of presentation (Johnson et al. 1987). These patients may indeed have oesophageal

hyposensitivity, whereas many patients with non-erosive reflux disease and func-

tional heartburn have oesophageal hypersensitivity. Interestingly, a study of the

hypersensitivity seen in NCCP shows that it may be related to increased sensitivity

of the afferent pathway or to hypervigilance (a central phenomenon) in two distinct

subgroups of patients (Hobson et al. 2006).

3.3 Pharmacological Studies of Oesophageal Pain in Humans

Although pharmacological studies of oesophageal pain in humans are limited by

which drugs can be used, some have shown that candidate mechanisms identified in

basic studies have a role to play, but none have yet translated to a treatment for pain.

They include NMDA receptors and prostaglandins, which specifically play a role in

the development of hypersensitivity after oesophageal acid exposure (Sarkar et al.

2003; Willert et al. 2004). On the other hand, NK-1 tachykinin receptors were found

not to play a role in human oesophageal hypersensitivity (Willert et al. 2007), in

contrast with their important role in somatic pain models in animals (De Felipe et al.

1998). Although it is not possible to determine the site of action of these drugs in

humans, they may undergo both peripheral and central sensitization after oesopha-

geal acid perfusion (Smith et al. 1989; Willert et al. 2007).
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3.4 Sensory Involvement in Motor Dysfunction

In addition to NCCP and GORD, other gastrointestinal disorders, such as dyspha-

gia, are often characterized by increased oesophageal sensitivity (Decktor et al.

1990; Clouse et al. 1991). In the case of dysphagia, although it is classically

regarded as a motor disorder, symptoms are sometimes reported in the absence

of any primary peristaltic defect (Decktor et al. 1990). However, secondary

(distension-induced) peristalsis is very often disturbed in patients with non-

obstructive dysphagia and also in those with GORD (Schoeman and Holloway

1994, 1995). Thus, oesophageal sensory dysfunction may have more far-reaching

effects than altered pain thresholds, and may lead to disturbances of motor function.

4 Origins of Gastro-oesophageal Reflux Disease

4.1 Current Treatment Does Not Relate to Cause

GORD is currently managed mainly by inhibition of acid secretion by parietal cells

of the gastric epithelium using proton pump inhibitors. This is despite the fact that

gastric acid secretion is actually normal in most reflux disease patients, so the

problem is that acid is in the wrong place at the wrong time. Proton pump inhibitor

therapy is unsuccessful in approximately 30% of patients (Fass 2007), either

because of incomplete acid suppression or because of symptoms produced by

non-acid or weak-acid reflux. A treatment that attacks the fundamental cause of

reflux would be expected to provide a better success rate, and of course be more

appropriate to the cause of the disease.

The primary cause of GORD is disordered control of the gastro-oesophageal

reflux barrier. This barrier is composed of an internal lower oesophageal sphincter

and an external sphincter formed by the crural diaphragm . The two sphincters

briefly and simultaneously relax to allow bolus passage during oesophageal peri-

stalsis. Brief relaxation also occurs prior to gastro-oesophageal reflux, known as

transient lower oesophageal sphincter relaxation (TLOSR). TLOSRs normally

allow belching to vent gas, during which some gastric acid may reflux simulta-

neously, but not normally enough to cause damage to the oesophageal mucosa.

TLOSRs, unlike swallow-induced relaxations, are independent of oesophageal

body motor activity, and have significantly longer duration (Mittal et al. 1995),

from a few seconds to more than 30 s (Holloway et al. 1995). Importantly, TLOSRs

are normally selective for gas reflux (Wyman et al. 1990), but the sensory mechan-

isms underlying selectivity remain unknown. Up to 90% of acid reflux episodes in

asymptomatic controls and GORD patients are via TLOSRs (Dent et al. 1988). The

development of most subtypes of GORD described above is therefore dependent
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upon factors that alter the rate of TLOSR and the physical (liquid vs. gas) and

chemical (acid vs. neutral) composition of refluxate.

4.2 Neural Pathways and Pharmacology of Reflux

Early evidence from dog studies showed that TLOSRs are mediated via a vagal

pathway, because they are abolished by vagal cooling (Martin et al. 1986). These

authors also showed that a central mechanism was likely because of the abolition of

TLOSR by anaesthesia (Cox et al. 1988), and human studies determined that they

were absent during sleep (Freidin et al. 1991). TLOSRs are triggered by meals

(Dent et al. 1988), but which meal components are involved and the receptor

mechanisms responsible remain elusive. The trigger zone for TLOSR is localized

in the proximal (cardia) portion of the stomach (Franzi et al. 1990). As discussed

earlier, vagal tension receptors are located in this part of the stomach musculature.

These vagal afferents have central terminals in the nucleus tractus solitarius (Young

et al. 2008) where they synapse with other neurones which are believed to belong to

a central programme generator (Mittal et al. 1995). There are several simultaneous

outputs from the programme. First is a brief and powerful activation of vagal motor

neurones (in the adjacent dorsal vagal nucleus) projecting to the lower oesophageal

sphincter, which activate inhibitory motor neurones of the enteric nervous system,

leading to smooth muscle relaxation. Second is a suppression of oesophageal body

peristalsis (Pouderoux et al. 2003), presumably due to interruption of excitatory

vagal output. Third is a suppression of motor output to the crural diaphragm leading

to opening of the external striated muscle sphincter (Martin et al. 1992; Mittal et al.

1995; Mittal and Balaban 1997).

GABAB receptor agonists potently inhibit TLOSR and thus reflux in animal

models (Blackshaw et al. 1999; Lehmann et al. 1999). This has provoked intense

clinical and basic interest. These studies showed that a range of GABAB receptor

agonists inhibited TLOSR, in some cases with complete suppression of TLOSR and

thus gastro-oesophageal reflux. GABAB receptors are present at several points

along the TLOSR pathway. Studies on vagal afferents described earlier indicate

that these drugs act at the point of initiation of TLOSR by gastric distension.

However, GABAB receptors are expressed by vagal afferent cell bodies in the

nodose ganglion (Smid et al. 2001), so they may also act at their central endings

in the brain stem. This results in reduced responses of brain stem neurones to

gastric distension (Partosoedarso et al. 2001). GABAB receptors are also present

on vagal motor neurones (McDermott et al. 2001) and influence motor outflow

to the lower oesophageal sphincter directly (Blackshaw et al. 2000b; Smid and

Blackshaw 2000).

Clearly there is potential for actions of GABAB receptors at numerous peripheral

and central sites along the TLOSR pathway. However, the most important site of

action is likely to be on the afferent pathway that triggers TLOSR, rather than the

motor pathway that relaxes smooth muscle. This is evident from the fact that
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GABAB receptor agonism reduces the frequency of occurrence of TLOSR, but not

the depth or duration of lower oesophageal sphincter relaxation (Blackshaw et al.

1999; Lehmann et al. 1999). In humans, the GABAB agonist baclofen potently

inhibits TLOSR and reflux in healthy volunteers (Lidums et al. 2000), and in reflux

disease patients (Zhang et al. 2002), which may suggest its use as a treatment.

However, baclofen suffers from a number of drawbacks, such as central nervous

side effects and cardiovascular contraindications. Clinical trials are currently

showing promise with novel GABAB receptor agonists with peripherally restricted

actions. What these basic and clinical studies tell us is that vagal mechanoreceptors

in the proximal stomach may now be the most important cellular target in GORD,

rather than the parietal cell.

The effects of mGluR on vagal afferents in vitro described earlier have translated

to corresponding responses in vivo. Group III agonists caused inhibition of

TLOSR in ferrets (notably mGluR8), and group I (mGluR5) antagonists potently

inhibited TLOSR in both dogs and ferrets (Frisby et al. 2005; Jensen et al. 2005).

Experiments using nucleus of the tractus solitarius recordings in vivo indicate that

mGluR5 effects are most likely on the peripheral endings of vagal afferents, but

some central actions along excitatory pathways are evident (Young et al. 2007).

These results in animal models in turn have translated to early findings in humans,

which demonstrate the possibility for clinical use of mGluR5 antagonists in

treatment of GORD (Addex-Pharmaceuticals 2007).

Cannabinoids are able to evoke potent inhibition of TLOSR without central

nervous system side effects. This effect was not attributable to effects on vagal

afferents (Lehmann et al. 2002), suggesting an action on the central programme

generator for TLOSR. Although cannabinoids are promising for treatment of

emesis and pain, it remains to be seen if they have potential in the treatment of

GORD.

CCK receptors would appear to contribute to the triggering of TLOSR from

studies in both dogs (Boulant et al. 1994, 1997) and humans (Boeckxstaens et al.

1998). These showed that a significant decrease in TLOSR occurred after CCK1

receptor antagonism. Further development of CCK1 receptor antagonists for

GORD has not been evident, presumably because of their side effects on other

systems relying on CCK signalling.

Nitric oxide plays an important role in lower oesophageal sphincter relaxation in

a number of species. Effects of nitric oxide synthase inhibitors on TLOSR have

been observed in dogs (Boulant et al. 1994) and humans (Hirsch et al. 1998), but

their site of action is not yet known. It is worth noting that they do not affect the

depth of lower oesophageal sphincter relaxation at the doses used in humans, and

may therefore act on the trigger mechanism rather than the motor pathway, contrary

to expectations. The clinical utility of nitric oxide synthase inhibitors in GORD is

questionable owing to the presence of side effects on cardiovascular function and

elsewhere in the gastrointestinal tract.

Other receptors, such as 5-HT, opioid, and NMDA receptors, have all been

shown to play a role in the modulation of triggering of TLOSR (Rouzade et al.

1996; Penagini and Bianchi 1997; Lehmann and Branden 2001; Hirsch et al. 2002),
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but either the effects are marginal or the target is associated with too many side

effects. The site of action to inhibit TLOSR of drugs acting on these receptors is not

known, but if it were feasible to direct treatments peripherally this could improve

their profile in some cases. In this context there are documented actions of 5-HT3

and NMDA receptors at vagal afferent endings (Blackshaw and Grundy 1993b;

Slattery et al. 2006) as well as in the central nervous system.

5 Conclusions

Data on the structure, function and effects of gastro-oesophageal afferents are

abundant in the literature. They help to explain the way in which drug treatments

inhibit the triggering of gastro-oesophageal reflux, and point towards new oppor-

tunities in this area. In this respect there is optimism for the successful treatment of

oesophageal pain caused by excessive acid reflux. The mechanisms by which vagal

and spinal oesophageal afferents are activated and sensitized by mechanical and

chemical stimuli to give rise to pain, and which pathways or subtypes are involved

remain elusive.
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Abstract The somatosensory effects of natural products such as capsaicin, mustard

oil, and menthol have been long recognized. Over the last decade, the identification
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of transient receptor potential (TRP) channels in primary sensory neurons as

the targets for these agents has led to an explosion of research into the roles

of ‘‘thermoTRPs’’ TRPV1, TRPV2, TRPV3, TRPV4, TRPA1, and TRPM8 in

nociception. In concert, through the efforts of many industrial and academic

teams, a number of agonists and antagonists of these channels have been discov-

ered, paving the way for a better understanding of sensory biology and, potentially,

for novel treatments for diseases.

Keywords TRPV1, TRPV2, TRPV3, TRPV4, TRPA1, TRPM8, Pain, Nocicep-

tors, Sensory system, Channels, Agonists, Antagonists

Abbreviations

2-APB 2-Aminoethoxydiphenyl borate

CFA Complete Freund’s adjuvant

DRG Dorsal root ganglion

PIP2 Phosphatidylinositol 4,5-bisphosphate

RTX Resiniferatoxin

TRP Transient receptor potential

TRPA1 Transient receptor potential ankyrin subfamily, member 1

TRPM8 Transient receptor potential melastatin subfamily, member 8

TRPV1 Transient receptor potential vanilloid subfamily, member 1

TRPV2 Transient receptor potential vanilloid subfamily, member 2

TRPV3 Transient receptor potential vanilloid subfamily, member 3

TRPV4 Transient receptor potential vanilloid subfamily, member 4

1 Discovery of Transient Receptor Potential Vanilloid

Subfamily, Member 1: A Ticket into the Somatosensory

System

The sensory nervous system is responsible for communicating information about

the environment. Sensory nerve fibers originating from cells in various ganglia

(trigeminal, nodose, dorsal root) constitute the initial detection apparatus of the

sensory system. These sensory neurons project axons centrally to the dorsal spinal

cord, and peripherally to almost all organs. In addition, the distribution of these

fiber types varies by target organ; for example, Ab fibers make up a significant

percentage of the sensory innervation of the skin, whereas C fibers predominate in

the urinary bladder (Meyer et al. 1994; Raja et al. 1999; Shea et al. 2000; Stucky

et al. 1999).
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The study of peripheral sensory fibers has been facilitated by certain natural

products, such as capsaicin and mustard oil. These molecules have proven to be

exquisite tools to probe the function of primary sensory neurons in a wide array of

physiological processes, ranging from pain to neurogenic inflammation to airway

and urinary bladder hypersensitivity. But the identification in 1997 of the capsaicin

receptor as a transient receptor potential (TRP) channel (Caterina et al. 1997)

provided the first evidence that TRP channels were important players in sensory

biology. Since then there has been an explosion of research that has identified a

number of TRP channels expressed in sensory neurons. This chapter will endeavor

to summarize the key insights into the role of TRP channels in sensory neuron

physiological processes, particularly in pain.

2 TRP Channels as Molecular Sensors

The activation of TRP vanilloid subfamily, member 1 (TRPV1) by the natural

products capsaicin and resiniferatoxin (RTX) is but one example of TRP channel

activation by natural products (Fig. 1). Other TRP channels expressed in sensory

tissues are receptors for a diversity of naturally occurring substances that activate

the somatosensory system (Fig. 1). Cinnamaldehyde, mustard oil, and isothiocyanate-

containing plant extracts activate TRP ankyrin subfamily, member 1 (TRPA1)

(Bandell et al. 2004; Jordt et al. 2004), menthol activates TRP melastatin subfamily,

member 8 (TRPM8) (McKemy et al. 2002; Peier et al. 2002a), camphor activates

TRP vanilloid subfamily, member 3 (TRPV3) and TRPV1 (Xu et al. 2005), and

bisandrographolide A from Andrographis paniculata activates TRP vanilloid sub-

family, member 4 (TRPV4) (Smith et al. 2006).

But sensory TRP channels are not simply natural product receptors. They are

molecular sensors for an array of modalities that elicit somatosensory responses.

These modalities include temperature, protein kinase activity, phospholipids, os-

molarity, and pH. Moreover, sensory TRP channels can act as molecular integrators

of multiple modalities, best exemplified by TRPV1 (Premkumar et al. 2000;

Tominaga et al. 1998). The identification of TRP channels as the molecular

transducers and integrators of a broad range of sensory modalities has provided

new insights into the physiological role of sensory nerve fibers.

2.1 TRPV1

Also known as VR1, TRPV1 is the founding member of the subfamily of TRP

channels expressed in sensory neurons and is the most widely studied. TRPV1

is activated by capsaicin, RTX, venoms from jellyfish and spiders, low-pH solu-

tions, temperatures above 43�C, anandamide, arachidonic acid metabolites such as

N-arachidonoyl dopamine, lipoxygenase products such as 12-hydroperoxyeicosate-

traenoic acid, and others (Szallasi et al. 2007). As noted earlier, TRPV1 is an
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integrator in which each stimulus sensitizes the channel to other stimuli, the net

result being that TRPV1 acts as a molecular amplifier in the sensory neuron

(Crandall et al. 2002). It should be noted that phosphatidylinositol 4,5-bisphosphate

(PIP2) is a modulator of TRPV1 activity, although the specific effect of PIP2 –

activator or inhibitor – appears to be context-dependent (Lukacs et al. 2007;

Prescott et al. 2003).

2.2 TRPV2

Originally described as a TRPV1-like receptor (i.e., VRL-1), TRP vanilloid sub-

family, member 2 (TRPV2) exhibits a much broader tissue distribution than

TRPV1, and its expression in sensory neuron subpopulations is largely distinct

from that of other TRP channels (Lewinter et al. 2004, 2008). In spite of its original

molecular characterization 10 years ago, TRPV2 is perhaps the most enigmatic of

all sensory-neuron-expressed TRP channels in terms of its function. It is reported to

be activated at very high temperatures (i.e., 52�C and higher; Caterina et al. 1999)

and by aminoethoxydiphenyl borate (2-APB) (Hu et al. 2004), probenicid (Bang

et al. 2007), and high concentrations of D9-tetrahydrocannabinol (EC50 = 16–43

mM; Neeper et al. 2007). In certain cellular contexts, TRPV2’s intracellular locali-

zation is affected by growth factors (Kanzaki et al. 1999); however, these observa-

tions have not been extended to sensory neurons.

2.3 TRPV3

Identified via its homology to TRPV1 and TRPV2, TRPV3 is a warm temperature

(above 33�C) activated channel, which combined with its strong expression in

keratinocytes supports the notion that nonneuronal cells in skin may be involved

in thermal sensing. Other TRPV3 activators are 2-APB and monoterpenes, includ-

ing camphor, carvacrol, and thymol, and the vanilloid compounds eugenol, vanillin,

and ethyl vanillin (Hu et al. 2004; Vogt-Eisele et al. 2007; Xu et al. 2006). TRPV3

exhibits both homologous and heterologous sensitization: repeated stimulation with

heat or 2-APB sensitizes the channel to subsequent application of heat or 2-APB

(Chung et al. 2004; Xiao et al. 2008), a characteristic which supports its potential

role as a molecular thermal nociceptor. Moreover, TRPV3 activation by 2-APB is

potentiated by unsaturated fatty acids, including arachidonic acid, as well as by

protein kinase activation (Hu et al. 2006).

2.4 TRPV4

Initially characterized as an osmolarity-sensitive channel, TRPV4 is also activated by

temperatures above 34�C, 4a-phorbol 12,13-didecanoate, and epxoxyeicosatrienoic
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acids – cytochrome P450 metabolites of anandamide and arachidonic acid. Activa-

tion of TRPV4 by hypotonic solutions can be mediated via phosphorylation at

Y253, a process which involves Lyn, a member of the Src tyrosine kinase family

(Xu et al. 2003). Moreover, TRPV4 has been shown to complex with a2 integrin

and Lyn, in sensory neurons from rats exhibiting mechanical hypersensitivity,

and anti-a2 integrin antibody treatment blocks TRPV4-mediated calcium uptake

in these neurons (Alessandri-Haber et al. 2008). In contrast, the interaction

of TRPV4 with protein kinase C and casein kinase II substrate in neurons forms a

complex in which TRPV4 activation by cell swelling and heat activation is

inhibited, but 4a-phorbol 12,13-didecanoate activation is unaffected (D’Hoedt

et al. 2008).

2.5 TRPA1

While the field awaited the identification of a channel with cold sensitivity in the

noxious range, Patapoutian and colleagues (2003) identified TRPA1, distantly

related to the TRP family of channels (Story et al. 2003). Although controversial,

TRPA1 was originally characterized as a noxious cold-activated ion channel with a

threshold of activation of about 17�C (Story et al. 2003).

This intriguing expression of TRPA1 within a subset of noxious polymodal

TRPV1-expressing neurons led to the proposal that noxious cold might consist of

two components: cold sensation that may be processed by TRPM8-expressing

neurons and a painful component that might be brought by activation of TRPA1-

expressing polymodal nociceptors (Dhaka et al. 2006). Later, several reports

showed that TRPA1 can be also activated by pungent compounds and irritants

such as cinnamaldehyde (cinnamon oil), isothiocyanates (such as those found in

mustard oil), allicin (from garlic), acrolein (a metabolized by-product of chemo-

therapeutic agents and also present in tear gas and vehicle exhaust), and formalin,

which can induce acute pain, hyperalgesia, or neurogenic inflammation in animals

and humans (Bandell et al. 2004; Bautista et al. 2005, 2006; Macpherson et al.

2005, 2007a; McNamara et al. 2007; Namer et al. 2005; Ward et al. 1996). For

example, mustard oil has been historically used as a chemical algogen resulting in

neurogenic inflammation and was shown to evoke a sharp pain and hyperalgesia in

human subjects (Handwerker et al. 1991; Koltzenburg et al. 1992; McMahon et al.

2006; Reeh et al. 1986). Cinnamaldehyde was shown to induce acute nociception

and hyperalgesia in mice and human subjects (Bandell et al. 2004; Namer et al.

2005). More recently, the a,b-unsaturated aldehyde 4-hydroxy-2-nonenal and the

electrophilic carbon-containing prostaglandin J2 metabolite 15d-PJG(2), released in

response to tissue injury, inflammation, and oxidative stress, were reported to be the

first endogenous activators of TRPA1. (Macpherson et al. 2007b; Taylor-Clark

et al. 2008; Trevisani et al. 2007).

The questions around the promiscuous activation of TRPA1 by structurally unre-

lated compounds were quickly answered by the findings that the majority of TRPA1
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activators gate the channel through chemical reactivity of their electrophile groups

with the nucleophilic cysteine residues at the N-terminus of the channel (Hinman

et al. 2006; Macpherson et al. 2007a). In addition, it was shown that TRPA1 can be

gated by calcium through another mode of activation involving its putative

N-terminal EF-hand calcium binding domain. Two studies demonstrated that calci-

um can directly activate the channel and is a prerequisite for icilin activity on

TRPA1 (Doerner et al. 2007; Zurborg et al. 2007). TRPA1 can also be activated by

bradykinin and has recently been proposed as a candidate mechanically activated

channel involved in hearing (Bandell et al. 2004; Corey et al. 2004). Finally,

TRPA1 appears to be sensitized by NGF and proteinase-activated receptor 2 (Dai

et al. 2007; Diogenes et al. 2007), both of which are known to play a role in

inflammatory pain.

In addition to a role in detecting noxious chemical stimuli, there is increasing

evidence to suggest that TRP channels have important roles in mechanoreception.

Vertebrate TRPA1 was proposed as a candidate mechanically activated channel in

hair cells (Corey et al. 2004). However, mice lacking TRPA1 function exhibit no

hearing deficit, although one study showed a lower sensitivity to cutaneous me-

chanical stimulation (Kwan et al. 2006). Consistent with a possible role in mechan-

otransduction, Caenorhabditis elegans TRPA1 was shown to be activated (not clear
if direct or indirect) by pressure in a heterologous system and to play a key role in

mediating mechanosensory functions of this worm (Kindt et al. 2007).

2.6 TRPM8

Expression cloning in response to menthol (the natural cooling compound from the

mint plant) and a bioinformatics-based cloning strategy led to the identification of

TRPM8, the first TRP channel shown to be responsive to cool temperatures and

menthol (McKemy et al. 2002; Peier et al. 2002a). The cloning and characterization

of TRPM8 marked a milestone in understanding the molecular mechanisms under-

lying cold temperature transduction. TRPM8 is expressed in a subset of small-

diameter dorsal root ganglion (DRG) and trigeminal neurons (McKemy et al. 2002;

Peier et al. 2002a). It is a nonselective cation channel that permeates Ca2+, Cs+, K+,

and Na+ and can be activated by cold temperatures (threshold of 18–24�C), menthol

(EC50� 10 mM), and icilin (EC50� 0.5 mM), a monoterpene synthetic supercooling

compound. Activation of TRPM8 is followed by a desensitization of the channel

that depends on extracellular Ca2+. Several menthol-derivative agonists of TRPM8

were identified. Among the most potent are WS-12 (193 nM), CPS-113 (1.2 mM)

CPS-369 (3.6 mM), WS-148 (4.1 mM), and WS-30 (5.6 mM) and with potency

comparable to that of menthol are Frescolat ML, Coolact P, Cooling agent 10, and

WS-3 (Behrendt et al. 2004; Bodding et al. 2007).

In analogy to the synergistic effect of capsaicin and heat on the activation of

TRPV1, menthol and other agonists were shown to activate and sensitize the

TRPM8 channel, rendering the channel active at higher temperatures (McKemy
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et al. 2002; Peier et al. 2002a). Interestingly, when compared with TRPV1, TRPM8

exhibits opposite mechanisms of activation. PIP2 acts as an enhancer of the channel

activation by cold and menthol preventing its desensitization, while protein

kinase C leads to its dephosphorylation (Liu et al. 2005; Rohacs et al. 2005).

3 TRP Channels as Mediators of Pain

3.1 TRPV1

As described already, TRPV1 acts as a molecular integrator of various noxious

chemical and thermal stimuli and therefore may play an important role in mediating

inflammatory pain. TRPV1 is highly expressed in DRG neurons in mammals, partic-

ularly in C-fiber neurons (Caterina et al. 1997; Cortright et al. 2001; Tominaga et al.

1998), although its expression in sensory fibers appears to be somewhat different in

rats and mice (Christianson et al. 2006; Rashid et al. 2003). TRPV1 is also found

in discrete regions of the rat brain (Mezey et al. 2000) where it may be involved in

synaptic plasticity (Gibson et al. 2008). TRPV1 protein, but not RNA, levels are

increased in many pathological states that result in pain in rodents and humans

(Akbar et al. 2008; Carlton et al. 2001; Facer et al. 2007; Sanchez et al. 2001).

Two independent gene-targeting studies, deleting TRPV1 alleles, conclusively

showed that TRPV1 is a pivotal channel that mediates thermal hyperalgesia under

inflammatory pain conditions in mice (Caterina et al. 2000; Davis et al. 2000).

In addition, one study showed that TRPV1 null mice are significantly less sensitive

to acute noxious heat stimulation; TRPV1�/� mice exhibit significantly larger

withdrawal latencies in response to noxious heat in the hotplate assay than their

wild-type littermates. The phenotype of the TRPV1 knockout mice generated

tremendous interest in developing small-molecule antagonists with antihyperalge-

sic profile.

Studying the involvement of TRPV1 in nociception and pain has not been confined

to gene-targeted deletion; other loss-of-function studies such as transgenic mice

expressing TRPV1 short hairpin RNA have shown that knockdown of TRPV1 using

RNA interference significantly attenuates capsaicin-induced nocifensive behavior and

sensitivity toward noxious heat, a phenotype that is similar to the one observed in the

TRPV1 ‘‘knockout’’ mice (Christoph et al. 2008). Interestingly, and unlike the

TRPV1�/� mice, the TRPV1 short hairpin RNA mice did not develop mechanical

hypersensitivity in the spinal nerve injury model of neuropathic pain. In addition,

antisense oligonucleotides and small interfering RNAs have been reported and used

to characterize the role of TRPV1 in pain (Christoph et al. 2006, 2007; Kasama

et al. 2007). Surprisingly, injection of short interference RNA targeting TRPV1

significantly reduced the sensitivity of the rats to noxious heat but had no effect on

the development of thermal hyperalgesia, which is highly impaired in the knockout

mice and after pharmacological blockade (see Sect. 4). An antibody directed at the
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extracellular loop that precedes the pore domain is an antagonist in vitro, but no in

vivo characterization was reported (Klionsky et al. 2006).

TRPV1 has been intensely studied in the context of pain transduction.

However, recent findings point to other important roles, roles which underscore

the importance of TRPV1 and sensory nerve fibers more generally in regulating

physiological processes. For example, TRPV1-expressing fibers are suggested to

play roles in diabetes via innervation of the pancreas (Razavi et al. 2006), regulation

of cardiovascular function via innervation of the vascular system (Wang et al.

2006), and airway responses (Kollarik et al. 2004).

3.2 TRPV2

As mentioned already, TRPV2 responds to increasing temperatures with an elevat-

ed threshold of activation of 52�C, suggesting a role in detecting acute noxious

temperatures (Caterina et al. 1999). Intriguingly, TRPV2 is found in myelinated

sensory fibers that are mechanically sensitive, and its expression is increased in

DRG in response to nerve injury and peripheral inflammation (Frederick et al.

2007; Shimosato et al. 2005). A study with TRPV2 antisense oligonucleotide

provided evidence that TRPV2 mediated membrane stretch-activated currents in

Chinese hamster ovary cells overexpressing TRPV2 and aortic myocytes (Muraki

et al. 2003). Additionally, a TRPV2 small interfering RNA has been reported to

block fMLF(N-formyl-methionyl-leucyl-phenylalanine)-activated calcium entry in

a macrophage cell line (Nagasawa et al. 2007). These reagents have not been

exploited as yet to probe TRPV2 function in sensory neurons. To date, no null

mutant mice of TRPV2 have been reported in the peer-reviewed literature and its

therapeutic potential or role in noxious stimuli detection remains to be evaluated.

3.3 TRPV3

TRPV3 is expressed in sensory neurons in humans and monkeys at levels greater

than that observed in rodents, although rodents exhibit high levels of TRPV3 in

keratinocytes (Peier et al. 2002b; Smith et al. 2002; Xu et al. 2002). The unusual

‘‘hysteresis’’ property of TRPV3 in which functional responses increase drastically

upon repeated heating or exposure to other agonists suggests that this channel may

play a role in nociception. Indeed, Moqrich et al. (2005) reported that TRPV3

mutant mice exhibit a deficit to noxious acute thermal stimulation at temperatures at

or above 50�C (Moqrich et al. 2005). In contrast to TRPV1, TRPV3 mutant mice

showed normal behavior in models of inflammatory pain.

Whether the absence of a phenotype with the TRPV3 mutant mice in models of

inflammatory pain reflects the dispensable role of TRPV3 in nociception remains to
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be determined. Recent unpublished data suggest that acute pharmacological block-

ade of TRPV3 provides efficacy in models of inflammatory pain.

3.4 TRPV4

While TRPV4 is expressed in DRG neurons, it is also found at high levels in a

number of other tissues, including kidney, lung, and skeletal muscle (Delany et al.

2001; Liedtke et al. 2000). Moreover, unlike TRPV3, the TRPV4 channel desensi-

tizes in response to prolonged suprathreshold heat stimuli (Guler et al. 2002).

Accordingly, it was not clear whether TRPV4 could play a role in the nociceptive

pathway. However, TRPV4 null mice exhibit a higher response threshold to intense

mechanical stimulation (Liedtke et al. 2003; Suzuki et al. 2003). Surprisingly,

TRPV4 mutant and wild-type mice behaved similarly in the hotplate assay (latency

to escape; 35–50�C) or when their paws were exposed to radiant heat, suggesting

this channel is not involved in acute noxious thermal sensation (Todaka et al. 2004).

In contrast, TRPV4 mutant mice exhibit higher withdrawal latency in response to

heat in a tail immersion assay performed at 45–46�C (Lee et al. 2005). While the

same group showed that TRPV4 mutant mice behaved normally in the temperature

gradient assay after intraplantar complete Freund’s adjuvant (CFA) injection,

others concluded that TRPV4 plays an essential role in models of carrageenan-

induced thermal hyperalgesia and inflammatory-mediator-induced mechanical

hyperalgesia (Alessandri-Haber et al. 2006; Todaka et al. 2004). Furthermore,

spinal administration of antisense oligodeoxynucleotides to TRPV4 abolished

taxol-induced mechanical hyperalgesia in a model of chemotherapy-induced neu-

ropathic pain (Alessandri-Haber et al. 2004).

Given the inconsistencies in these studies, the role of TRPV4 in inflammatory

pain remains unclear. This discrepancy might be due to differences in the assays

employed (radiant heat vs. temperature gradient and hotplate vs. tail immersion) or

due to differences in irritants used to induce inflammation (CFA vs. carrageenan

and inflammatory soup).

TRPV4, like TRPV1, appears to be important in physiological processes beyond

pain detection. Cystometric analysis of the bladder in TRPV4�/� mice revealed

a lower frequency of voiding contractions but a higher frequency of nonvoiding

contractions compared with wild-type mice (Gevaert et al. 2007). In addition, the

amplitude of spontaneous contractions in explanted bladder strips was significantly

reduced in TRPV4�/� mice compared with their wild-type littermates (Gevaert

et al. 2007), indicating that TRPV4 may play a critical role in urothelium-mediated

transduction of intravesical mechanical pressure. Finally, TRPV4 is a sensor of

systemic hypotonicity (Cohen 2007). These data demonstrate a role for TRPV4 in

renal function.
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3.5 TRPA1

TRPA1 is expressed in DRG, trigeminal, and nodose ganglia in a specific subpopu-

lation of neurons that coexpress TRPV1, a noxious heat-activated channel

(Diogenes et al. 2007; Story et al. 2003). TRPA1 was also shown to be expressed

in the hair cells of the inner ear; however, a role in hearing has not been established

to date (Corey et al. 2004). TRPA1 RNA expression is increased in DRG from rats

ipsilateral to CFA injection corresponding with the development and maintenance

of nerve-injury-induced cold hyperalgesia (Katsura et al. 2006) and ipsilateral to

traumatic nerve injury (Frederick et al. 2007). Given its expression in polymodal

nociceptors and activation by proalgesics and possibly noxious cold temperatures,

TRPA1 is proposed to have a pivotal role in integrating nociceptive stimuli.

Two recent and independent studies disrupted TRPA1 function by gene-targeted

deletion (Bautista et al. 2006; Kwan et al. 2006). Both studies validated the major

role of TRPA1 in mustard oil and bradykinin induced nociception by showing that

TRPA1 mutant mice do not develop acute pain and thermal and mechanical

hypersensitivity after intraplantar injection of bradykinin or allylisothiocyanate

(Bautista et al. 2006; Kwan et al. 2006). Strikingly, and in contrast to TRPV1

mutant mice which exhibit strong deficits in thermal hyperalgesia irrespective of

the methods used to induce inflammation, TRPA1 null mice developed a robust and

normal thermal and mechanical hyperalgesia upon CFA injection (Bautista et al.

2006; Petrus et al. 2007). Taken together, these results suggest that TRPA1 acts

through a specific inflammatory pathway most likely involving phospholipase C

activation.

In one of the two studies, TRPA1 mutant mice also showed reduced sensitivity to

intense cold stimulation and a higher threshold of activation in response to painful

punctuate mechanical stimulation (Bautista et al. 2006; Petrus et al. 2007). Interest-

ingly, only females exhibited reduced sensitivity to noxious cold, possibly explain-

ing why Bautista et al. did not observe this phenotype. In models of inflammatory

and neuropathic pain, knockdown of TRPA1 by intrathecal administration of

specific antisense oligodeoxynucleotides suppresses spinal nerve ligation induced

and CFA-induced cold hyperalgesia (Katsura et al. 2006).

3.6 TRPM8

While in vitro data provided strong evidence of a possible role for TRPM8 in cold

sensation, the validation of the role of TRPM8 in cold transduction in vivo came

after three independent groups reported the behavior of TRPM8-deficient mice

(Bautista et al. 2007; Colburn et al. 2007; Dhaka et al. 2007). All three groups used

the two temperature preference assay and challenged the mice to choose between a

preferred warm temperature (30–34�C) and a cool temperature usually avoided by

mice. Strikingly, and unlike the wild-type mice, mice lacking TRPM8 function lost
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their preference to warm temperatures (or avoidance of cool temperatures). It is

noteworthy that while two studies showed the TRPM8 knockout mice regained

aversion to cold temperatures at or below 10�C (Bautista et al. 2007; Dhaka et al.

2007), one study showed that the deficit in cold temperature detection persists down

to 0�C (Colburn et al. 2007). Nevertheless, all three studies indicate that TRPM8

plays a central and essential role in cold temperature transduction and perception.

Sensitivity to cold is heightened in certain inflammatory and neuropathic pain

conditions. This results in the development of cold allodynia, a painful hypersensi-

tivity to innocuous cold temperature stimulation. The role of TRPM8 in mediating

cold, mechanical, and thermal hypersensitivity under pathophysiological condi-

tions remains elusive. TRPM8 expression is increased in the ipsilateral DRG

neurons after the development of neuropathic pain (Frederick et al. 2007; Proudfoot

et al. 2006; Xing et al. 2007). But, different studies indicate that both agonism and

antagonism of TRPM8 may be involved in mediating its analgesic effect.

It has been shown that topical or intrathecal application of TRPM8 activators

(cold, menthol, or icilin), attenuates both thermal and mechanical hypersensitivity

in a rodent chronic constriction injury model of neuropathic pain (Proudfoot et al.

2006). This demonstrates that central expression of TRPM8 in primary afferents

innervating the dorsal horn can contribute to the analgesic effect. TRPM8 agonism

was also effective in reversing both thermal and mechanical hypersensitivity in the

CFA model of inflammatory pain and in the cinnamaldehyde-induced hypersensi-

tivity (Proudfoot et al. 2006). A more recent study using a subtle modification of the

formalin test elegantly showed that while wild-type mice exhibit reduced formalin-

induced nocifensor behavior when placed on plates set at 17�C, mice lacking

TRPM8 develop similar nociceptive responses at 17�C and room temperature

(Dhaka et al. 2007).

While these studies clearly implicate TRPM8 agonism in reversing the hyper-

sensitivity observed across a wide spectrum of pain models, recent data suggest that

TRPM8 blockade may lead to an analgesic effect as well. Colburn et al. (2007)

showed that TRPM8 deficient homozygous mice develop virtually no cold allody-

nia in both chronic constriction injury and CFA models, while tactile allodynia is

not affected in both genotypes.

In summary, there is strong evidence suggesting that TRPM8 may play an

important role in nociception. However, it remains unclear whether agonism or

antagonism of this target should be pursued to treat clinical pain indications.

4 Pharmacology of TRP Channels

Given their expression in sensory tissues, especially sensory neuron fibers, their

activation by noxious modalities, and the specific sensory deficits observed in

mouse knockouts of their genes, TRPV1, TRPV3, TRPV4, TRPA1, and TRPM8

have been the focus of significant drug discovery efforts for novel pain relievers.
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Because these channels are cation-permeable and ligand-gated, high-throughput

assays have been readily developed to screen large compound libraries. This effort

has resulted in the identification of many modulators of sensory TRP channels.

4.1 Nonselective TRP Channel Agonists and Antagonists

Some sensory TRP channel agonists found in nature are not highly selective at

high concentrations. For example, menthol, a TRPM8 agonist (EC50 = 30 mM),

also activates TRPV3 (EC50 � 20 mM) and inhibits TRPA1 (IC50 = 68 mM).

Also, camphor is a TRPV1 agonist (EC50 � 4.5 mM) as well as a TRPV3 agonist

(EC50 � 40 mM), but is a TRPA1 inhibitor (IC50 = 68 mM) (Macpherson et al.

2006). 2-APB is an agonist at TRPV3 (EC50 = 41.6 mM; Chung et al. 2004), TRPV1

(EC50 = 114 mM), and TRPV2 (EC50 = 129 mM), but is a TRPM8 antagonist (IC50 =

7.7 mM) (Hu et al. 2004).

Ruthenium red and certain cations, such as gadolinium and lanthanide, have

been shown to inhibit the sensory TRP channels reviewed here, and many others as

well. These compounds have been useful reagents to study TRP channel function in

overexpressed cells or to characterize particular biophysical parameters of TRP

channel activity. However, lack of selectivity limits their ability to understand

physiological processes in more complex systems, e.g., in vivo.

4.2 TRPV1

The TRPV1 agonists capsaicin and RTX have long been used to probe the function

of sensory fibers in a variety of physiological processes, such as the airway and

urinary bladder. It has also been appreciated for some time that capsaicin and RTX

treatment can result in persistent desensitization of the sensory fiber (Szallasi et al.

1999). The mechanism of desensitization likely involves both channel desensitiza-

tion as well as cellular toxicity due to prolonged calcium influx (Tominaga 2007).

In vivo this results in analgesia effects, which is the basis for the use of over-the-

counter creams containing capsaicin as well as continued efforts to develop other

capsaicin formulations for use as analgesics or for the treatment of urinary inconti-

nence (Szallasi et al. 2007). Because capsaicin induces acute pain via activation of

sensory fibers, these formulations are designed to minimize the acute effects while

still driving desensitization. Other approaches include formulations of RTX and

novel compounds, such as olvanil (Krause et al. 2005).

Substantial industry effort has resulted in the identification of a large number of

potent and efficacious TRPV1 antagonists (Krause et al. 2005; Szallasi et al. 2007).

The first reported TRPV1 antagonist of significant potency was capsazepine (Bevan

et al. 1992); however, capsazepine inhibits nicotinic receptors, voltage-gated calci-

um channels, and TRPM8 (Behrendt et al. 2004; Krause et al. 2005). Starting in
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2002, TRPV1 antagonists with greater potency and selectivity were reported

(Krause et al. 2005), and the collection of novel, small-molecule inhibitors includes

a wide range of structures with exquisite potency (IC50 < 1 nM in some cases;

Szallasi et al. 2007). Of these inhibitors, iodoresiniferatoxin, the urea analog BCTC,

and the cinnamide analog SB-366791 have been the most widely published. Within

this group, iodoresiniferatoxin and SB-366791 are quite selective to TRPV1 versus

other receptors and channels, whereas BCTC is an inhibitor of TRPM8 (IC50 =

143 nM; Weil et al. 2005). A-778317, a stereoselective, urea analog, which is a

potent TRPV1 antagonist in vitro (IC50 = 4.9 nM), can be labeled with 3H to yield a

high-affinity radioligand with a KD of 3.4 nM in Chinese hamster ovary cells

(Bianchi et al. 2007); additional investigations of TRPV1 pharmacological effects

with this radioligand have not yet been published.

Important to understanding its role in pain is defining the emerging function of

TRPV1 in regulating body temperature, a role initially suggested by the observation

that a urea analog TRPV1 antagonist (‘‘Compound 41’’) increased core body

temperature when administered to rats (Swanson et al. 2005). A subsequent study

with AMG0347 suggested that TRPV1 expressed on peripheral fibers mediated the

effect of a TRPV1 antagonist on core body temperature (Steiner et al. 2007),

although TRPV1 antagonists (e.g., AMG8562) have recently been identified that

are reported to have no effect on body temperature (Lehto et al. 2008).

TRPV1 antagonists that exhibit very limited central nervous system (CNS)

exposure have been described (Cui et al. 2006; Tamayo et al. 2008). Investigations

comparing very limited CNS exposure compounds (e.g., A-719614, brain-to-plasma

exposure ratio 0.008) with brain-penetrant analogs (e.g., A-784168) suggest that

CNS exposure improves the analgesic efficacy (Cui et al. 2006). However, rats

administered compounds with very low CNS exposure exhibited core body tem-

perature increases that were comparable to those resulting from administration

of brain-penetrant compounds (Tamayo et al. 2008). These data support the

hypothesis that TRPV1 expressed in the CNS (perhaps in terminals of sensory

neuron projections to the spinal cord dorsal horn) are important for mediating

nociception, but that TRPV1 in CNS sites such as the hypothalamus may not be

involved in regulating core body temperature.

4.3 TRPA1

The first pharmacological evidence implicating the TRPA1 channel in mediating

pain under inflammatory conditions came recently when it was shown that AP18, a

TRPA1 small-molecule antagonist, can significantly attenuate CFA-induced in-

flammatory pain (Petrus et al. 2007). AP18 is a selective TRPA1 antagonist that

inhibits both the mouse (IC50 4.5 mM) and the human (IC50 3.1 mM) receptors.

Acute pharmacological inhibition of TRPA1 using intraplantar (local) injection of

AP18 significantly reduced the CFA-induced mechanical hypersensitivity and cold

allodynia. AP18 has no effect in TRPA1�/� mice, strongly suggesting that AP18-
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induced analgesia results from on-target activities (Petrus et al. 2007). Moreover,

local preadministration of AP18 in the hindpaw reversed cinnamaldehyde-induced

nocifensor behavior, again indicating that AP18 acts on the TRPA1 receptors.

Another selective TRPA1 antagonist, HC-030031, has been described with an

IC50 at the human receptor of 6.2 mM (McNamara et al. 2007). This compound was

shown to significantly and dose dependently (100 and 300 mg kg�1) reduce flinch-

ing in both phases of the formalin response in vivo and abolish allylisothiocyanate-

induced mechanical hypersensitivity in a dose-dependent manner. Plasma or

brain exposures of this compound were not reported in this study and therefore

a pharmacokinetic/pharmacodynamic relationship has not been established for

HC-030031.

4.4 TRPV3, TRPV4, and TRPM8

There have been no reports of small-molecule TRPV3, TRPV4, or TRPM8 selective

antagonists in the peer-reviewed literature. However, several patent applications have

been published which describe small-molecule inhibitors of TRPV3 that exhibit an

analgesic effect in rat models of pain (WO2006/122156, WO2007/056124, and

WO2008/033564). For TRPV4, many patent applications have been published to

date which describe small-molecule inhibitors of TRPV4 (WO2006/029154,

WO2006/029209, WO2006/029210, WO2006/105475, WO2007/082262, WO2007/

098393), and one application describes TRPV4 agonists (WO2007/070865).

For TRPM8, several patent applications were published reporting the discovery of

TRPM8 agonists and antagonists for the treatment of urological disorders, pain, and

prostate cancer (WO2005/020897, WO2006/040136, WO2007/080109, WO2007/

095340 WO2007/017092, WO2007/017093, WO2007/017094, WO2007/134107).

5 Conclusions

Agents such as capsaicin, mustard oil, and menthol have provided important

insights into the role of sensory neurons in diverse physiological processes such

as voiding of the urinary bladder, changes in vascular permeability, and airway

responsiveness and contractility. Perhaps the greatest utility of these molecules has

been in probing the mechanisms by which sensory neurons transmit changes in

physiological processes into pain signals, i.e., nociception. The discovery of TRP

channels as mediators of chemogenic activation of sensory neurons has been an

important advance in understanding the molecular underpinnings of nociception.

Indeed, the high level of expression of these channels (especially TRPV1,

TRPA1, and TRPM8) in sensory neurons has led many investigators to embrace

the hypothesis that modulators of sensory neuron TRP channels will yield effective

therapeutics for pain. This hypothesis has been extended to include all members of
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the so-called thermoTRP subfamily (TRPV1, TRPV2, TRPV3, TRPV4, TRPA1,

TRPM8). Small-molecule antagonists of TRPV1, TRPA1, and TRPV3 have been

discovered, and have been shown to exhibit efficacy in animal models of pain.

Definitive evidence of human efficacy has yet to be disclosed, and the effect of

thermoTRP channel inhibition on other pathophysiological conditions, such as

diabetes or urinary incontinence, has not been reported. However, the availability

of an ever-increasing number of potent and selective compounds should lead to a

better understanding of the function of the sensory neuron and, hopefully, effective

therapeutics for human disease.
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Abstract Acidosis is a noxious condition associated with inflammation, ischaemia

or defective acid containment. As a consequence, acid sensing has evolved as an

important property of afferent neurons with unmyelinated and thinly myelinated

nerve fibres. Protons evoke multiple currents in primary afferent neurons, which are

carried by several acid-sensitive ion channels. Among these, acid-sensing ion channels

(ASICs) and transient receptor potential (TRP) vanilloid-1 (TRPV1) ion channels have

been most thoroughly studied. ASICs survey moderate decreases in extracellular pH,

whereas TRPV1 is activated only by severe acidosis resulting in pH values below 6.

Two-pore-domainK+ (K2P) channels are differentially regulated by small deviations

of extra- or intracellular pH from physiological levels. Other acid-sensitive chan-

nels include TRPV4, TRPC4, TRPC5, TRPP2 (PKD2L1), ionotropic purinoceptors

(P2X), inward rectifier K+ channels, voltage-activated K+ channels, L-type Ca2+

channels, hyperpolarization-activated cyclic nucleotide gated channels, gap junc-

tion channels, and Cl� channels. In addition, acid-sensitive G protein coupled

receptors have also been identified. Most of these molecular acid sensors are

expressed by primary sensory neurons, although to different degrees and in various

combinations. Emerging evidence indicates that many of the acid-sensitive ion chan-

nels and receptors play a role in acid sensing, acid–induced pain and acid-evoked

feedback regulation of homeostatic reactions. The existence and apparent redundancy

ofmultiple pH surveillance systems attests to the concept that acid–base regulation is a

vital issue for cell and tissue homeostasis. Since upregulation and overactivity of acid

sensors appear to contribute to various forms of chronic pain, acid-sensitive ion

channels and receptors are considered as targets for novel analgesic drugs. This

approach will only be successful if the pathological implications of acid sensors can

be differentiated pharmacologically from their physiological function.

Keywords Acid surveillance, Acid-induced pain, Sour taste, Acidosis, Ischaemia,

Angina pectoris, Inflammation, Acid-related gastrointestinal diseases, Cough, Bone

resorption, Gastrointestinal tract, Urogenital tract, Pulmonary system, Skin, Carotid

body, Proton-gated currents, Molecular acid sensors, Acid-sensing ion channels,

ASIC3, TRP ion channels, TRPV1, TRPP2, Two pore domain potassium channels,

TASK channels, Proton-sensing G protein coupled receptors, Ionotropic purino-

ceptors

1 Acid Sensing by Sensory Neurons

1.1 Acid as a Noxious Stimulus

Regulation of the acid–base balance and maintenance of pH at a narrow range

around 7.4 is one of the basic principles of cellular homeostasis. This balance can be

put in danger by many circumstances, including excess intake of acid, excess

gastric acid secretion, defective acid containment in the gastrointestinal and uro-

genital tracts, metabolic acidosis and acidosis due to ischaemia (hypoxia) or
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inflammation. To meet with these challenges, there are not only cellular mechan-

isms of acid–base regulation but also systemic monitoring systems to detect

harmful acidosis, to initiate appropriate emergency reactions, and thereby to limit

any tissue damage that may arise. The most important systemic acid sensors are

primary afferent neurons and the taste receptor cells mediating the sour taste.

It has long been known that acid can elicit pain (Steen and Reeh 1993; Steen

et al. 1995), and there is plausible evidence that acidosis contributes to the pain

associated with inflammation and ischaemia. Several reports summarized by Steen

et al. (1992), Kress and Waldmann (2006) and Wemmie et al. (2006) indicate that

interstitial pH values can fall to 4.7 in fracture-related haematomas, to 5.4 in

inflammation, to 5.7 in cardiac ischaemia and to 6.2 during exhausting skeletal

muscle contractions. In the lumen of the stomach, gastric acid secretion causes the

pH to drop down to 1, and this acid load can only be managed by compartmentali-

zation and a strong mucosal acid barrier in the foregut (Holzer 2007). Intrusion of

acid into the mucosa of the oesophagus, stomach or duodenum contributes not only

to mucosal injury but also to the pain associated with gastro-oesophageal reflux and

peptic ulcer disease (Kang and Yap 1991). Acid may likewise be a factor in the pain

accompanying cystitis, in which a breakdown of the uroethelial barrier exposes

sensory nerve endings to the acidic and hyperosmotic urine (Chuang et al. 2003).

There is now ample evidence that the pain associated with angina pectoris is due to

ischaemia-induced acidosis (Sutherland et al. 2001; Yagi et al. 2006), that pulmo-

nary acidosis is associated with asthma (Ricciardolo et al. 2004; Hunt 2006) and

that acid is a stimulus to elicit the cough reflex (Kollarik et al. 2007). Acidosis also

occurs in and around malignant tumours (Vaupel et al. 1989; Newell et al. 1993).

Metastases in bone are particularly painful, an instance that is related to enhanced

activity of osteoclasts which resorb bone by decreasing interstitial pH below 5

(Honore et al. 2000; Luger et al. 2001; Ghilardi et al. 2005; Nagae et al. 2007).

1.2 Proton-Gated Currents in Sensory Neurons

Consistent with the ability of acidosis to induce pain is its capacity to excite primary

sensory neurons and to sensitize them to other noxious stimuli (Clarke and Davison

1978; Krishtal and Pidoplichko 1981; Bevan and Yeats 1991; Steen et al. 1992;

Bevan and Geppetti 1994; Reeh and Kress 2001; Krishtal 2003; Kress and Wald-

mann 2006). The molecular basis of acid sensing was discovered when proton-

activated cationic currents were described in dorsal root ganglion (DRG) neurons

(Krishtal and Pidoplichko 1981; Bevan and Yeats 1991). As reviewed by Kress and

Waldmann (2006), two principal types of proton-gated inward currents are

observed. The first type is characterized by a fast and rapidly inactivating inward

current carried by Na+ and by a high sensitivity to H+, threshold activation occur-

ring at a pH of 7 and maximum activation taking place at a pH around 6 (Krishtal

and Pidoplichko 1981; Konnerth et al. 1987; Davies et al. 1988). While this type of

proton-gated current is seen in most DRG neurons, the second type is observed only
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in DRG neurons that are also excited by capsaicin (Bevan and Yeats 1991; Bevan

and Geppetti 1994). Unlike the first type, this current is less sensitive to acidosis,

activated only at pH levels below 6.2, sustained, slowly inactivating and developing

tachyphylaxis on repeated activation (Bevan and Yeats 1991; Petersen and LaMotte

1993). Further studies showed that the sustained current is due to an increase in

cation conductance that allows Na+, K+ and Ca2+ to pass (Bevan and Yeats 1991;

Zeilhofer et al. 1996, 1997).

Molecular analysis has shown that several acid-sensitive ion channels contribute

to the capacity of afferent neurons to monitor acidosis (Fig. 1). In some cases,

accessory cells (such as the chemoreceptor cells in the taste buds or carotid bodies)

survey the pH of their environment and transmit any aberration to adjacent sensory

neurons. Among the molecular acid sensors, acid-sensing ion channels (ASICs) and

transient receptor potential (TRP) vanilloid-1 (TRPV1) ion channels have been

most thoroughly studied (Caterina and Julius 2001; Kress and Waldmann 2006;

Wemmie et al. 2006; Diochot et al. 2007; Lingueglia 2007; Szallasi et al. 2007).

While the slow proton-activated conductance in DRG neurons shares many simila-

rities with the acidosis-evoked current through TRPV1, the fast acid-induced

current resembles currents carried by ASICs (Kress and Waldmann 2006). However,

the characteristics of proton-gated currents in sensory neurons are complex and

subject to regional and species differences (Leffler et al. 2006; Smith et al. 2007;

Sugiura et al. 2007). Accordingly, there is increasing evidence that further acid-

sensitive ion channels are involved in monitoring acidosis (Fig. 1). These include

TRPV4, TRPC4, TRPC5 and PKD2L1, another member of the TRP ion channel

family that is relevant to the perception of the sour taste (Chandrashekar et al.

Fig. 1 Overview of ion channel subunits and receptors that are modulated by changes in the

extracellular pH (acidification) and expressed by primary afferent neurons or their associated cells.

For details, see the text
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2006). Other candidates include members of the two-pore-domain K+ (K2P) channel

family, inward rectifier K+ (Kir) channels, voltage-gated K+ channels, ionotropic

purinoceptors (P2X) containing the P2X2 subunit (Reeh and Kress 2001; Holzer

2003; Duprat et al. 2007) and proton-sensing G protein coupled receptors (GPCRs;

Ludwig et al. 2003; Tomura et al. 2005).

The objective of this article is to give an overview of the ability of primary

sensory neurons to monitor acidosis, to describe the molecular acid sensors

involved (Fig. 1) and to address the physiological and pathophysiological implica-

tions of acid-sensitive ion channels and receptors in nociception with a pharmaco-

logical perspective.

2 Acid Sensors on Sensory Neurons

2.1 Acid-Sensing Ion Channels

ASICs belong to the voltage-insensitive, amiloride-sensitive epithelial Na+ chan-

nel/degenerin family of cation channels (Waldmann and Lazdunski 1998; Kellen-

berger and Schild 2002; Waldmann 2001; Welsh et al. 2002). The proton-sensitive
members of this family expressed in mammals are encoded by three different genes

(ACCN1, ACCN2 and ACCN3) which are alternatively spliced to produce five

subunits: ASIC1a, ASIC1b, ASIC2a, ASIC2b and ASIC3 (Kress and Waldmann

2006; Wemmie et al. 2006; Lingueglia 2007). These subunits are characterized by

two membrane-spanning helical sequences (transmembrane domains 1 and 2), a

large cysteine-rich extracellular loop and short intracellular N- and C-termini

(Waldmann and Lazdunski 1998; Kellenberger and Schild 2002; Welsh et al.

2002; Lingueglia 2007). With this transmembrane topology (Fig. 2), ASICs have

the same structure as the ionotropic purinoceptors (P2X) but, since they lack

significant sequence homology, do not seem to share a common ancestor (Kress

and Waldmann 2006). The different subunits form distinct homomultimeric and

heteromultimeric complexes which differ in their kinetics, external pH sensitivity,

tissue distribution and pharmacological properties (Waldmann et al. 1999; Alvarez

de la Rosa et al. 2002; Benson et al. 2002; Welsh et al. 2002; Kress and Waldmann

2006; Wemmie et al. 2006). Although it is not known precisely how many subunits

are required to form a functional channel, there is increasing evidence that ASICs

are arranged as homo- or heterotetramers (Gao et al. 2007b; Lingueglia 2007).

When activated, ASICs are preferentially permeable to Na+ but some of them can

also carry other cations such as Ca2+ (ASIC1a) and K+ (ASIC1b) (Kress and

Waldmann 2006; Wemmie et al. 2006; Lingueglia 2007).

The functional properties of the different ASIC subunits have been characterized

following heterologous expression in Xenopous laevis oocytes and mammalian cell

lines. Mutational analyses indicate that their pH sensitivity resides in several

regions of the ASIC protein, particularly with His-72 and Gly-430 in the extracel-

lular loop (Waldmann 2001; Diochot et al. 2007). ASIC1a, ASIC1b, ASIC2a and
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ASIC3 are directly gated by protons, whereas ASIC2b does not respond to acidosis

when expressed as a homomultimer but can form functional heteromultimers with

other ASIC subunits, particularly ASIC3 (Kress andWaldmann 2006; Wemmie et al.

2006). ASICs are activated by changes in pH only if they occur extracellularly,

the threshold for activation of ASIC3 being as low as a fall of pH to 7.2 (Kress and

Waldmann 2006; Wemmie et al. 2006). The pH values required for half-maximal

activation are 6.2–6.8 for ASIC1a, 5.9–6.2 for ASIC1b, around 4.9 for ASIC2a and

6.5–6.7 for ASIC3 (Benson et al. 2002; Kress and Waldmann 2006). Under

physiological pH, ASIC3 is blocked by Ca2+ bound to a high-affinity binding site

on the extracellular side of the channel pore, and protons open ASIC3 by relieving

this Ca2+ block (Immke and McCleskey 2003).

The proton-gated ASICs are highly sensitive acid sensors as deduced from the

steepness of their stimulus–response relationship. Although ASIC currents are in

general fast and rapidly inactivating, there is evidence that they can also monitor

prolonged acidosis. ASIC3 homomultimers and ASIC2a/ASIC3 as well as ASIC2b/

ASIC3 heteromultimers produce two types of sustained current: (1) a current that

occurs at low acidic or even neutral pH and is thought to result from an overlap of

activation and desensitization kinetics (Benson et al. 1999; Kress and Waldmann

2006; Wemmie et al. 2006; Yagi et al. 2006), and (2) a current that is seen only at
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pH values below 5 (Kellenberger and Schild 2002; Kress and Waldmann 2006).

In addition, persistent currents are observed when ASIC1 and ASIC3 are activated

by protons in the presence of the neuropeptides neuropeptide FF or FMRFamide

(Askwith et al. 2000; Catarsi et al. 2001; Deval et al. 2003).

The properties of the ASIC currents delineated above resemble the fast and

rapidly inactivating inward Na+ current that is evoked by minor acidosis in

native DRG neurons (Krishtal and Pidoplichko 1981; Konnerth et al. 1987;

Davies et al. 1988; Kellenberger and Schild 2002; Leffler et al. 2006; Poirot et al.

2006). The question as to which ASIC subunits contribute to the native ASIC-like

current in sensory neurons has been addressed by comparing the currents carried by

ASIC homo- and heteromultimers with the native currents and by analysing the

expression of ASICs in sensory neurons. The pertinent studies revealed distinct

regional differences, proton-gated currents being mediated by ASIC1a or ASIC3

homomultimers in some instances (Escoubas et al. 2000; Sutherland et al. 2001)

and by ASIC2a/ASIC3 as well as ASIC2b/ASIC3 heteromultimers in other

instances (Waldmann et al. 1999; Xie et al. 2002; Diochot et al. 2004; Yagi et al.

2006).

This heterogeneity in function is paralleled by a heterogeneity in the expres-

sion of ASIC1a, ASIC1b, ASIC2a, ASIC2b and ASIC3 by different populations

of afferent neurons (Waldmann et al. 1999; Voilley et al. 2001; Alvarez de la Rosa

et al. 2002; Benson et al. 2002; Mamet et al. 2002; Schicho et al. 2004; Kress and

Waldmann 2006). While ASIC1a is present in both sensory neurons and neurons of

the central nervous system, ASIC1b is largely confined to primary afferent neurons

(Chen et al. 1998; Alvarez de la Rosa et al. 2002). In contrast, the levels of ASIC2a

in sensory neurons are quite low, whereas ASIC2b occurs in both sensory and

central nervous system neurons, and ASIC3 is almost exclusively expressed by

sensory neurons (Lingueglia et al. 1997; Waldmann et al. 1999; Price et al. 2001;

Voilley et al. 2001; Alvarez de la Rosa et al. 2002; Chen et al. 2002; Xie et al.

2002). The various ASIC subunits have been localized to primary afferent neurons

of small-, medium- and large-diameter innervating skin, eye, ear, taste buds, heart,

gut, skeletal muscle and bone (Kress and Waldmann 2006; Wemmie et al. 2006;

Holzer 2007). Their expression has been analysed in greatest detail in the sensory

innervation of the skin, in which ASIC-like immunoreactivity occurs not only in

free nerve endings but, as is particularly true for ASIC2, also in specialized

mechanosensitive nerve endings (Jiang et al. 2006; Kress and Waldmann 2006;

Wemmie et al. 2006). ASIC1, ASIC2 and ASIC3 have also been localized to

glossopharyngeal, vagal and spinal afferent neurons innervating the gut and other

visceral organs (Page et al. 2005; Fukuda et al. 2006; Holzer 2007; Hughes et al.

2007), and retrograde tracing has revealed that 75% of the nodose ganglion neurons

and 82% of the DRG neurons projecting to the rat stomach express ASIC3-like

immunoreactivity (Schicho et al. 2004). Analysis of mouse thoracolumbar DRG

has revealed that ASIC3 is expressed in 73%, ASIC2 in 47% and ASIC1 in 30% of

the somata projecting to the mouse colon (Hughes et al. 2007).

Acid-Sensitive Ion Channels and Receptors 289



2.2 TRP Ion Channels

The TRP ion channels are named after the role these channels have in Drosophila
phototransduction. At least 28 different TRP subunit genes have been identified in

mammals (Clapham et al. 2005), comprising six subfamilies of the mammalian

TRP superfamily (Fig. 3). The primary structure of the TRP channels consists of six

transmembrane domains with a pore domain between transmembrane domains 5

and 6 and with both the C-teminus and the N-terminus located intracellularly

(Clapham et al. 2005). This architecture (Fig. 2) is common to hundreds of ion

channels but, despite the topographic similarities between the TRPs and the volt-

age-gated K+ channels, the TRPs are only distantly related to these channels

(Clapham et al. 2005). Since TRP channels are the subject of another chapter in

this book, only TRP channels that are sensitive to pH changes (Fig. 3) are consid-

ered here.

2.2.1 TRPV1

The existence of TRPV1 (initially termed ‘‘vanilloid receptor 1’’, VR1), also known

as the capsaicin receptor, has long been envisaged from the specific action of

capsaicin on nociceptive afferent neurons (Jancsó 1960; Holzer 1991; Szallasi and

Blumberg 1999). It is now known as a polymodal nocisensor par excellence, being

receptive to noxious heat (above 43�C), capsaicin, endovanilloids and acid

(Caterina et al. 1997; Tominaga et al. 1998; Jordt et al. 2000; Caterina and Julius

2001; Patapoutian et al. 2003). Assembled most likely as a homotetramer, TRPV1

is a non-selective cation channel with high permeability for Ca2+ (Caterina and

Julius 2001; Gunthorpe et al. 2002; Patapoutian et al. 2003; Garcı́a-Sanz et al.

2004). In addition, TRPV1 has also been recognized as a channel that allows

Fig. 3 Overview of the TRP channel subfamilies and of the acid-sensitive subunit members

among the TRPC, TRPP and TRPV subfamilies. For details, see the text
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protons to enter the cell in an acidic environment (Hellwig et al. 2004; Vulcu et al.

2004). The conductance of H+ through TRPV1 results in intracellular acidification

(Hellwig et al. 2004), which in turn may act on membrane channels that are

sensitive to changes in intracellular pH, e.g. certain K2P channels. How TRPV1

regulates an acid-sensitive Cl� channel in Sertoli cells (Auzanneau et al. 2008) has

not yet been elucidated.

The pH sensitivity of TRPV1 is fundamentally different from that of ASICs,

because TRPV1 is gated open only if the extracellular pH is reduced below 6, in

which case a sustained channel current is generated (Caterina et al. 1997; Tominaga

et al. 1998; Jordt et al. 2000). However, mild acidosis in the range of pH 7–6 can

sensitize TRPV1 to other stimuli such as capsaicin and heat (Tominaga et al. 1998;

McLatchie and Bevan 2001; Ryu et al. 2003; Neelands et al. 2005). As a result, the

temperature threshold for TRPV1 activation is lowered under acidotic circum-

stances and so this cation channel becomes active at normal body temperature

(Tominaga et al. 1998). Proton-induced sensitization involves both an increase in

current activation rate and a decrease in current deactivation rate (Ryu et al. 2003;

Neelands et al. 2005). Besides mild acidosis, many other signalling pathways

[stimulated, e.g., by inflammatory mediators such as prostaglandins, bradykinin,

adenosine triphosphate (ATP), 5-hydroxytryptamine and nerve growth factor]

converge on TRPV1 and enhance the probability of channel gating by protons,

capsaicin and heat (Caterina and Julius 2001; Vellani et al. 2001; Gunthorpe et al.

2002; Szallasi et al. 2007).

The ability of protons to sensitize TRPV1 to heat and other stimuli, on the one

hand, and to activate TRPV1 per se, on the other hand, is mediated by different

amino acid residues of the channel protein. Glu-600 on the extracellular side of

transmembrane segment 5 is crucial for proton-induced sensitization of TRPV1,

while Val-538 in the extracellular linker between transmembrane segments 3 and 4,

Thr-633 in the pore helix and Glu-648 in the linker between the selectivity filter of

the pore and transmembrane segment 6 are essential for proton-induced gating of

TRPV1 (Jordt et al. 2000; Ryu et al. 2007). Mutation of these amino acid residues

selectively abrogates proton-evoked currents but preserves the current responses to

capsaicin and heat and their potentiation by mildly acidic pH (Jordt et al. 2000; Ryu

et al. 2007). Thus, the sites in the TRPV1 protein targeted by protons differ from

those targeted by other stimuli (Jordt et al. 2000; Welch et al. 2000; McLatchie and

Bevan 2001; Gavva et al. 2004; Ryu et al. 2007). This instance allows for the

development of TRPV1 blockers that inhibit TRPV1 activation by capsaicin but not

acid (Gavva et al. 2005a).

DRG neurons of TRPV1 null mice lack the slow and non-desensitizing proton-

gated currents that are seen in DRG neurons of wild-type animals, whereas the fast

and rapidly inactivating proton-gated currents mediated by ASICs are maintained

(Caterina et al. 2000; Davis et al. 2000). The TRPV1-mediated currents due to

acidification are largely confined to DRG neurons with unmyelinated fibres,

whereas the ASIC-mediated currents are also found on DRG neurons with thinly

myelinated axons (Leffler et al. 2006). This is consistent with the predominant

expression of TRPV1 in unmyelinated primary afferent nerve fibres originating
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from the trigeminal ganglia, nodose ganglia and DRG, although some thinly

myelinated fibres also stain for TRPV1 (Caterina et al. 1997; Guo et al. 1999;

Michael and Priestley 1999; Patterson et al. 2003; Schicho et al. 2004; Szallasi et al.

2007). Of the nodose ganglion neurons that innervate the rat stomach, 42–80% stain

for TRPV1, whereas 71–82% of the DRG neurons projecting to the rat stomach

and mouse colon express TRPV1 (Patterson et al. 2003; Robinson et al. 2004;

Schicho et al. 2004). In addition, TRPV1 is present on afferent-neuron-associated

cells such as epithelial cells in the urinary bladder (Birder et al. 2001).

2.2.2 TRPV4

Much like TRPV1, TRPV4 is gated by a drop of pH to below 6 and the channel

current reaches a maximum at a pH of about 4 (Suzuki et al. 2003a). TRPV4 is also

activated by citrate, but not lactate (Suzuki et al. 2003a), and has turned out to play

a role in mechano- and osmosensation (Güler et al. 2002; Mizuno et al. 2003;

Suzuki et al. 2003a). As TRPV4 has been localized to DRG neurons with both low-

and high-threshold mechanosensitive afferent nerve fibres in the skin (Suzuki et al.

2003b), a role of this TRP channel in acid sensing warrants further exploration.

2.2.3 TRPC4 and TRPC5

The TRPC subfamily, specified as canonical or classical because TRPC1 was the

first member of the mammalian TRP family known to form an ion channel, can be

divided into three subgroups by sequence homology and functional similarities:

C1/C4/C5, C3/C6/C7 and C2 (Clapham et al. 2005). Accordingly, TRPC4 and

TRPC5 are most closely related to TRPC1, which is a component of different

heteromeric TRP complexes (Clapham et al. 2005). As other TRP channels, TRPC4

and TRPC5 form Ca2+-permeable cation channels that are involved in receptor-

mediated increases in intracellular Ca2+. Their mode of activation has remained

somewhat elusive, as TRPC4 and TRPC5 are activated in a phospholipase C

dependent manner by an unidentified messenger.

It has recently been reported that TRPC4 and TRPC5 respond to changes in

extracellular pH, given that small decreases in pH (from 7.4 to 7.0) increase both G

protein activated and spontaneous TRPC5 currents (Semtner et al. 2007). TRPC4

channel activity is likewise potentiated by decreases in pH. The effects of a pH

decrease on TRPC4 and TRPC5 activity are biphasic, the currents being increased

by a reduction of pH down to about 6.5 but being inhibited when pH is decreased

further (Semtner et al. 2007). H+ modifies TRPC5 currents by interacting with the

Gd3+ binding site typical of TRPC4 and TRPC5 (Semtner et al. 2007). These

findings clearly indicate that TRPC4 and TRPC5 can act as acid sensors that link

decreases in extracellular pH to Ca2+ entry and depolarization. The expression of

these TRP subunits in acid-sensitive cells and their functional implications in acid

monitoring await to be shown.
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2.2.4 TRPP2 (PKD2L1, Polycystic Kidney Disease Like Ion Channel)

PKD2L1 is a member of the polycystin (TRPP) subfamily of TRP channels.

Apart from PKD2L1 (TRPP2), the polycystic kidney disease (PKD) proteins or

polycystins also include PKD2 (TRPP1) and PKD2L2 (TRPP3) (Clapham et al.

2005). The term ‘‘polycystin’’ is derived from the association of a PKD2 gene

mutation with autosomal dominant PKD (Delmas 2005). Accordingly, the mouse

orthologue of TRPP2 is deleted in krdmice which suffer from defects in the kidney

and retina (Nomura et al. 1998).

PKD2L1 recently joined the network of acid-sensitive ion channels after it had

been discovered to play a major role in sour taste sensing (Huang et al. 2006;

Ishimaru et al. 2006; LopezJimenez et al. 2006). To form functional channels,

PKD2L1 needs to associate as a heteromer with related proteins of the PKD1 family

(Delmas 2005; Ishimaru et al. 2006). The PKD1 polycystins (PKD1, PKD1L1,

PKD1L2, PKD1L3 and PKDREJ) are not included in the TRP channel family

(Clapham et al. 2005) because they are large proteins with a very long N-terminal

extracellular domain and 11 transmembrane domains that include a six-transmem-

brane TRP-like channel domain at the C terminus. The expression of PKD2L1 in a

select class of taste chemoreceptor cells and the deleterious effect of PKD2L1

deletion on the sour taste have led to the concept that PKD2L1 is the molecular sour

sensor (Huang et al. 2006; Ishimaru et al. 2006; LopezJimenez et al. 2006).

2.3 K2P Channels

K2P channels, encoded by the KCNK genes, represent one of the subfamilies of the

large superfamily of K+ channels. Defined by their membrane topology (Fig. 2),

these channels possess four transmembrane domains, two pore-forming loops

between transmembrane domains 1 and 2 as well as transmembrane domains 3

and 4, and a large extracellular linker region between transmembrane domain 1 and

the first pore-forming loop, which forms the K+ selectivity filter (Lesage and

Lazdunski 2000; Goldstein et al. 2001; Patel and Honoré 2001; Goldstein et al.

2005; Duprat et al. 2007). Functional K2P channels are made up as homo- or

heterodimers (Duprat et al. 2007). Thus far, 15 human K2P channel subunits

(Fig. 4) have been identified and grouped into six structurally and functionally

different subclasses (Goldstein et al. 2005; Duprat et al. 2007). Many of these

channels are background channels that are independent of membrane voltage,

constitutively active and non-inactivating. With these properties, K2P channels

play a key role in setting the resting membrane potential as well as membrane

input resistance and, consequently, the excitability of neurons (Lesage and Laz-

dunski 2000; Goldstein et al. 2001; Patel and Honoré 2001; Duprat et al. 2007). In

addition, many K2P channels possess receptor properties, given that they are

responsive to mechanical and chemical stimuli and are increasingly considered to
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be sensors for hypoxia, hypercapnia, glucose and modifications of intra- and

extracellular pH (Duprat et al. 2007). As summarized in Fig. 4, acidification or

alkalinization modulates the activity of most K2P subunits (Holzer 2003; Goldstein

et al. 2005).

As their abbreviation for ‘‘TWIK-related acid-sensitive K+ channels’’ implies,

TASK channels are remarkably sensitive to variations in extracellular pH (Fig. 4).

TASK-1, TASK-2 and TASK-3 homo- and heteromers are inhibited by extracellu-

lar acidification but are left unaffected by intracellular pH changes, while TASK-5

is inactive when expressed as a homomer (Duprat et al. 1997; Reyes et al. 1998;

Chapman et al. 2000; Kim et al. 2000; Rajan et al. 2000; Meadows and Randall

2001; Kang and Kim 2004; Goldstein et al. 2005; Duprat et al. 2007). TASK-1 is

particularly sensitive, given that only 10% of the maximal current is recorded at pH

6.7, 50% at pH 7.3 and 90% at pH 7.7 (Duprat et al. 1997). The pH sensitivity of

TASK-3 is critically dependent on His-98 in the first pore-forming loop, an amino

acid residue that is also present in TASK-1 but absent in TASK-2 (Kim et al. 2000;

Rajan et al. 2000). In addition, His-72, Lys-73, Ile-94, Gly-95, Asp-204 and Lys-

210 contribute to the acid-sensing capacity of TASK-1 and TASK-3 subunits (Kim

et al. 2000; Morton et al. 2003; Yuill et al. 2004, 2007). TASK-2 differs from

TASK-1 and TASK-3 not only by the amino acid residues critical to its pH

sensitivity (Glu28, Lys-32, Lys-35, Lys-47 and Arg-224), but also by its property

Fig. 4 Overview of the K2P channel subunit families and of the subunit members (indicated in

bold and italics) that are modulated by changes in the extracellular pH. For details, see the text
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of being an alkaline-activated K2P channel (Morton et al. 2005; Duprat et al. 2007;

Niemeyer et al. 2007).

Acid-induced inhibition of TASK channel activity will enhance nerve excit-

ability and hence indirectly encode the presence of acid. The high proton sensitivity

of TASK subunits points to a role in surveillance of tissue acidification by ischae-

mia, inflammation or backdiffusion of luminal acid into the mucosa of the foregut

(Lesage and Lazdunski 2000; Holzer 2003; Duprat et al. 2007). This possibility is

strongly envisaged from the expression of TASK-1, TASK-2 and TASK-3 messen-

ger RNA (mRNA) and protein in rat and human DRG neurons with nociceptive

properties and in areas of the spinal cord (dorsal horn) and brainstem that receive

afferent input from the periphery (Duprat et al. 1997; Bayliss et al. 2001; Medhurst

et al. 2001; Talley et al. 2001; Gabriel et al. 2002; Baumann et al. 2004; Cooper

et al. 2004; Rau et al. 2006).

TRESK channels are blocked by extra- and intracellular acidification and acti-

vated by extra- and intracellular alkalinization (Sano et al. 2003). TRESK is a major

background K2P channel in DRG neurons, and disruption of the TRESK gene has

revealed that this channel plays a role in the regulation of DRG neuron excitability

(Kang and Kim 2006; Dobler et al. 2007).

TREK-1 and TREK-2 do not respond to changes in extracellular pH but are

inhibited by intracellular alkalinization and activated by intracellular acidification

such that they become constitutively active (Maingret et al. 1999; Bang et al. 2000;

Lesage et al. 2000; Kim et al. 2001a; Patel and Honoré 2001; Honoré et al. 2002;

Miller et al. 2004). Activation of TREK-1 by intracellular acidification depends

critically on protonation of Glu-306 (Honoré et al. 2002). TREK channels are also

activated by a number of extracellular stimuli (including arachidonic acid, other

unsaturated fatty acids, stretch, negative pressure and heat) and are inhibited

by intracellular signalling cascades involving protein kinases A and C. A sensory

role of TREK channels may be deduced from the expression of TREK-1 and

TREK-2 in human DRG neurons as well as in neurons of the spinal cord and

brainstem (Bearzatto et al. 2000; Maingret et al. 2000; Hervieu et al. 2001;

Medhurst et al. 2001; Talley et al. 2001; Gu et al. 2002; Kang and Kim 2006). In

the mouse DRG, TREK-1 is present in small to medium-sized primary afferent

neurons (Maingret et al. 2000).

The activity of TWIK-1, but not TWIK-2, is depressed by extracellular acidifi-

cation (Goldstein et al. 2005; Rajan et al. 2005), whereas intracellular acidification

inhibits both TWIK-1 and TWIK-2 (Chavez et al. 1999; Patel et al. 2000). A possi-

ble role in sensory mechanisms can be envisaged from the expression of TWIK-1

and TWIK-2 mRNA in human and rat DRG neurons as well as in neurons of the

spinal cord (Medhurst et al. 2001; Talley et al. 2001).

TRAAK channels are activated by intracellular alkalinization but not acidifica-

tion (Lesage and Lazdunski 2000; Kim et al. 2001b; Patel and Honoré 2001).

TRAAK mRNA and protein are appreciably expressed in human and rat DRG

neurons as well as in the human, mouse and rat spinal cord (Bearzatto et al. 2000;

Reyes et al. 2000; Medhurst et al. 2001; Talley et al. 2001; Kang and Kim 2006).
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TALK-1, TALK-2 and their splice variants are blocked by extracellular acidifi-

cation but are gated open by extracellular alkalinization, with Lys-224 playing a

critical role in their pH sensitivity (Decher et al. 2001; Girard et al. 2001; Han et al.

2003; Duprat et al. 2005; Goldstein et al. 2005; Niemeyer et al. 2007).

Taken together, the activity of many K2P channels (TASK-1, TASK-2, TASK-3,

TRESK, TWIK-1, TALK-1 and TALK-2) is modified by changes in extracellular

pH. Although their functional implications in acid sensing await to be explored, K2P

channels could play a multimodal sensory role in the peripheral and central nervous

system as has been envisaged for the TASK subfamily (Duprat et al. 2007).

2.4 Proton-Sensing GPCRs

Proton-sensitive GPCRs are emerging as a new class of acid sensors on nociceptive

afferent neurons (Fig. 1). These receptors include the ovarian cancer GPCR 1

(OGR1), GPCR 4 (GPR4), the G2 accumulation (G2A) receptor, and the T-cell

death-associated gene 8 (TDAG8) receptor. Initially described as receptors for lipid

molecules such as sphingosylphosphorylcholine, lysophosphatidylcholine and psy-

chosine, some of these GPCRs have turned out to be sensors for extracellular

acidosis (Ludwig et al. 2003; Tomura et al. 2005). As other GPCRs, these acid-

sensitive receptors are composed of seven transmembrane domains, their signalling

involving Gs, Gi, Gq and G12/13 pathways. The sensitivity of OGR1 to extracellular

pH changes resides with several histidine residues and is extremely high, given that

half-maximum activation occurs at pH 7.2–7.5 and full activation occurs at pH

6.4–6.8 (Ludwig et al. 2003; Tomura et al. 2005). The transcripts of proton-sensing

GPCRs are widely distributed and, importantly, also expressed by DRG neurons,

particularly by small-diameter afferent neurons that are involved in nociception

(Huang et al. 2007). Although the physiological and pathophysiological roles of

proton-sensitive GPCRs are – for the time being – speculative, they could add

significantly to the network of acid sensors of afferent neurons and their associated

cells.

2.5 Ionotropic Purinoceptors

P2X purinoceptors are ligand-gated membrane cation channels that open when

extracellular ATP is bound. They are assembled as homo- or heteromultimers

(trimers or hexamers) of P2X subunits, seven of which (P2X1–P2X7) have been

identified at the gene and protein level (Chizh and Illes 2001; Dunn et al. 2001;

North 2002; Burnstock 2007). Their membrane topology (Fig. 2) is characterized

by a very long extracellular polypeptide loop, which consists of about 280 amino

acids and is rich in cysteine, between two transmembrane domains, with the N- and

C-termini located intracellularly (Dunn et al. 2001; North 2002). Since the role of

purinoceptors in sensory neuron physiology and pharmacology is the topic
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of another chapter in this volume, only aspects relating to the acid sensitivity of

P2X purinoceptors are discussed here.

Of the various P2X subunits, P2X1, P2X2, P2X3, P2X4, P2X5 and P2X7 (Fig. 1)

are modulated by alterations in the extracellular pH (Holzer 2003). Thus, acidification

reduces the potency of ATP to gate homomultimeric P2X1, P2X3, P2X4 and P2X7

receptors usually without a change in the maximal response, while alkalinization

has no effect on agonist potency and efficacy (Stoop et al. 1997; Dunn et al. 2001;

Liu et al. 2001; Gerevich et al. 2007). In P2X5 homomultimers, however, protons

reduce both the potency and efficacy of ATP to gate the channel (Wildman et al.

2002). In contrast, acidification sensitizes homomultimeric P2X2 receptors to the

excitatory effect of ATP, whereas agonist potency at homomultimeric P2X2 recep-

tors is decreased at alkaline pH levels above 7.5 (Stoop et al. 1997; Ding and Sachs

1999; North 2002; Burnstock 2007). The maximal response of P2X2 receptors to

ATP is not altered by alkalinization or acidification. His-319 is particularly impor-

tant for the effect of protons to potentiate the agonist effect of ATP on P2X2 (Clyne

et al. 2002), while protonation of His-206 and His-286 accounts for the inhibition of

agonist-induced currents in P2X3 and P2X4, respectively (Clarke et al. 2000;

Gerevich et al. 2007).

Acidification has a dual effect on P2X3 channels in response to agonist applica-

tion. While at low agonist concentrations the current amplitude is reduced owing to

a decrease in the activation rate, it is enhanced at high agonist concentrations owing

to a decrease in the desensitization rate (Gerevich et al. 2007). It has therefore been

proposed that the effect of low ATP concentrations on P2X3 channels may be

attenuated during inflammatory acidosis, whereas the effects of a massive release of

ATP by tissue damage may be potentiated by acidosis (Gerevich et al. 2007).

When P2X1, P2X2 or P2X3 subunits are coexpressed with each other, the

resultant heteromultimers show a pH sensitivity that is different from that of P2X

homomers (Surprenant et al. 2000; Dunn et al. 2001; Liu et al. 2001; Brown et al.

2002). For instance, the potency and efficacy of ATP to gate heteromeric P2X1/2

receptors expressed in Xenopous oocytes is increased under both acidic and alkaline
conditions (Brown et al. 2002). While the agonist-induced currents in P2X2/3

heteromers are less enhanced by protons than the equivalent responses in P2X2

homomers (Liu et al. 2001), the ligand-induced currents in P2X2/6 heteromers are

potentiated by pH levels down to 6.5, but are inhibited by pH levels lower than 6.3

(King et al. 2000). The ATP-evoked currents in P2X4/6 heteromers are inhibited in

the presence of protons (Dunn et al. 2001), and the ligand-evoked stimulation of

P2X1/5 heteromers is inhibited by either an increase or a decrease of the extracellu-

lar pH, in terms of both potency and efficacy (Surprenant et al. 2000).

P2X receptors are expressed by many cells including primary afferent neurons.

The P2X receptors on nodose ganglion neurons include predominantly homomul-

timeric P2X2 and some heteromultimeric P2X2/3 receptors, whereas on DRG

neurons homomultimeric P2X3 prevail over heteromultimeric P2X2/3 receptors

(Cockayne et al. 2000; Dunn et al. 2001; Burnstock 2007). The different P2X

subunit distribution in spinal and vagal sensory neurons explains why the ATP-

evoked inward currents in nodose ganglion neurons are persistent whereas those in
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DRG neurons exhibit transient, persistent or biphasic components (Dunn et al.

2001). Since only P2X2 homomultimers and heteromultimers involving P2X2, i.e.

P2X1/2, P2X2/3 and P2X2/6 receptors, are sensitized by acid, it is primarily P2X2-

containing purinoceptors that function as indirect acid sensors. The monitoring of

acidification depends on the concomitant release and/or presence of ATP or related

purines whose agonist action is enhanced by a decrease of the extracellular pH.

This scenario may be of functional significance, given that ATP is liberated from a

number of cellular sources in response to both physiological and pathological

stimuli. As a result, P2X receptors have been envisaged as potential targets in

pain research because, firstly, P2X3 receptors are preferentially expressed by a

group of primary afferent neurons that subserve a nociceptor function and, second-

ly, P2X receptors on these neurons are upregulated by inflammation and nerve

injury (Cockayne et al. 2000; Hamilton et al. 2001; Yiangou et al. 2001a; Xu and

Huang 2002; Burnstock 2007).

2.6 Other Acid-Sensitive Ion Channels

There is an increasing network of ion channels, receptors and other membrane

proteins whose activity is modified by changes in the extra- and/or intracellular pH

(Fig. 1). To review these many principles is beyond the scope of the current chapter,

which focuses on acid sensing as an important property of sensory neurons and

associated cells. Mention needs to be made, however, of a number of mechanisms

that have been discussed as contributing to the acid-monitoring capacity of chemo-

sensory neurons both in the periphery and in the brain.

Several members of the inward rectifier K+(Kir) channel family, such as Kir1.1,

Kir4.1, Kir5.1 and Kir6.1, are highly sensitive to changes in the intra- or extracel-

lular pH at near physiological levels. While the activity of Kir1.1, Kir4.1 and Kir5.1

channels is inhibited by a decrease in intracellular pH (Jiang et al. 1999; Claydon

et al. 2000; Putnam et al. 2004; Jiang et al. 2005; Liu et al. 2005; López-López and

Pérez-Garcı́a 2007), Kir6.1 (KATP) channels are activated by intracellular acidosis

(Xu et al. 2001; Wang et al. 2003). Similarly, G protein coupled inward rectifier K+

channels are activated by extracellular acidification (Mao et al. 2002). The inacti-

vation of the voltage-activated K+ channel Kv1.3 is delayed when extracellular pH

is lowered (Somodi et al. 2004), whereas the inactivation of Kv1.4 and Kv11.1

channels is facilitated by extracellular acidosis (Jiang et al. 1999; Claydon et al.

2000; Somodi et al. 2004; Chandrashekar et al. 2006).

Nifedipine-sensitive L-type Ca2+ channels can be activated by extracellular

acidification (Filosa and Putnam 2003), although there are also reports that high-

voltage-gated Ca2+ channels and tetrodotoxin-sensitive Na+ channels are blocked

by a drop of extracellular pH (Reeh and Kress 2001). Hyperpolarization-activated

cyclic nucleotide gated channels (Stevens et al. 2001; Zong et al. 2001; Mistrı́k and

Torre 2004) and gap junction channels (connexins) (Dean et al. 2002) are inhibited

by intracellular acidosis. Sertoli cells express an acid-sensitive Cl� channel which
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is outwardly rectifying and activated only at acidic pH in the extracellular space

(Auzanneau et al. 2003, 2008). Neurotransmitter receptors other than P2X purino-

ceptors are likewise modulated by pH changes. This is true for GABAA receptors

which can be modified by extracellular pH changes, the effect depending on the

stage of development and the receptor subunit composition (Krishek and Smart

2001). Given that intracellular pH is regulated by ion pumps, it needs to be

envisaged that many transporters, including Na+/H+ exchangers, can modify the

acid sensitivity of chemosensory cells (Lyall et al. 2004; Shimokawa et al. 2005;

Montrose et al. 2006).

3 Physiological and Pathophysiological Implications

of Acid Sensors

In most tissues, stimulation of sensory neurons by acidosis and other noxious

stimuli has two different effects: local release of neuropeptides from the peripheral

nerve fibres in the tissue and induction of autonomic reflexes, sensation and pain

(Holzer 1988; Holzer and Maggi 1998). By releasing peptide transmitters in the

periphery, sensory nerve fibres can regulate vascular and other tissue activities

embodied in the term ‘‘neurogenic inflammation’’. This efferent-like mode of

operation may take place independently of nociception, and it has been hypothe-

sized that some DRG neurons are specialized in controlling peripheral effector

mechanisms only, while other DRG neurons may be specialized in the afferent

mode of action or both (Holzer and Maggi 1998). The neuropeptides involved in the

efferent-like mode of operation include calcitonin gene-related peptide (CGRP) and

the tachykinins substance P and neurokinin A. Acidosis-evoked release of CGRP,

one of the most potent vasodilator peptides, has been demonstrated in a variety of

tissues, including the dental pulp (Goodis et al. 2006), the gastric mucosa (Geppetti

et al. 1991; Manela et al. 1995) and the myocardium (Strecker et al. 2005).

Pharmacological antagonist and gene disruption studies provide increasing evi-

dence that acid-sensitive ion channels and receptors are involved in a number of

physiological and pathophysiological reactions to acidosis (Fig. 5).

3.1 Sour Taste

The detection of sour taste plays an important role in warning against ingestion of

acidic (e.g. spoiled or unripe) food sources (Huang et al. 2006). Taste reception

occurs at the apical tip of taste receptor cells that form taste buds composed of

50–100 taste receptor cells. After transduction of one of the five distinct taste

modalities (bitter, sweet, umami, salty and sour), the taste receptor cells transmit

their information to afferent neurons. Several receptors and receptor mechanisms
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have been proposed to mediate the sour taste (Chandrashekar et al. 2006). These

include ASIC2a and ASIC2b (Ugawa et al. 2003; Shimada et al. 2006), K2P

channels (Lin et al. 2004; Richter et al. 2004a), Kir channels (Liu et al. 2005),

proton-activated voltage-dependent Ca2+ channels (Chandrashekar et al. 2006),

hyperpolarization-activated cyclic nucleotide gated channels (Stevens et al.

2001), Na+/H+ exchangers (Lyall et al. 2004) and acid-induced inactivation of

K+ channels (Chandrashekar et al. 2006). However, ASIC2 knockout mice respond

normally to sour taste stimuli (Richter et al. 2004b), and there is also a lack of

conclusive evidence for the other receptor mechanisms.

Histological, genetic and functional studies demonstrate that the TRP channel

PKD2L1 (TRPP2) is probably the most important sour taste receptor (Huang et al.

2006; Ishimaru et al. 2006; LopezJimenez et al. 2006; Kataoka et al. 2008).

PKD2L1 and the related PKD1L3 are selectively coexpressed in a population of

taste receptor cells distinct from those mediating sweet, umami and bitter tastes

(Huang et al. 2006; Ishimaru et al. 2006; LopezJimenez et al. 2006). PKD2L1 is

accumulated at the taste pore region where taste chemicals are detected, and

coexpression of PKD2L1 and PKD1L3 is necessary for their functional cell surface

expression (Ishimaru et al. 2006). In addition, PKD2L1 and PKD1L3 are activated

by various acids when coexpressed in heterologous cells but not by other classes of

tastants (Ishimaru et al. 2006). Targeted ablation of PKD2L1-expressing taste

Fig. 5 Overview of the pathophysiological implications of acid-sensitive ion channels in afferent

neuron function, based primarily on pharmacological antagonist and gene disruption studies. For

details, see the text
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receptor cells results in a specific and total loss of the sour taste, whereas responses

to sweet, umami, bitter or salty tastants remain indistinguishable from those in wild-

type animals (Huang et al. 2006). These findings firmly establish PKD2L1-expres-

sing cells as specific sour taste receptors. Since PKD2L1 is expressed in neurons

surrounding the central canal of the spinal cord, this channel has also been sug-

gested to serve as a chemoreceptor monitoring the acidity of the cerebrospinal fluid

(Huang et al. 2006).

3.2 Acidosis in the Gastrointestinal Tract

3.2.1 Acidity and Acidosis in the Gastrointestinal Tract

The stomach is the most productive source of acid in the body. The gastric parietal

cells can secrete hydrochloric acid (HCl) to yield a H+ concentration in the gastric

lumen that – with an average diurnal pH of 1.5 – is 6 orders of magnitude higher

than in the interstitial space of the gastric lamina propria (Holzer 2007). Most

tissues would rapidly disintegrate if exposed to acid of this pH, yet gastric acid is

essential for the digestive breakdown of food and elimination of ingested patho-

gens. The autoaggressive potential of HCl is kept in check by an elaborate network

of mucosal defence mechanisms and by the functional compartmentalization of the

oesophagogastroduodenal region (Holzer 2007). Both strategies require an acid

surveillance system, among which acid-sensitive afferent neurons play an impor-

tant role. If the pathophysiological impact of gastric acid gets out of control, acid-

related diseases including gastritis, gastroduodenal ulceration, dyspepsia and gas-

tro-oesophageal reflux disease may ensue.

Acid sensors are not only relevant for control of the secretion and actions of

gastric acid but also for the detection of tissue acidosis resulting from ischaemia,

inflammation, microbial activity, malignant tumour growth and gastrointestinal

motor stasis. The pH profile in the gastrointestinal lumen of healthy subjects

shows a distinct shape (Fallingborg 1999; Nugent et al. 2001), with peaks of acidity

in the stomach and proximal large bowel. While HCl and bicarbonate (HCO3
�)

secretion are the major determinants of luminal pH in the foregut, luminal pH in the

colon depends on mucosal HCO3
� and lactate production as well as on microbial

transformation of carbohydrates to short chain fatty acids and formation of ammo-

nia. This pH profile can be changed by surgical interventions and in inflammatory

bowel disease (Nugent et al. 2001; Holzer 2007).

3.2.2 Acid Sensing as a Feedback in the Control of Foregut Homeostasis

The secretion of gastric acid at highly toxic concentrations requires a tight control

of its production according to need. The major inhibitory regulator is an increase
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in intragastric acidity, given that a decrease of luminal pH below 3 has a concen-

tration-dependent inhibitory influence on HCl and gastrin secretion, and at pH 1

further acid output is abolished (Shulkes et al. 2006). The major mediator of this

feedback inhibition is somatostatin, which via paracrine and endocrine pathways

inhibits parietal cell function both directly and indirectly via reduction of gastrin

secretion. The activity of D cells is in part regulated by acid-sensitive primary

afferent neurons in the gastric mucosa which following luminal acidification release

CGRP to stimulate D cells (Manela et al. 1995; Holzer 1998). The acid sensors of

the somatostatin-releasing D cells and of other endocrine cells in the gastrointesti-

nal mucosa await to be explored. Excess acid causes release of 5-hydroxytrypta-

mine from enterochromaffin cells in the rat gastric mucosa (Wachter et al. 1998).

Enterochromaffin cells are often called the ‘‘taste buds’’ of the gut, but whether they

monitor intraluminal pH is not known.

Exposure of the oesophageal, gastric and duodenal mucosa to excess acid elicits

protective mechanisms, including an increase in mucus gel thickness, HCO3
�

secretion and mucosal blood flow (Holzer 1998; Aihara et al. 2005; Akiba et al.

2006b; Montrose et al. 2006). These reactions are initiated in part by epithelial cells

and their acid-sensing mechanisms and in part by capsaicin-sensitive afferent nerve

fibres. Since these nerve fibres reside in the lamina propria behind the epithelium,

the mucosal acid signal must be transduced across the epithelium. In the duodenum,

this seems to be achieved by diffusion of CO2 into the epithelial cells, hydration to

H+ and HCO3
�, intracellular acidification and exit of H+ via the basolateral Na+/H+

exchanger of type 1 (Akiba et al. 2006b; Montrose et al. 2006). As a result,

interstitial pH is lowered, which activates sensory nerve terminals that release the

vasodilator peptide CGRP (Akiba et al. 2006b). TRPV1 is involved in the duodenal

hyperaemia evoked by luminal acid exposure, since it is attenuated by the TRPV1

blocker capsazepine (Akiba et al. 2006b), whereas the gastric hyperaemia is left

unaltered by capsazepine (Tashima et al. 2002). The acid-evoked secretion of

gastric and duodenal HCO3
� also remains unchanged by capsazepine (Kagawa

et al. 2003; Aihara et al. 2005).

The injurious potential of gastric acid is, in addition, kept in check by compart-

mentalization of the oesophagogastroduodenal region. This strategy is to restrict the

presence of high acid concentrations to the stomach, the mucosa of which is most

resistant to intrusion by H+, and to precisely control H+ passage from the stomach to

the duodenum through coordinated activity of the lower oesophageal and pyloric

sphincters. Both sphincters are under the control of neural reflexes involving acid-

sensitive neurons which adjust the tone of these sphincters to balance the levels of

acid present in the oesophagus, stomach and duodenum with the mucosal defence

mechanisms in these compartments (Forster et al. 1990; Lu and Owyang 1999;

Holzer et al. 2003; Holzer 2007). The molecular acid sensors and sensory neurons

involved in the control of oesophagogastroduodenal motor activity await full

exploration (Holzer 2007). Apart from extrinsic sensory neurons, it is likely that

intrinsic primary afferent neurons of the enteric nervous system are involved,

given that they have been found to respond to acidosis (Bertrand et al. 1997;

Schicho et al. 2003).
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Paradoxically, knockout of TRPV1 has been reported to ameliorate acid-induced

injury in the oesophagus and stomach (Akiba et al. 2006a; Fujino et al. 2006).

Analysis of this unexpected observation in the stomach has revealed that disruption

of the TRPV1 gene causes a compensatory upregulation of other protective mechan-

isms in the gastric mucosa (Akiba et al. 2006a). Thus, experiments with selective

TRPV1 blockers are needed to unveil the precise role of TRPV1 in acid-induced

mucosal injury in the foregut.

3.2.3 Acid as a Factor in Abdominal Pain

Acid is not only a factor in gastrointestinal tissue injury but also in gastrointestinal

pain, contributing to the symptoms of gastro-oesophageal reflux disease and peptic

ulcer (Kang and Yap 1991). Whether acid also plays a role in the pain associated

with functional gastrointestinal disorders such as non-cardiac chest pain, functional

dyspepsia, irritable bowel syndrome and functional abdominal pain syndrome is

less well understood (Holzer 2007). Whole-cell voltage-clamp recordings from

DRG and nodose ganglion neurons innervating the rat stomach and mouse colon

have shown that acidosis induces currents that can to a variable degree be attributed

to the gating of ASICs and TRPV1 (Sugiura et al. 2005, 2007). The pH sensitivity

and kinetics of these currents are distinctly altered after experimental induction of

gastric ulcers (Sugiura et al. 2005).

Intramucosal acidosis induced by exposure of the rat or mouse gastric lumen to

supraphysiological HCl concentrations (above 0.15 M) elicits a visceromotor

response indicative of pain (Lamb et al. 2003) and causes many neurons in the

nucleus of the solitary tract in the brainstem to express c-Fos, a marker of neuronal

excitation (Schuligoi et al. 1998; Danzer et al. 2004; Wultsch et al. 2008). The

gastric HCl evoked visceromotor reaction and medullary c-Fos response are sup-

pressed by vagotomy, but not transection of the sympathetic nerve supply to the

stomach, which indicates that gastric HCl evoked nociception depends critically on

the integrity of the vagal afferent innervation (Schuligoi et al. 1998; Lamb et al.

2003). Apart from eliciting pain, acid causes sensitization of mechanosensitive

afferent pathways from the oesophagus, stomach and colon (Coffin et al. 2001;

Medda et al. 2005). Experimentally induced gastritis and gastric ulceration enhance

the gastric HCl evoked visceromotor reaction and medullary c-Fos response (Lamb

et al. 2003; Holzer et al. 2007; Wultsch et al. 2008).

The gastric HCl evoked visceromotor reaction is inhibited by pretreatment of

rats with a neurotoxic dose of capsaicin (Lamb et al. 2003). In contrast, the

medullary c-Fos response to gastric acid challenge is neither altered by pretreat-

ment with capsaicin (Schuligoi et al. 1998) nor by deletion of the TRPV1 gene

(Peter Holzer, Thomas Wultsch and Peter W. Reeh, unpublished observation).

While afferent acid signalling from the normal stomach to the brainstem is pre-

served in ASIC3 knockout mice, the effect of gastritis to enhance the gastric acid

evoked expression of c-Fos in the brainstem is abolished by disruption of the ASIC3
gene (Wultsch et al. 2008). ASIC3 thus seems to play a major role in the inflamma-
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tory hyperresponsiveness of the vagal afferent–brainstem axis to gastric acid.

Conversely, ASIC2 gene knockout does not alter inflammatory hyperresponsive-

ness but enhances the medullary c-Fos response to gastric acid challenge of the

normal stomach (Wultsch et al. 2008). Although this finding suggests that ASIC2

may normally dampen acid-induced afferent input, it must not be forgotten that

compensatory changes in germline knockout mice may obscure the functional

implication of the disrupted gene.

Activation of TRPV1 on abdominal afferent neurons by capsaicin elicits visceral

pain in animals and humans (Drewes et al. 2003; Holzer 2004a; Schmidt et al.

2004). The stimulant effect of luminal acidification on gastric and oesophageal

vagal afferent nerve fibres is ablated in both TRPV1 null and ASIC3 null mice

(Bielefeldt and Davis 2008). Similarly, disruption of the TRPV1 gene and blockade
of TRPV1 by capsazepine depress the acid-evoked stimulation of afferent nerve

fibres supplying the mouse jejunum (Rong et al. 2004) and the acid-evoked currents

in thoracolumbar and lumbosacral DRG neurons innervating the mouse colon

(Sugiura et al. 2007). Experimental colitis induced by trinitrobenzene sulfonic

acid is associated with an increase in TRPV1 expression in thoracolumbar and

lumbosacral DRG neurons and in the visceromotor response to intracolonic

acid administration (Miranda et al. 2007). The effects of trinitrobenzene sulfonic

acid to induce colitis, TRPV1 overexpression and hyperalgesia in response to acid

challenge are counteracted by the TRPV1 blocker JYL1421 (Miranda et al. 2007).

Pharmacological blockade of TRPV1 with SDZ 249-665, a vanilloid compound

causing desensitization of sensory neurons to capsaicin, attenuates the behavioural

pain response to intraperitoneal administration of acetic acid in rats (Urban et al.

2000). This pain reaction may indeed reflect a response to acidosis because the

writhing response to intraperitoneal injection of acetic, lactic and propionic acid is

attenuated by capsazepine, whereas that to phenylbenzoquinone is not (Ikeda et al.

2001). An involvement of TRPV1 in acetic acid induced writhing is further

corroborated by the ability of various TRPV1 blockers to reduce the abdominal

muscle contractions caused by intraperitoneal injection of acetic acid (Rigoni et al.

2003; Tang et al. 2007). Likewise, mice lacking TRPV4 are hyporesponsive to

intraperitoneal injection of acetic acid (Suzuki et al. 2003a). Overexpression of a

dominant-negative ASIC3 subunit has been found to increase the writhing response

to intraperitoneal acetic acid (Mogil et al. 2005), a change that paradoxically is also

seen in ASIC3 null mice (Chen et al. 2002). Whether this finding is the result of a

change in the kinetics of ASIC1 and ASIC2 after knockout of ASIC3 (Kress and

Waldmann 2006) or of a compensatory upregulation of acid sensors other than

ASIC3 is not known.

The available information points to a role of TRPV1 and ASIC3 in acid sensing

within the gastrointestinal tract as well as in ulceration- and inflammation-evoked

sensitization of afferent neurons (Fig. 5). This inference is consistent with a number

of findings that show that abdominal hyperalgesia is associated with an upregula-

tion in acid sensor expression and/or function. For instance, acute exposure of the

rat gastric mucosa to a noxious HCl concentration leads to a rise of TRPV1

immunoreactivity, but not TRPV1 mRNA, in DRG neurons innervating the stomach
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(Schicho et al. 2004). TRPV1 in vagal and spinal afferent neurons is upregulated in

acid-evoked oesophagitis as well as in trinitrobenzene sulfonic acid induced pan-

creatitis and colitis (Banerjee et al. 2007; Miranda et al. 2007; Xu et al. 2007).

Similarly, the expression of TRPV1 and ASIC3, but not ASIC1 and ASIC2, is

enhanced in the colonic mucosa of patients with inflammatory bowel disease

(Yiangou et al. 2001b, c). TRPV1-like immunoreactivity is likewise increased in

oesophagitis (Matthews et al. 2004), non-erosive reflux disease (Bhat and Bielefeldt

2006), rectal hypersensitivity and faecal urgency (Chan et al. 2003).

There is some evidence that P2X receptors are involved in gastrointestinal sensation

and pain related to acidosis. Protons potentiate the ATP-evoked stimulation of nodose

ganglion and DRG cells (Li et al. 1996, 1997; Dunn et al. 2001; Zhong et al. 2001).

The writhing behaviour elicited by intraperitoneal injection of acetic acid is inhib-

ited by trinitrophenyl-ATP (a P2X1, P2X3 and P2X2/3 receptor blocker) and A-

317491 (a P2X3 and P2X2/3 receptor antagonist), whereas the P2X1 channel blocker

diinosine pentaphosphate is ineffective (Honore et al. 2002; Jarvis et al. 2002).

Distension of the gut is thought to release ATP from the intestinal mucosa, which

subsequently excites afferent neurons expressing P2X receptors. This mode of

mechanosensory transduction via P2X3 receptors is enhanced by experimental

colitis in the rat (Wynn et al. 2004) and may, conceivably, involve inflammation-

associated acidosis and/or upregulation of P2X3 purinoceptors as has been observed

in the colonic mucosa of patients with inflammatory bowel disease (Yiangou et al.

2001a).

3.3 Acidosis in the Urogenital Tract

The sensory innervation of the urogenital tract is of paramount relevance to the

regulation of urine storage and voiding. Given that the urine is usually acidic and

hyperosmotic, nerve endings behind the urothelium are likely to be exposed to

excess acid if the urothelial barrier is disrupted (Chuang et al. 2003). This scenario

is likely to occur under the conditions of irritable bladder and cystitis in which there

is evidence for sensitization of afferent neurons, at least to mechanical stimuli. As a

result, bladder hyperactivity, bladder hyperreflexia and pain may occur. The plau-

sibility of this concept receives support from the finding that both populations of

afferent neurons innervating the bladder, thoracolumbar and lumbosacral DRG

neurons, are excited by acidification and exhibit proton-evoked currents with

different inactivation kinetics (Dang et al. 2005; Daly et al. 2007). Furthermore,

there is emerging evidence that acid sensors on afferent neurons such as TRPV1

play an appreciable role in diseases of the urogenital tract (Fig. 5).

An implication of TRPV1 in bladder overactivity and pain has been proved by

both experimental and clinical evidence. Thus, chronic intravesical administration

of capsaicin or resiniferatoxin to desensitize the sensory innervation of the bladder

is beneficial in patients with urinary bladder pain and hyperreflexia (Bley 2004;

Brady et al. 2004; Avelino and Cruz 2006; Cruz and Dinis 2007). This finding is
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consistent with the finding that TRPV1-like immunoreactivity is upregulated in

neurogenic bladder overactivity (Brady et al. 2004). The symptoms of women with

sensory urgency, but not idiopathic detrusor overactivity, have been associated with

increased expression of TRPV1 mRNA in the trigonal mucosa (Liu et al. 2007).

A contribution of TRPV1 to bladder function has been confirmed experimentally by

genetic and pharmacological studies. Knockout of the TRPV1 gene blunts the

responsiveness of bladder afferent neurons to intravesical administration of HCl

and capsaicin as well as to bladder distension and impairs the function of low-

threshold afferents (Birder et al. 2002; Daly et al. 2007).

There is ample evidence that P2X2 and P2X3 purinoceptors are involved in

the physiological and pathophysiological processes of urinary bladder voiding

(Cockayne et al. 2000, 2005; Burnstock 2007), but it is not known whether they

contribute to acid sensing in the urogenital tract.

3.4 Acidosis in the Pulmonary System

DRG and nodose ganglion neurons projecting to the lung and pleura express

TRPV1 and ASICs (Groth et al. 2006; Jia and Lee 2007; Kollarik et al. 2007).

Accordingly, vagal afferent neurons supplying the rat and guinea-pig lung display

proton-induced currents with rapid and slow inactivation currents that appear to be

carried by ASICs and TRPV1 as they are inhibited by amiloride and capsazepine,

respectively (Kollarik and Undem 2002; Gu and Lee 2006). Acidosis in the airways

can be the result of several processes, including inflammation, ischaemia or aspira-

tion of refluxing gastric contents, and exhaled breath condensate studies indicate

that acidosis is associated with obstructive airway diseases such as asthma

(Ricciardolo et al. 2004; Hunt 2006). The functional implications of acidosis in

the airways are manifold and include local effects on airway muscle tone and

inflammatory processes as well as effects involving the central nervous system:

cough, discomfort and pain (Jia and Lee 2007). In the guinea-pig isolated trachea

acidosis has a differential effect on basal airway muscle tone and muscle respon-

siveness to contractile stimuli (Faisy et al. 2007). The acid-induced airway relaxa-

tion seems to be independent of sensory neurons and mediated by ASICs on smooth

muscle cells, whereas the acid-evoked muscle hyperresponsiveness to acetylcholine

involves sensory neurons expressing ASICs and TRPV1 (Faisy et al. 2007).

There is increasing evidence that acid is an important mediator in the pathogen-

esis of cough, given that inhalation of exogenous acid triggers cough, and acidosis

accompanies a variety of respiratory diseases (Jia and Lee 2007; Kollarik et al.

2007). Following local generation, inhalation or aspiration, acid can directly stim-

ulate vagal bronchopulmonary sensory nerve fibres involved in the cough reflex,

Ad-fibre nociceptors in the large airways being most efficiently stimulated by rapid

acidification (Kollarik et al. 2007). In contrast, C-fibre nociceptors expressing

TRPV1 are able to continuously monitor the pH in the tracheopulmonary tissue

and thus to react to persistent acidosis as it occurs in inflammation. In addition, acid
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is the single most important mediator of cough due to gastro-oesophageal reflux,

given that acid-sensitive oesophageal afferent neurons sensitize the neural path-

ways underlying the cough reflex (Kollarik et al. 2007).

The sensors of vagal afferent neurons involved in acid surveillance and the

cough reflex include TRPV1 and other probes (Fig. 5). Accordingly, the TRPV1

blockers iodoresiniferatoxin, JNJ17203212 and V112220 are able to attenuate

cough induced by citric acid inhalation in guinea pigs (Trevisani et al. 2004;

Bhattacharya et al. 2007; Leung et al. 2007). It is not yet known whether ASICs

account in full for the TRPV1-independent mechanisms of acid sensing in the

airways (Canning et al. 2006; Kollarik et al. 2007; Leung et al. 2007). There is

evidence that a TREK-like K2P channel, which is sensitive to intracellular pH

changes, could contribute to the function of intrapulmonary chemoreceptors

(Bina and Hempleman 2007).

3.5 Acidosis in the Skin

DRG neurons innervating the skin express many of the known acid-sensitive ion

channels, including TRPV1, ASICs and P2X. ASICs, for instance, are expressed by

nociceptive and non-nociceptive afferent neurons innervating glabrous and hairy

skin (Jiang et al. 2006). While intracutaneous perfusion of acid in human volunteers

induces long-lasting non-adapting pain (Steen and Reeh 1993; Steen et al. 1995),

transdermal iontophoresis of protons elicits transient pain that subsides within

5 min despite extended acid application (Jones et al. 2004; Cadiou et al. 2007).

Intracutaneous injection of protons evokes an even shorter pain sensation that

declines within 100 s (Rukwied et al. 2007). The route-dependent time course of

proton-evoked cutaneous pain is probably due to differences in the kinetics of acid

exposure as well as in the activation/inactivation kinetics of the acid-sensitive ion

channels involved (Kress and Waldmann 2006).

Intracutaneous coinjection of prostaglandin E2 and acid enabled Rukwied et al.

(2007) to differentiate an early and a late phase of proton-evoked pain. The late

phase is thought to be mediated by TRPV1, because it is selectively potentiated by

prostaglandin E2 (Rukwied et al. 2007). Indeed, disruption of the TRPV1 gene

prevents acid from stimulating unmyelinated afferent nerve fibres in a mouse skin-

nerve preparation, whereas the proton-induced excitation of thinly myelinated

nerve fibres persists (Caterina et al. 2000). Similarly, the effect of strong acidosis

(pH 5.2) to cause release of CGRP from rat sciatic nerve axons is attenuated by

capsazepine, whereas the peptide release evoked by mild acidosis (pH 6.1) is left

unaltered (Fischer et al. 2003). Inflammation leads to upregulation of TRPV1

expression and function in afferent neurons supplying the skin and to an increase

in the proton sensitivity of isolectin B4 positive C-fibres (Carlton and Coggeshall

2001; Ji et al. 2002; Breese et al. 2005).

Other studies attribute an important role to ASICs (Fig. 5). Nitric oxide donors

potentiate acid-induced currents in ASIC1, ASIC2 and ASIC3 homomeric channels
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and increase acid-evoked pain in the human skin (Cadiou et al. 2007). Acid-evoked

pain is attenuated by nonsteroidal anti-inflammatory drugs (NSAIDs), which are

known to interfere with ASIC expression and function, but is left unaffected by the

TRPV1 blocker capsazepine or desensitization to capsaicin (Steen et al. 1995;

Voilley et al. 2001; Ugawa et al. 2002; Jones et al. 2004). These findings suggest

that part of the analgesic effect of NSAIDs could be due to interference with ASICs,

a conjecture that is consistent with the upregulation of ASICs in DRG neurons by

cutaneous inflammation due to Freund’s adjuvant (Voilley et al. 2001). An impli-

cation of ASICs is further supported by the ability of amiloride to reduce acid-

induced pain in the skin but to spare capsaicin-induced pain (Ugawa et al. 2002;

Jones et al. 2004). Postoperative pain due to skin incision in rats is attenuated by

A-317567, a blocker of ASIC1, ASIC2 and ASIC3 subunits (Dubé et al. 2005).

Studies with ASIC knockout mice have yielded ambiguous results, which is not

totally unexpected in view of the redundancy of acid sensors present on sensory

neurons and the likelihood of compensatory changes that occur during the devel-

opment of ASIC null mice. In the isolated skin-nerve preparation, the response of

mechanoheat-sensitive C-fibres to acid is reduced in ASIC3 null mice (Price et al.

2001). Paradoxically, however, the behavioural licking response to acetic acid

injection into the paw is preserved in ASIC3 knockout animals (Price et al.

2001). It awaits to be explored whether other acid sensors, e.g., K2P channels and

P2X purinoceptors, contribute to acidosis-evoked pain in the skin.

3.6 Acid Sensors in the Carotid Body

Detection of blood pH and systemic acidosis is important for feedback regulation of

respiration and cardiovascular function. To this end, O2-, CO2- and pH-sensitive

chemoreceptors are present both in the carotid bodies and in the brain (López-

López and Pérez-Garcı́a 2007). The acid sensors operating in the chemoreceptor

(glomus type I) cells of the carotid body (Fig. 5) include Kir channels (Putnam et al.

2004), K2P channels containing the TASK-1, TASK-3 and/or TASK-5 subunits

(Buckler 2007; Duprat et al. 2007), inwardly rectifying Cl� channels (Petheo et al.

2001) and ASICs made up of ASIC1 and ASIC3 (Tan et al. 2007). It is thus

emerging that there is a parallel processing of O2, CO2 and pH signals in carotid

body chemoreceptor cells, the resulting depolarization causing release of transmit-

ters (ATP, acetylcholine and dopamine) from the chemoreceptor cells and

subsequent excitation of afferent nerve endings (Rong et al. 2003; Zhang and

Nurse 2004; López-López and Pérez-Garcı́a 2007; Tan et al. 2007).

Apart from acting on glomus type I cells, acidosis could also directly modify

sensory neurons in the glossopharyngeal nerve, given that these neurons display a

background K+ conductance resembling that of THIK-1 which is weakly inhibited

by extracellular acidosis (Campanucci et al. 2003). Acidosis enhances the ATP-

induced whole cell current of petrosal ganglion afferents, which suggests that

increased sensitivity of P2X receptors on afferent nerve fibres contributes to the
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transmission of acidosis in the carotid body (Zhang and Nurse 2004). Genetic

disruption of the P2X2 gene blunts the hyperventilatory response to hypoxia,

which is consistent with the release of ATP from the glomus cells and the expres-

sion of P2X purinoceptors containing the acid-sensitive P2X2 subunit by afferent

neurons in the carotid sinus nerves (Rong et al. 2003). The ability of compounds

such as halothane and isoflurane to activate TASK-3 channels in the carotid body is

likely to have a direct bearing on their property to depress the hypoxic ventilatory

drive when used for anaesthesia (Buckler 2007; Duprat et al. 2007).

3.7 Acidosis Due To Myocardial Ischaemia

There is emerging evidence that ASICs account for the anginal pain associated with

myocardial ischaemia, with lactate as a factor involved in channel activation.

ASIC3 is highly expressed by sensory neurons innervating the rat heart (Benson

et al. 1999; Sutherland et al. 2001; Yagi et al. 2006). Patch-clamp analysis of rat

ASIC3 homomers and ASIC2a/ASIC3 heteromers shows that both channel com-

plexes generate persistent inward currents at the modest extracellular pH changes

typical of muscle ischaemia, the currents produced by the ASIC2a/ASIC3 hetero-

mers being much larger than those produced by ASIC3 homomers (Yagi et al.

2006). The sustained current is caused by a region of pH where there is overlap

between inactivation and activation of the channel (Yagi et al. 2006). Lactate

causes the current to activate at slightly more basic pH values. The currents

produced by the heterologously expressed ASIC3 and ASIC2a/ASIC3 complexes

are in keeping with the sustained currents that changes of pH from 7.4 to 7.0

produce in somata of DRG neurons innervating the rat heart (Yagi et al. 2006).

These observations indicate that ASIC3 homo- and heteromers may play a major

role in detecting sustained myocardial ischaemia and in mediating prolonged

anginal pain (Fig. 5).

In contrast, the acidosis-evoked release of CGRP from sensory nerve fibres

within the mouse heart appears to be mediated by TRPV1, since the response is

absent in TRPV1 null mice but is left unaltered in ASIC3 knockout animals

(Strecker et al. 2005). Given that the neuropeptides (CGRP and substance P)

released from afferent nerve fibres in the tissue are potent vasodilators, the

TRPV1-mediated release of these peptides in myocardial ischaemia is likely to

have a local cardioprotective effect (Wang and Wang 2005; Zhong and Wang

2007). This concept is supported by the finding that the recovery of cardiac function

after exposure to ischaemia/reperfusion is impaired by capsazepine and disruption

of the TRPV1 gene (Wang and Wang 2005). The beneficial effect of precondition-

ing against cardiac injury induced by ischaemia/reperfusion is likewise attenuated

in TRPV1 null mice (Zhong and Wang 2007).
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3.8 Acidosis in the Skeletal Muscle

Unmyelinated afferent neurons innervating the skeletal muscle are excited by

acidosis (Hoheisel et al. 2004), and injection of acid into the anterior tibial muscle

of humans elicits a biphasic but short-lasting pain response (Rukwied et al. 2007).

The second phase is suggested to involve TRPV1, because it is selectively

potentiated by prostaglandin E2 (Rukwied et al. 2007). Other studies provide

evidence that ASIC3 is relevant to sensing acidosis in skeletal muscle. Thus,

repeated intramuscular injection of acidic saline induces mechanical hyperalgesia,

a response that is blunted by amiloride and knockout of the ASIC3 gene (Fig. 5), but
not by deletion of ASIC1a (Price et al. 2001; Sluka et al. 2003). Furthermore,

ASIC3 is involved in the mechanical hyperalgesia that is associated with muscle

inflammation (Sluka et al. 2007). Thus, ASIC3-deficient mice fail to develop

mechanical hyperalgesia following experimental inflammation by injection of

carrageenan into the muscle, whereas injection of a recombinant herpes virus vector

to express ASIC3 in the muscle of ASIC3 knockout mice rescues the hyperalgesia

phenotype (Sluka et al. 2007).

Analogously to the situation in the myocardium (Benson et al. 1999; Sutherland

et al. 2001; Yagi et al. 2006), there is good reason to assume that lactic acid is a

factor relevant to acidosis-evoked muscle pain. Lactate is formed under limited

oxygen availability in the muscle and causes acidification of the extracellular space.

In addition, lactate is able to sensitize ASIC3 to acid by decreasing the extracellular

concentration of Ca2+ (Immke and McCleskey 2001). Lactic acid accumulation and

activation of acid-sensitive afferent neurons in skeletal muscle contribute to the

reflex hypertension and tachycardia that is evoked by exercise. A participation of

ASICs is deduced from the ability of a low dose of amiloride (0.5 mg kg�1) to

selectively block the hypertensive response to muscle exercise (Fig. 5), whereas the

response to capsaicin or muscle stretch is spared (Li et al. 2004; Hayes et al. 2007).

In addition, P2X receptors and – at more pronounced acidity – TRPV1 also come

into play (Gao et al. 2007a). Another factor contributing to the muscle pressor reflex

is thought to be diprotonated phosphate (H2PO4
�), whose excitatory action on

afferent neurons involves both TRPV1 and ASICs as deduced from the inhibitory

effects of capsazepine and amiloride, respectively (Gao et al. 2006).

3.9 Acidosis in the Skeleton

ASICs are expressed not only by sensory neurons innervating bone but also by cells

of the skeleton. ASIC1, ASIC2 and ASIC3 are found in the skeleton, with ASIC1

prevailing in chondrocytes, and ASIC2 and ASIC3 predominating in osteoclasts

and osteoblasts (Jahr et al. 2005). These findings carry two important perspectives,

because osteoclasts actively secrete acid when they resorb bone and because bone

disorders with increased bone resorption by osteoclasts are frequently associated
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with pain. Osteoclasts degrade bone by secreting protons through a vacuolar

H+-ATPase, thereby creating an acidic microenvironment. Inflammation-induced

mineral resorption in metatarsal bones of the rat is associated with hyperalgesia,

increased expression of ASIC1a, ASIC1b and ASIC3 in DRG neurons and

enhanced c-Fos expression in the dorsal horn of the spinal cord (Nagae et al.

2006). The inflammation-induced hyperalgesia and upregulation of ASICs are

reversed by bisphosphonate zoledronic acid, which inhibits osteoclastic bone

resoption, and by bafilomycin A1, an inhibitor of vacuolar H+-ATPase (Nagae

et al. 2006). Since amiloride is also beneficial (Nagae et al. 2006), it would seem

that ASICs play a role in bone pain associated with osteoclastic mineral resorption

(Fig. 5).

Bone pain is one of the most common complications in cancer patients with bone

metastases. Experimental evidence indicates that this type of bone pain is also

related to bone degradation by osteoclasts and the acidic microenvironment to

which afferent neurons in the bone matrix are exposed (Honore et al. 2000; Luger

et al. 2001). Afferent neurons expressing TRPV1 innervate the mouse femur, and

both genetic and pharmacological studies indicate that TRPV1 contributes to the

hyperalgesia associated with an in vivo bone cancer model (Fig. 5), given that

disruption of the TRPV1 gene or treatment with the TRPV1 blocker capsazepine

attenuates both ongoing and movement-evoked nocifensive behaviours (Ghilardi

et al. 2005). In a model of bone cancer pain in the rat tibia, hyperalgesia is

associated with an upregulation of mRNA for ASIC1a and ASIC1b, but not

ASIC3 and TRPV1, in DRG neurons (Nagae et al. 2007). Although the findings

in the rat and mouse have not yet been reconciled with each other, it is envisaged

that both TRPV1 and ASICs participate in bone cancer pain.

Another line of investigation ascribes a role to ASICs in the pain arising from

vertebral disc herniation. The vertebral discs are innervated by primary afferent

neurons (Ohtori et al. 2007), and an experimental model of lumbar disc herniation

produced by application of nucleus pulposus to, and pinching of, L5 nerve roots is

associated with mechanical allodynia and an upregulation of ASIC3 in the respec-

tive DRG (Ohtori et al. 2006). Local administration of lidocaine has been found to

reverse both mechanical allodynia and ASIC3 upregulation (Ohtori et al. 2006),

which makes a case for ASIC3 being involved in radicular pain. In this context it

need be considered that ASIC3 is present on nucleus pulposus cells of the interver-

tebral discs and that ASIC3 expression by these cells is under the control of nerve

growth factor (Uchiyama et al. 2007). In a functional perspective it would seem that

ASIC3 is required for adaptation of nucleus pulposus cells to the acidic and

hyperosmotic microenvironment of the intervertebral disc (Uchiyama et al. 2007).
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4 Pharmacological Interference with Acid Sensors

From the pertinent studies it is clear that no single molecular sensor alone accounts

for the acid sensitivity of afferent neurons. Neuroanatomical analyses and record-

ings from DRG and nodose ganglion neurons have shown that acidosis induces

currents that can to a variable degree be attributed to the gating of ASICs, TRPV1

and other acid sensors, because these probes are differentially expressed by different

subpopulations of sensory neurons (Liu et al. 2004; Dang et al. 2005; Sugiura et al.

2005; Ugawa et al. 2005; Leffler et al. 2006; Poirot et al. 2006; Smith et al. 2007;

Sugiura et al. 2007). Although ASICs and TRPV1 survey different spectra of acidic

pH, it is obvious that there is a redundancy of molecular acid sensors, which

signifies that early detection of acidosis is physiologically so important that

multiple mechanisms of acid sensing have evolved.

Acid sensors can be considered as drug targets inmore than one respect. Many of the

acid-sensitive ion channels are highly regulated by a number of endogenous factors as

well as pharmacological agents. This is true, e.g., for NSAIDs regulating the expression

and function ofASICs, proinflammatorymediators causing sensitization of TRPV1, and

anaesthetics and other neuroactive drugs controlling the activity of K2P channels.

A number of acid-sensitive ion channels and receptors, including ASICs, TRPV1

and P2X, are upregulated by inflammation and nerve injury and appear to contrib-

ute to the hyperalgesia associated with these conditions. If so, drugs targeting

peripheral acid sensors may evolve as novel therapies of chronic inflammation

and pain. This concept is attractive for a number of reasons, particularly because

it offers the opportunity to develop antinociceptive drugs with a peripherally

restricted site of action, avoiding unwanted effects on the central nervous system.

However, interfering with molecular probes that are physiologically so important

poses a serious threat to homeostasis unless selective inhibition of ‘‘excess’’ acid

sensors can be achieved while their physiological function is preserved.

With these considerations in mind, some of the attempts and developments to

pharmacologically modulate acid sensors are discussed in the following sections,

along with the rationale behind their design and emerging information on their

utility and limitations.

4.1 Acid-Sensing Ion Channels

There is emerging evidence that ASIC expression is altered following inflammation

and nerve injury (Voilley et al. 2001; Yiangou et al. 2001c; Mamet et al. 2002;

Ohtori et al. 2006; Poirot et al. 2006; Nagae et al. 2007). These pathological

implications of ASICs in pain and hyperalgesia suggest that ASIC blockade could

be a novel avenue in pain therapy.

The pharmacological aspects of specific ASIC-targeting drugs is just emerging.

Most ASIC currents are blocked by the diuretic drug amiloride and its derivatives
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(e.g. benzamil) which, at the concentrations needed to inhibit ASIC activity, also

suppress other ion channels and ion exchangers (Kress and Waldmann 2006; Page

et al. 2007). As a consequence, the use of amiloride as a probe for the functional

implications of ASICs is a pharmacological approach with limited specificity. In

contrast, the peptide psalmotoxin 1 (PcTx1) isolated from the venom of the South

American tarantula Psalmopoeus cambridgei is a highly selective ASIC blocker as

it inhibits ASIC1a homomers with an affinity of 0.7 nM (IC50) but does not affect

ASIC1a-containing heteromers (Escoubas et al. 2000). It modifies ASIC1a gating

by shifting the channel from the resting to an inactivated state (Escoubas et al. 2000;

Diochot et al. 2007; Mazzuca et al. 2007). Another selective ASIC blocker,

APETx2, has been isolated from the venom of the sea anemone Anthopleura
elegantissima. This peptide toxin inhibits several ASIC3-containing channels

with IC50 values between 63 nM and 2 mM, while its mode of action awaits to be

elucidated (Diochot et al. 2004, 2007). The first synthetic ASIC inhibitor different

from amiloride is A-317567, a compound that blocks proton-evoked currents

through ASIC1, ASIC2 and ASIC3 channels as well as the sustained phase of the

ASIC3-like current in DRG neurons (Dubé et al. 2005).

A number of drugs interfere with ASIC function in a nonselective manner. This

is in particular true for NSAIDs, which counteract the upregulation of ASICs

caused by experimental inflammation and inhibit proton-evoked ASIC currents in

afferent neurons (Voilley et al. 2001; Mamet et al. 2002). Ibuprofen and flurbipro-

fen inhibit homomultimeric ASIC1a channels, whereas salicylic acid, aspirin and

diclofenac block the sustained currents of ASIC3 and ASIC2b/ASIC3 channels

(Voilley et al. 2001). Although it remains to be established whether the effects of

NSAIDs on ASICs are relevant to their anti-inflammatory and analgesic action, it

appears conceivable that ASICs participate in inflammatory hyperalgesia. This

inference is supported by the ability of proinflammatory mediators such as nerve

growth factor, 5-hydroxytryptamine, interleukin-1 and bradykinin to promote the

transcription of ASIC3 in sensory neurons, 5-hydroxytryptamine and nerve growth

factor interacting directly with the promoter region of the ASIC3 gene (Mamet et al.

2002). Another proinflammatory mediator, arachidonic acid, is able to potentiate

proton-evoked currents in heterologously expressed ASIC1a, ASIC2a and ASIC3

by a direct action on the channel protein (Smith et al. 2007).

Peripheral inflammation causes upregulation of FMRFamide-like peptides, includ-

ing neuropeptide FF and neuropeptide FF-R2 in DRG neurons and the spinal cord, and

both neuropeptide FF and FMRFamide are able to potentiate H+-gated currents in

cultured sensory neurons and heterologously expressed ASIC1 and ASIC3 channels

(Askwith et al. 2000; Catarsi et al. 2001; Deval et al. 2003; Yang et al. 2008). This

action appears to result from a delay in current inactivation or from enhancement of

a sustained and slowly inactivating current. ASICs are modulated by a number of

other factors, some of which may be generated or released during inflammation and

acidosis. Nitric oxide, for instance, is able to potentiate acid-induced currents in

ASIC1, ASIC2 and ASIC3 homomeric channels (Cadiou et al. 2007). Serine

proteases modulate the pH sensitivity of ASIC1a and ASIC1b, probably by proteo-

lytic cleavage of the long extracellular loop (Poirot et al. 2004).
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An approach to reduce excess ASIC expression and function could be the

interference with ASIC translocation to the cell membrane, integration in the cell

membrane and phosphorylation. As other membrane proteins, ASICs appear to

form macromolecular complexes with other proteins that may control the traffick-

ing, function and turnover of ASIC subunits (Kress and Waldmann 2006; Wemmie

et al. 2006) and may be future targets for pharmacological intervention.

ASICs do not only play a role in pain owing to their peripheral nocisensor function

but also in the spinal transmission of pain impulses. ASIC1a is prominently

expressed by neurons in the dorsal horn of the spinal cord, and downregulation of

these ASIC1a channels by antisense oligonucleotides attenuates thermal and

mechanical hypersensitivity induced by peripheral administration of complete

Freund’s adjuvant (Duan et al. 2007). ASIC1a participates in two forms of central

sensitization in the spinal cord: C-fibre-induced ‘‘wind-up’’ and inflammation-

evoked hypersensitivity of dorsal horn neurons (Duan et al. 2007). On the basis

of these observations it has been proposed that specific blockade of Ca2+-permeable

ASIC1a channels may have an antinociceptive effect by reducing or preventing the

development of central sensitization due to inflammation (Duan et al. 2007).

ASIC1a in the brain emerges as being involved in cell damage after ischaemic

stroke (Wemmie et al. 2006; Friese et al. 2007), and blockade of this Ca2+-

permeable channel has been proposed to offer a 5-h therapeutic time window

following a cerebral vascular insult (Xiong et al. 2006).

4.2 TRPV Channels

Recognition of TRPV1 as a multimodal nocisensor, its sensitization by a number of

proalgesic pathways and its upregulation under conditions of hyperalgesia have

made this ion channel an attractive target for novel antinociceptive drugs. TRPV1

function can be counteracted by both desensitizing TRPV1 agonists as well as

TRPV1 antagonists, and the current patent literature discloses more than 1,000

natural and synthetic compounds as TRPV1 activators or blockers (Gharat and

Szallasi 2008). It is important to consider that uses of TRPV1 agonists and

antagonists are not equivalent approaches (Holzer 1991; Szallasi et al. 2007).

Capsaicin-sensitive afferent neurons express a plethora of different nocisensors,

and desensitizing TRPV1 agonists do not only inactivate this nocisensor alone but

defunctionalize the whole afferent neuron expressing TRPV1. In contrast, TRPV1

blockers selectively target this nocisensor and prevent its function. Resiniferatoxin

and other compounds such as SDZ 249-665 are examples of TRPV1 agonists whose

action manifests itself primarily in a defunctionalization of nociceptive neurons.

Intravesical resiniferatoxin has been shown to be beneficial in patients with neuro-

genic bladder disorders (Avelino and Cruz 2006; Cruz and Dinis 2007) in which

activation of afferent neurons by acidic urine penetrating through a leaky urothe-

lium may play a role. SDZ 249-665 is able to attenuate acid-induced nociception

arising from the peritoneal cavity of rats (Urban et al. 2000).
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Most efforts have been directed at developing compounds that block TRPV1

activation in a competitive or non-competitive manner. The first of this kind,

capsazepine, has been extensively used in the exploration of the pathophysiological

implications of TRPV1. However, the results obtained with this compound need to

be judged with caution because the selectivity of capsazepine as a TRPV1 blocker

is limited by its inhibitory action on nicotinic acetylcholine receptors, voltage-

activated Ca2+ channels and other TRP channels such as TRPM8 (Docherty et al.

1997; Liu and Simon 1997; Behrendt et al. 2004). Since TRPV1 is activated by

multiple stimuli that interact with different domains of the channel protein, not all

TRPV1 blockers prevent acid from gating TRPV1 (Gavva et al. 2005a). For

instance, AMG-0610 and SB-366791 inhibit the activation of rat TRPV1 by

capsaicin but not acid, whereas iodoresiniferatoxin, BCTC, AMG-6880, AMG-

7472, AMG-9810 and A-425619 are TRPV1 antagonists that do not differentiate

between capsaicin and protons (Seabrook et al. 2002; Gavva et al. 2004, 2005a, b;

Neelands et al. 2005). In addition, there are species differences in the stimulus

selectivity of TRPV1 blockers as, e.g., capsazepine and SB-366791 are more

effective in blocking proton-induced gating of human TRPV1 than of rat TRPV1

(Gunthorpe et al. 2004; Gavva et al. 2005a).

While the vast list of emerging TRPV1 blockers attests to the antinociceptive

potential that is attributed to this class of pharmacological agent, it is important to be

aware of the likely drawbacks these compoundsmay have. It has repeatedly been argued

that TRPV1 subserves important homeostatic functions, and that the challenge for an

effective and safe therapy with TRPV1 blockers will be to suppress the pathological

contribution of ‘‘excess’’ TRPV1while preserving its physiological role (Holzer 2004b;

Hicks 2006; Szallasi et al. 2007). TRPV1 is emerging as an important heat sensor

involved in thermoregulation, given that most TRPV1 blockers cause hyperthermia

in rats, dogs, monkeys and humans by a peripheral site of action (Gavva et al. 2007,

2008; Lehto et al. 2008). This hyperthermic action is unrelated to the ability of

TRPV1 antagonists to block proton-induced activation of TRPV1 (Gavva et al.

2007). Hyperthermia is a serious adverse effect of TRPV1 blockade that went

unnoticed after disruption of the TRPV1 gene (Szelényi et al. 2004; Woodbury

et al. 2004), most probably because of developmental compensations in heat

sensing.

One possible approach to differentiate between the pathological and physiologi-

cal implications of TRPV1 is the development of uncompetitive blockers that

preferentially bind to the active, open state of the channel and therefore will

predominantly silence overactive TRPV1 (Garcı́a-Martı́nez et al. 2006). Another

approach that appears increasingly feasible is interference with the intracellular

trafficking of TRPV1 to the cell membrane, which will result in a reduction of

TRPV1 channels on the cell surface (Morenilla-Palao et al. 2004; Planells-Cases

et al. 2005). Sensitization of TRPV1 is due not only to an enhancement of channel

currents but also to a rapid translocation of TRPV1 from the cytosol to the plasma

membrane (Morenilla-Palao et al. 2004; Van Buren et al. 2005; Zhang et al. 2005).

The trafficking of TRPV1 (and other channels) to the cell surface is blocked by

botulinum neurotoxin A (Morenilla-Palao et al. 2004), which may explain why
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intradetrusor injection of botulinum neurotoxin A in patients with urinary bladder

overactivity reduces TRPV1- and P2X3-like immunoreactivity in the detrusor mus-

cle and causes improvement of clinical and urodynamic parameters (Apostolidis

et al. 2005). Intravesical administration of botulinum toxin likewise counteracts

acetic acid evoked bladder overactivity in rats (Chuang et al. 2004).

4.3 K2P Channels

Blockade of K2P channels contributes to proton-evoked depolarization of DRG

neurons from humans with neuropathic pain (Baumann et al. 2004), which makes it

worthwhile to elucidate the role of these background channels in health and disease.

Apart from the targeted design of drugs specifically acting at K2P channels, it is

important to realize that many endogenous and exogenous factors modify and

regulate the activity of these channels (Duprat et al. 2007; Mathie 2007). For

instance, K2P channels of the TASK subfamily are regulated by a number of

different GPCR pathways (Duprat et al. 2007; Mathie 2007). Along these lines,

TASK-1 and TASK-3 are inhibited by the endocannabinoid anandamide (Maingret

et al. 2001; Duprat et al. 2007). Another interaction that is of clinical relevance

relates to the effect of anaesthetics on K2P channels. TASK-1 activity is stimulated

by halothane and partially inhibited by isoflurane,whereas TASK-3 channel activity is

enhanced by halothane as well as isoflurane (Duprat et al. 2007). In addition, the

activity of both TASK-1 and TASK-3 is inhibited by bupivacaine (Duprat et al.

2007).

5 Conclusions

Acidosis is a noxious condition associated with many pathological changes such

as inflammation, ischaemia or mucosal defects in the upper gastrointestinal tract.

To monitor these challenges of homeostasis, chemonociceptive afferent neurons

express several acid sensors with distinct and overlapping properties. ASICs and

TRPV1 have been most thoroughly studied, given that their proton sensitivities

cover a complementary range of pH aberrations. While ASICs survey moderate

decreases in extracellular pH, TRPV1 is activated only by severe acidosis

resulting in pH values below 6. Acidosis, however, can sensitize TRPV1 to

stimuli that are known to participate in inflammatory hyperalgesia. Emerging

evidence indicates that other TRP channels such as TRPV4, TRPC4, TRPC5 and

TRPP2, P2X purinoceptors, K2P channels, Kir channels, voltage-activated K+

channels, L-type Ca2+ channels, hyperpolarization-activated cyclic nucleotide

gated channels, gap junction channels, Cl� channels and acid-sensitive GPCRs

also contribute to the acid sensitivity of afferent neurons. This redundancy of pH

surveillance systems testifies that the maintenance of interstitial and intracellular

pH within a narrow range is of paramount physiological importance. Since acid-
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sensitive ion channels and receptors have been found to be overactive and/or

upregulated in chronic pain conditions and to play a role in chemonociception,

they represent worthwhile targets for novel analgesic drugs. The pharmacological

challenge in pursuing this goal is to differentiate between the pathological implica-

tions of acid sensors, which should be suppressed, and their physiological functions,

which should be preserved.
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(2000) TREK-1 is a heat-activated background K+ channel. EMBO J 19:2483–2491
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hyperalgesia. Pflügers Arch 451:151–159

Poirot O, Vukicevic M, Boesch A, Kellenberger S (2004) Selective regulation of acid-sensing ion

channel 1 by serine proteases. J Biol Chem 279:38448–38457

Poirot O, Berta T, Decosterd I, Kellenberger S (2006) Distinct ASIC currents are expressed in rat

putative nociceptors and are modulated by nerve injury. J Physiol (Lond) 576:215–234

Price MP, McIlwrath SL, Xie J, Cheng C, Qiao J, Tarr DE, Sluka KA, Brennan TJ, Lewin GR,

Welsh MJ (2001) The DRASIC cation channel contributes to the detection of cutaneous touch

and acid stimuli in mice. Neuron 32:1071–1083

328 P. Holzer



Putnam RW, Filosa JA, Ritucci NA (2004) Cellular mechanisms involved in CO2 and acid

signaling in chemosensitive neurons. Am J Physiol 287:C1493–C1526

Rajan S, Wischmeyer E, Xin Liu G, Preisig-Müller R, Daut J, Karschin A, Derst C (2000) TASK-

3, a novel tandem pore domain acid-sensitive K+ channel. An extracellular histidine as pH
sensor. J Biol Chem 275:16650–16657

Rajan S, Plant LD, Rabin ML, Butler MH, Goldstein SA (2005) Sumoylation silences the plasma

membrane leak K+ channel K2P1. Cell 121:37–47

Rau KK, Cooper BY, Johnson RD (2006) Expression of TWIK-related acid sensitive K+ channels

in capsaicin sensitive and insensitive cells of rat dorsal root ganglia. Neuroscience 141:955–

963

Reeh PW, Kress M (2001) Molecular physiology of proton transduction in nociceptors. Curr Opin

Pharmacol 1:45–51

Reyes R, Duprat F, Lesage F, Fink M, Salinas M, Farman N, Lazdunski M (1998) Cloning and

expression of a novel pH-sensitive two pore domain K+ channel from human kidney. J Biol

Chem 273:30863–30869

Reyes R, Lauritzen I, Lesage F, Ettaiche M, Fosset M, Lazdunski M (2000) Immunolocalization of

the arachidonic acid and mechanosensitive baseline TRAAK potassium channel in the nervous

system. Neuroscience 95:893–901

Ricciardolo FL, Gaston B, Hunt J (2004) Acid stress in the pathology of asthma. J Allergy Clin

Immunol 113:610–619

Richter TA, Dvoryanchikov GA, Chaudhari N, Roper SD (2004a) Acid-sensitive two-pore domain

potassium (K2P) channels in mouse taste buds. J Neurophysiol 92:1928–1936

Richter TA, Dvoryanchikov GA, Roper SD, Chaudhari N (2004b) Acid-sensing ion channel-2 is

not necessary for sour taste in mice. J Neurosci 24:4088–4091

Rigoni M, Trevisani M, Gazzieri D, Nadaletto R, Tognetto M, Creminon C, Davis JB, Campi B,

Amadesi S, Geppetti P, Harrison S (2003) Neurogenic responses mediated by vanilloid

receptor-1 (TRPV1) are blocked by the high affinity antagonist, iodo-resiniferatoxin. Br J

Pharmacol 138:977–985

Robinson DR, McNaughton PA, Evans ML, Hicks GA (2004) Characterization of the primary

spinal afferent innervation of the mouse colon using retrograde labelling. Neurogastroenterol

Motil 16:113–124

Rong W, Gourine AV, Cockayne DA, Xiang Z, Ford AP, Spyer KM, Burnstock G (2003) Pivotal

role of nucleotide P2X2 receptor subunit of the ATP-gated ion channel mediating ventilatory

responses to hypoxia. J Neurosci 23:11315–11321

Rong W, Hillsley K, Davis JB, Hicks G, Winchester WJ, Grundy D (2004) Jejunal afferent nerve

sensitivity in wild-type and TRPV1 knockout mice. J Physiol (Lond) 560:867–881

Rukwied R, Chizh BA, Lorenz U, Obreja O, Margarit S, Schley M, Schmelz M (2007)

Potentiation of nociceptive responses to low pH injections in humans by prostaglandin E2.

J Pain 8:443–451

Ryu S, Liu B, Qin F (2003) Low pH potentiates both capsaicin binding and channel gating of VR1

receptors. J Gen Physiol 122:45–61

Ryu S, Liu B, Yao J, Fu Q, Qin F (2007) Uncoupling proton activation of vanilloid receptor

TRPV1. J Neurosci 27:12797–12807

Sano Y, Inamura K, Miyake A, Mochizuki S, Kitada C, Yokoi H, Nozawa K, Okada H,

Matsushime H, Furuichi K (2003) A novel two-pore domain K+ channel, TRESK, is localized

in the spinal cord. J Biol Chem 278:27406–27412

Schicho R, Schemann M, Pabst MA, Holzer P, Lippe IT (2003) Capsaicin-sensitive extrinsic

afferents are involved in acid-induced activation of distinct myenteric neurons in the rat

stomach. Neurogastroenterol Motil 15:33–44

Schicho R, Florian W, Liebmann I, Holzer P, Lippe IT (2004) Increased expression of TRPV1

receptor in dorsal root ganglia by acid insult of the rat gastric mucosa. Eur J Neurosci

19:1811–1818

Acid-Sensitive Ion Channels and Receptors 329



Schmidt B, Hammer J, Holzer P, Hammer HF (2004) Chemical nociception in the jejunum

induced by capsaicin. Gut 53:1109–1116

Schuligoi R, Jocic M, Heinemann A, Schöninkle E, Pabst MA, Holzer P (1998) Gastric acid-

evoked c-fos messenger RNA expression in rat brainstem is signaled by capsaicin-resistant

vagal afferents. Gastroenterology 115:649–660

Seabrook GR, Sutton KG, Jarolimek W, Hollingworth GJ, Teague S, Webb J, Clark N, Boyce S,

Kerby J, Ali Z, Chou M, Middleton R, Kaczorowski G, Jones AB (2002) Functional properties

of the high-affinity TRPV1 (VR1) vanilloid receptor antagonist (4-hydroxy-5-iodo-3-methox-

yphenylacetate ester) iodo-resiniferatoxin. J Pharmacol Exp Ther 303:1052–1060

Semtner M, Schaefer M, Pinkenburg O, Plant TD (2007) Potentiation of TRPC5 by protons. J Biol

Chem 282:33868–33878

Shimada S, Ueda T, Ishida Y, Yamamoto T, Ugawa S (2006) Acid-sensing ion channels in taste

buds. Arch Histol Cytol 69:227–231

Shimokawa N, Dikic I, Sugama S, Koibuchi N (2005) Molecular responses to acidosis of central

chemosensitive neurons in brain. Cell Signal 17:799–808

Shulkes A, Baldwin GS, Giraud AS (2006) Regulation of gastric acid secretion. In: Johnson LR

(ed) Physiology of the gastrointestinal tract, 4th edn. Academic, San Diego, pp 1223–1258

Sluka KA, Price MP, Breese NA, Stucky CL,Wemmie JA, Welsh MJ (2003) Chronic hyperalgesia

induced by repeated acid injections in muscle is abolished by the loss of ASIC3, but not ASIC1.

Pain 106:229–239

Sluka KA, Radhakrishnan R, Benson CJ, Eshcol JO, Price MP, Babinski K, Audette KM,

Yeomans DC, Wilson SP (2007) ASIC3 in muscle mediates mechanical, but not heat, hyper-

algesia associated with muscle inflammation. Pain 129:102–112

Smith ES, Cadiou H, McNaughton PA (2007) Arachidonic acid potentiates acid-sensing ion

channels in rat sensory neurons by a direct action. Neuroscience 145:686–698

Somodi S, Varga Z, Hajdu P, Starkus JG, Levy DI, Gáspár R, Panyi G (2004) pH-dependent
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Abstract P2X and P2Y nucleotide receptors are described on sensory neurons and

their peripheral and central terminals in dorsal root, nodose, trigeminal, petrosal,

retinal and enteric ganglia. Peripheral terminals are activated by ATP released from

local cells by mechanical deformation, hypoxia or various local agents in the

carotid body, lung, gut, bladder, inner ear, eye, nasal organ, taste buds, skin, muscle

and joints mediating reflex responses and nociception. Purinergic receptors on

fibres in the dorsal spinal cord and brain stem are involved in reflex control of

visceral and cardiovascular activity, as well as relaying nociceptive impulses to

pain centres. Purinergic mechanisms are enhanced in inflammatory conditions and

may be involved in migraine, pain, diseases of the special senses, bladder and gut,

and the possibility that they are also implicated in arthritis, respiratory disorders and

some central nervous system disorders is discussed. Finally, the development and

evolution of purinergic sensory mechanisms are considered.

Keywords Bladder, Brain stem, Carotid body, Ganglion, Gut

1 Introduction

Review articles have been published concerned with P2X and P2Y receptors

in sensory neurons (Burnstock 2000, 2007; Tsuda and Inoue 2006), purinergic

sensory-motor neurotransmission (Rubino and Burnstock 1996) and purine-

mediated signalling in pain (Burnstock and Wood 1996; Burnstock1996b, 2001a,

2006; McGaraughty and Jarvis 2006; Shieh et al. 2006; Inoue 2007).
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The first hint that ATP might be a neurotransmitter arose when it was proposed

that ATP released from sensory nerve collaterals during antidromic nerve stimula-

tion of the great auricular nerve caused vasodilatation of the rabbit ear artery

(Holton 1959). ATP was shown early to excite mammalian dorsal root ganglia

(DRG) neurons and some neurons in the dorsal horn of the spinal cord (Jahr and

Jessell 1983; Krishtal et al. 1983). Extracellular ATP was reported early to produce

pain sensation in humans (Collier et al. 1966; Bleehen and Keele 1977) and to

participate in pain pathways in the spinal cord (Fyffe and Perl 1984; Salter and

Henry 1985).

Recent reviews about the current status of and pharmacological characteriza-

tion of subtypes of receptors for purines and pyrimidines are available, including

four subtypes of P1 (adenosine), seven subtypes of P2X ionotropic and eight

subtypes of P2Y metabotropic receptors (North 2002; Abbracchio et al. 2006).

A landmark discovery related to this chapter was the cloning of P2X3 receptors and

their localization on sensory nerves in 1995 (Chen et al. 1995b; Lewis et al. 1995).

All P2X subtypes, except P2X7, are found in sensory neurons, although the P2X3

receptor has the highest level of expression [in terms of both messenger RNA

(mRNA) and protein] and P2X2/3 heteromultimers are particularly prominent in the

nodose ganglion. P2X3 and P2X2/3 receptors are expressed on isolectin B4 (IB4)

binding subpopulations of small nociceptive neurons (Bradbury et al. 1998). P2Y

receptors are also present on sensory neurons sometimes coexpressed with P2X3

receptors (Burnstock 2007). It has been suggested that while P2X3 receptor activa-

tion leads to increased firing of DRG neurons and subsequently to increased release

of sensory transmitter from their central processes, P2Y1 receptor activation may

decrease the release of sensory transmitter onto spinal cord neurons and may

thereby partly counterbalance the excitatory effect of ATP.

2 Peripheral Sensory Ganglionic Neurons

There have been many reports characterizing the native P2X receptors in sensory

neurons, including those from DRG, trigeminal, nodose, petrosal and enteric gang-

lia (Burnstock 2000, 2007; Dunn et al. 2001). DRG and trigeminal ganglia contain

primary somatosensory neurons, receiving nociceptive, mechanical and proprio-

ceptive inputs. Nodose and petrosal ganglia, on the other hand, contain cell bodies

of afferents to visceral organs.

All P2X subtypes, except P2X7, are found in sensory neurons, and most promi-

nent is the P2X3 receptor. P2Y1, P2Y2, P2Y4 and P2Y6 receptors have also been

described in sensory neurons (Burnstock and Knight 2004).

It has been shown that the sensory neurons have the machinery to form

purinergic synapses on each other when placed in short-term tissue culture (Zarei

et al. 2004). The resulting neurotransmitter release is calcium-dependent and uses

synaptotagmin-containing vesicles; the postsynaptic receptor involved is a P2X

subtype.
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2.1 Dorsal Root Ganglia

The P2X3 receptor subunit that was first cloned using a complementary DNA

library from neonatal rat DRG neurons shows a selectively high level of expression

in a subset of sensory neurons, including those in DRG. In DRG, the level of P2X3

transcript is the highest, although mRNA transcripts of P2X1–6 have been detected.

In DRG, intensive P2X3 immunoreactivity is found predominantly in a subset of

small- and medium-diameter neurons, although it was absent from most large

neurons. The P2X3 subunit is predominantly located in the non-peptidergic sub-

population of nociceptors that binds IB4, and is greatly reduced by neonatal

capsaicin treatment. The P2X3 subunit is present in an approximately equal number

of neurons projecting to skin and viscera, but in very few of those innervating

skeletal muscle (Bradbury et al. 1998). P2X2 receptor immunoreactivity is observed

in many small and large DRG neurons, although the level is lower than that of

P2X3. Some neurons show both P2X2 and P2X3 immunoreactivity, probably

indicating a P2X2/3 heteromultimer receptor. Variable levels of immunoreactivity

for P2X1, P2X2, P2X4, P2X5 and P2X6 receptors have also been detected in DRG

neurons.

Both transient and sustained responses to P2 receptor agonists occur in DRG

neurons (Dunn et al. 2001). The transient response in DRG neurons is activated by

ATP, a,b-methylene-ATP (a,b-meATP) and 2-methylthio-ATP (2-MeSATP). The

pharmacological evidence to date is generally for homomeric P2X3 receptors. P2X

receptors on the cell bodies of the sensory neurons have been studied extensively

using voltage-clamp recordings from dissociated neurons of the DRG (Fig. 1a–c).

Rapid application of ATP evokes action potentials and under voltage clamp, a fast-

activating inward current (mediated by P2X3 receptors), a sustained response

(mediated by P2X2 receptors) and a rapid response, followed by slow responses

(mediated by P2X2/3 receptors), as well as depolarization and an increase in

intracellular Ca2+ concentration. Rapid reduction of the excitatory action of ATP

on DRG neurons by GABA, probably via GABAA anionic receptors, and slow

inhibition of ATP currents via metabotropic GABAB receptors appear to be addi-

tional mechanisms of sensory information processing. Oxytocin and 17b-oestradiol
attenuate ATP-activated currents in DRG neurons. In contrast, neurokinin B

potentiates ATP-activated currents in DRG neurons. O-Conotoxin GVIA, known

as a selective blocker of N-type calcium channels, potently inhibits the currents

mediated by P2X receptors in rat DRG neurons. There are species differences in the

responses of DRG neurons to ATP. Transient responses are the predominant type

evoked by P2X agonists from DRG neurons of rat and mouse, with persistent and

biphasic types seen less frequently. In contrast, only sustained inward currents have

been reported on DRG neurons from bullfrog. It has been claimed that release of

ATP from neuronal cell bodies in DRG triggers neuron-satellite glial cell commu-

nication via P2X7 receptors (Zhang et al. 2007b).

Neurons and glial cells differentially express P2Y receptor subtype mRNA in rat

DRG (Kobayashi et al. 2006). P2Y1 and P2Y2 receptor mRNA was expressed in
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about 20% of neurons; Schwann cells expressed P2Y2 mRNA and non-neuronal

satellite cells expressed P2Y12 and P2Y14 mRNA. ATP and UTP produce slow and

sustained excitation of sensory neurons in DRG via P2Y2 receptors. P2Y1, P2Y2,

P2Y4 and P2Y6 mRNA is expressed on neurons of rat DRG and receptor protein for

P2Y1 is localized on over 80% of mostly small neurons (Ruan and Burnstock 2003).

Double immunolabelling showed that 73–84% of P2X3 receptor positive neurons

Fig. 1 Dorsal root ganglion (DRG). (a–d) Whole-cell patch-clamp recordings of DRG neurons

from P2X2
�/�, P2X3

�/� and P2X2/P2X3
Dbl�/� mice in response to P2X agonists. (a) Wild-type

DRG neurons responded to ATP and a,b-methylene-ATP (a,b-meATP) with either rapidly

desensitizing (i) or sustained (ii) responses; a composite response having both rapidly and slowly

desensitizing components was also observed in some neurons (data not shown). All DRG neurons

examined responded to 100 mM GABA with a sustained inward current. (b) In P2X2
�/� mice,

DRG neurons all responded to ATP and a,b-meATP with rapidly desensitizing transient

responses. (c) In P2X3
�/� mice, many DRG neurons failed to respond to either ATP or a,b-

meATP, but did respond to 100 mM GABA (i). Other P2X3
�/� neurons responded to ATP with a

sustained inward current, but failed to respond to a,b-meATP (ii). (d) In P2X2/P2X3
Dbl�/� mice,

most DRG neurons failed to respond to ATP or a,b-meATP, but did respond to 100 mMGABA (i).
A small percentage of neurons in double knockout mice gave small, very low amplitude responses

to ATP (ii), but did not respond to a,b-meATP. (e–g) Colocalization (g) (yellow/orange) of P2Y1

receptor immunoreactivity (e) (green) with P2X3 receptor immunoreactivity (f) (red) in rat DRG.

Examples of double-labelled neurons, P2X3 receptor positive cells that are not double labelled and

P2Y1 receptor positive cells that are not P2X3 receptor immunoreactive are shown in g. (a–d

Reproduced from Cockayne et al. 2005, with permission from Blackwell Publishing; e–g repro-

duced from Ruan and Burnstock 2003, with kind permission from Springer Science and Business

Media)
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also stained for the P2Y1 receptor (Fig. 1e–g), while 25–35% also stained for the

P2Y4 receptor. The findings of patch-clamp studies of cultured neurons from DRG

were consistent with both P2X3 and P2Y1 receptors being present in a subpopula-

tion of DRG neurons. Inhibition of N-type voltage-activated calcium channels in

DRG neurons by P2Y receptors has been proposed as a mechanism of ADP-induced

analgesia. P2Y2 and P2Y4 receptors were strongly expressed in DRG of the cat, as

were P2X3 receptors (Ruan et al. 2005). However, there was low expression of

P2Y1 receptors compared with more than 80% of P2Y1 receptor positive neurons in

rat DRG. Green fluorescent protein studies have shown that there is ADP-induced

endocytosis and internalization of P2Y receptors in DRG neurons (Wang et al.

2006).

Adenosine 50-O-(3-thiotriphosphate) enhances nerve growth factor (NGF)-

promoted neurite formation in DRG neurons, perhaps via its ability to increase

NGF-promoted TrkA activation (Arthur et al. 2005). NTPDase2 has been shown to

be present in satellite glial cells in DRG, consistent with evidence for a functional

role for ATP in satellite glial cells. Functional expression of P2X7 receptors on non-

neuronal glial cells, but not on small-diameter neurons from rat DRG, has been

reported.

2.2 Nodose Ganglia

P2X2 and P2X3 receptors are expressed in rat nodose ganglia. ATP, a,b-meATP

and 2-MeSATP evoke sustained currents in rat nodose neurons. These responses

are inhibited by suramin, pyridoxal phosphate-6-azopheyl-20,40-disulphonic acid

(PPADS), Cibacron blue and trinitrophenyl ATP (TNP-ATP), but not by diinosine

pentaphosphate. Therefore, the a,b-meATP-sensitive persistent responses in no-

dose neurons resemble the recombinant P2X2/3 receptors. Neurons of the mouse

nodose ganglion give persistent responses to both ATP and a,b-meATP similar to

those seen in the rat and guinea pig. In P2X3 receptor-deficient mice, no nodose

neurons respond to a,b-meATP at concentrations up to 100 mM, while the response

to ATP is significantly reduced. The residual persistent responses to ATP have all

the characteristics of recombinant P2X2 homomers. Thus, the pharmacological

evidence is consistent with the notion that both heteromeric P2X2/3 and homomeric

P2X2 receptors are present in significant amounts in nodose neurons, although the

proportions may vary from cell to cell (Cockayne et al. 2005). Subpopulations of rat

nodose neurons expressed P2X1/3 and P2X2/3 heteromultimers. Sensory neurons

from nodose ganglia express, in addition to P2X3 receptor mRNA, significant levels

of P2X1, P2X2 and P2X4 receptor mRNAs, and some of these mRNAs are present in

the same cell.

P2Y1 receptors have been demonstrated immunohistochemically in rat and

human nodose ganglia. Coexistence of functional P2Y receptors (acting via the
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inositol 1,4,5-trisphosphate pathway) and ryanodine receptors and their activation

by ATP have been demonstrated in vagal sensory neurons from the rabbit

nodose ganglion. Reverse transcription PCR (RT-PCR) has shown P2Y1, P2Y2,

P2Y4 and P2Y6 receptor mRNA in rat nodose ganglia (Ruan and Burnstock 2003).

P2Y1 receptor immunoreactivity was found in over 80% of the sensory neurons,

particularly small-diameter (neurofilament-negative) neurons, while P2Y4 recep-

tors were expressed in more medium- and large-diameter neurons. About 80%

of the P2X3 receptor immunoreactive neurons also stained for P2Y1 receptors,

while about 30% of the neurons showed colocalization of P2Y4 with P2X3

receptors.

2.3 Trigeminal Ganglia

Most of the facial sensory innervation is provided by nerve fibres originating in the

trigeminal ganglion, comprising neurons that transduce mechanical, thermal and

chemical stimuli, probably including odorant molecules. In trigeminal ganglia,

P2X3 receptor immunoreactivity is found in the cell bodies of both small and

large neurons. Lower levels of immunoreactivity to P2X1, P2X2, P2X4 and P2X6

receptors appear to be present in these neurons. Forty percent of P2X2 and 64% of

P2X3 receptor expressing cells were IB4-positive and 33% of P2X2 and 31% of

P2X3 receptor expressing cells were NF200-positive (Staikopoulos et al. 2007).

About 40% of cells expressing P2X2 receptors also expressed P2X3 receptors

and vice versa. Chronically applied NGF upregulated the function of P2X3 recep-

tors in trigeminal neurons without changing transient receptor potential vanilloid 1

(TRPV1) activity. IB4-positive neurons release ATP by faster exocytosis compared

with IB4-negative neurons which release neuropeptides by slower exocytosis (Mat-

suka et al. 2007). Whole-cell patch-clamp studies of trigeminal neurons showed

ATP-activated (both fast and slow) desensitizing currents in the majority of cells

examined, but outward or biphasic currents also occurred in a small number of cells

(Gu et al. 2006). Different types of cells show different types of ATP-activated

currents related to different P2X subunit assemblies (Luo et al. 2006).

P2Y1 and P2Y4 receptor mRNA and protein are also expressed in rat trigeminal

ganglia, with many neurons showing colocalization with P2X3 receptors (Ruan and

Burnstock 2003). In particular, only a small percentage of IB4-binding neurons

express P2X3 receptors in trigeminal ganglia, whereas many peptidergic neurons

express P2X3 receptors.

Satellite glial cells in mouse trigeminal ganglia express P2Y receptors (possibly

the P2Y1 subtype). Single-cell calcium imaging demonstrated that both P2Y1 and,

to a lesser extent, P2Y2,4,6,12,13 receptors on satellite glial cells contribute to ATP-

induced calcium-dependent signalling in mixed neuron-glia primary cultures from

mouse trigeminal ganglia (Ceruti et al. 2006).
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2.4 Petrosal Ganglia

The petrosal ganglion provides sensory innervation of the carotid sinus and

carotid body through the carotid sinus nerve. Acetylcholine (ACh) and ATP act

as excitatory transmitters between cat glomus cells and petrosal ganglion neurons

(Alcayaga et al. 2007), but independently of each other. ATP activates rat, cat and

rabbit petrosal ganglia neurons in vitro via P2X receptors and evokes ventilatory

reflexes in situ, which are abolished after bilateral chemosensory denervation.

Dopamine inhibits ATP-induced responses of neurons of the cat petrosal ganglia.

2.5 Retinal Ganglia

Retinal ganglion cells on the eye receive information from both rods and cones and

early papers about purinergic transmission in the retina have been reviewed (Pintor

2000). P2X2 receptors have been identified in retinal ganglion cells, particularly

within cone pathways (Puthussery and Fletcher 2006), while P2X3 receptors are

associated with both rod and cone bipolar cell axon terminals in the inner plexiform

layer (Puthussery and Fletcher 2007). Functional studies have also identified P2X2/3

heteromultimeric receptors in cultured rat retinal ganglion cells. P2X2 receptors are

also expressed on cholinergic amacrine cells of mouse retina and also GABAergic

amacrine cells.

It was proposed that ATP, coreleased with ACh from retinal neurons, modulates

light-evoked release of ACh by stimulating a glycinergic inhibitory feedback loop

(Neal and Cunningham 1994). RT-PCR at the single-cell level revealed expression

of P2X2, P2X3, P2X4 and P2X5 receptor mRNA in approximately one third of the

bipolar cells (Wheeler-Schilling et al. 2001), P2X7 receptors were identified on both

inner and outer retinal ganglion cell layers of the primate and rat, and electron

microscope analysis suggested that these receptors were localized in synapses.

Stimulation of P2X7 receptors elevated Ca2+ levels and killed retinal ganglion

cells (Zhang et al. 2005) and may be involved in retinal cholinergic neuron density

regulation.

P2X3 receptors are present on Müller cells. Müller cells release ATP during Ca2+

wave propagation. While the potent P2X7 agonist 30-O-(4-benzoyl)benzoyl ATP
killed retinal ganglion cells, this was prevented by the breakdown product, adeno-

sine, via A3 receptors (Zhang et al. 2006). Evidence has been presented for the

involvement of P2X7 receptors in outer retinal processing: P2X7 receptors are

expressed postsynaptically on horizontal cell processes as well as presynaptically

on photoreceptor synaptic terminals in both rat and marmoset retinas (Puthussery

et al. 2006).
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2.6 Intramural Enteric Sensory Neurons

Most of the data about enteric sensory transmission are based on studies of the

guinea pig ileum (Furness et al. 1998). The after hyperpolarization (AH) defined

neurons appear to be the enteric sensory neurons, which represent about 30% of the

neurons in the myenteric plexus. About 90% of Dogiel type II neurons in the

guinea pig ileum exhibit slow AHs and many express the calcium-binding protein

calbindin. These neurons are distinct from Dogiel type I, S neurons, which are

motor neurons or interneurons. The functional properties of Dogiel type II (AH)

sensory neurons have been reviewed recently (Blackshaw et al. 2007).

Several laboratories have studied purinergic signalling in the guinea pig myen-

teric and submucous neurons (Burnstock 2007). Exogenous and endogenous ATP,

released during increase in intraluminal pressure, inhibits intestinal peristalsis in

guinea pig. Exogenous ATP depresses peristalsis mostly via suramin- and PPADS-

insensitive P2X4 receptors, whereas endogenous purines probably act via P2X2 and/

or P2X3 and/or P2X2/3 receptors sensitive to both suramin and PPADS initiate

peristalsis (Bian et al. 2003). ATP plays a major role in excitatory neuroneuronal

transmission in both ascending and descending reflex pathways to the longitudinal

and circular muscles of the guinea pig ileum triggered by mucosal stimulation.

Experiments with P2X2 and P2X3 receptor knockout mice showed that peristalsis is

impaired in the small intestine. P2X3 receptors are dominant on neurons in the

submucosal plexus of the rat ileum and distal colon and up to 70% of the neurons

express calbindin, a marker for enteric sensory neurons (Xiang and Burnstock

2004a). P2X3 receptor immunoreactivity has also been shown on sensory neurons

in the human myenteric plexus.

Intracellular recordings from myenteric and submucosal neurons in guinea pig

small intestine showed that ATP induced a transient depolarization of most AH-

type neurons (Bertrand and Bornstein 2002; Monro et al. 2004) (Fig. 2a, c, d). Fast

and slow depolarizations and Ca2+ responses of cultured guinea pig ileal submuco-

sal neurons to ATP were mediated by P2X and P2Y receptors respectively. Slow

excitatory postsynaptic potentials were mediated by P2Y1 receptors in neurons in

the submucosal plexus of guinea pig small intestine. ATP plays a major excitatory

role, probably largely via P2X2 receptors, in rat myenteric neurons, whether

sensory neurons, motor neurons or interneurons. A P2Y1 receptor has been cloned

and characterized from guinea pig submucosa (Gao et al. 2006). About 40–60% of

P2X3 receptor immunoreactive neurons were immunoreactive for P2Y2 receptors in

the myenteric plexus and all P2X3 receptor immunoreactive neurons expressed

P2Y2 receptors in the submucosal plexus (Xiang and Burnstock 2006). About

28–35% of P2Y6 receptor immunoreactive neurons coexist with nitric oxide

synthase (NOS), but not with calbindin, while all P2Y12 receptor immunoreactive

neurons were immunopositive for calbindin and appear to be AH intrinsic primary

afferent neurons.
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Fig. 2 Enteric sensory neurons. (a) Illustration of the experimental arrangement and the relation

of the epithelium and the after hyperpolarization (Dogiel type II) sensory nerve terminals. LM
longitudinal muscle, MP myenteric plexus, CM circular muscle, SMP submucosal plexus, EPI
epithelium. Note that the intracellular recording electrode (RECORD) is impaling myenteric AH

neurons [intrinsic primary afferent neurons (IPAN) at the open circle]. ATP and other agonists

were applied to the mucosa and to the cell body of AH neurons via short-duration

pressure ejection. Enterochromaffin cells (EC Cell) are present in about 1% of the total population
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3 Peripheral Sensory Nerve Terminals

Sensory nerve terminals express purinoceptors and respond to ATP in many situa-

tions (Burnstock 2000, 2007). However, it has been shown that ATP sensitivity is

not necessarily restricted to the terminals; increased axonal excitability to ATP and/

or adenosine of unmyelinated fibres in rat vagus, sural and dorsal root nerves as well

as human sural nerve has been described. During purinergic mechanosensory

transduction, the ATP released from local epithelial cells acts on P2X3, P2X2/3

and P2Y1 receptors on sensory nerve endings (see Sect. 5). In addition, released

ATP is rapidly broken down by ectoenzymes to ADP (to act on P2Y1, P2Y12 and

P2Y13 receptors) or adenosine (to act on P1 receptors).

Since the seminal studies of Lewis in the 1920s, it has been well established that

transmitters released following the passage of antidromic impulses down sensory

nerve collaterals during ‘‘axon reflex’’ activity produce vasodilatation of skin

vessels. The early work of Holton (1959) showing ATP release during antidromic

stimulation of sensory collaterals, taken together with the evidence for glutamate in

primary afferent sensory neurons, suggests that ATP and glutamate may be cotrans-

mitters in these nerves. We know now that ‘‘axon reflex’’ activity is widespread in

autonomic effector systems and forms an important physiological component of

autonomic control (Maggi and Meli 1988; Rubino and Burnstock 1996). Calcitonin

gene related peptide (CGRP) and substance P (SP) are well established as coexist-

ing in sensory-motor nerves and, in some subpopulations, ATP is also likely to be a

Fig. 2 (continued) of epithelial cells. (b) Representative voltage trace from AH neurons during

application of ATP to the mucosa; dotted lines in b and c indicate resting membrane potential. A

brief application (100 ms; at the filled triangle) of ATP (2 mM) elicited a train of 12 action

potentials that showed a slowing in frequency during the 1.1-s duration of the discharge. (c)

Representative voltage recording from an intrinsic sensory neuron in the myenteric plexus. ATP

was applied to the cell body and evoked a short latency depolarization – tetrodotoxin was present

to block sodium-dependent action potentials. During superfusion with pyridoxal phosphate-6-

azopheyl-20,40-disulphonic acid (60 mM), the ATP-evoked depolarization was blocked, whereas in

the presence of suramin (100 mM), it was potentiated. (d) Effect of ATP and a,b-meATP in AH

neurons from P2X3
+/+ and P2X3

�/� mice. Top panels: Representative responses caused by ATP

and a,b-meATP. ATP depolarized AH neurons from both types of mice. a,b-meATP caused

depolarization of AH neurons in tissues from P2X3
+/+ but not P2X3

�/�mice. Bottom panel: Pooled
data from experiments illustrated in the top panels. (e) Morphology of intraganglionic laminar

endings (IGLEs) revealed by P2X2 receptor immunoreactivity in a group of three to four IGLEs at

the surface of a myenteric ganglion in the duodenum. The axons that lead to the IGLEs also have

P2X2 receptor immunoreactivity (arrowheads). The IGLEs consist of clumps of axon dilatations,

varying from small swellings (arrows) to large lamellae, one of which is indicated by an asterisk.
Scale bar 50 mm. (f) P2X3 receptor immunoreactivity in extrinsic vagal nerve fibres in the

developing rat stomach with short branches at the ends at embryonic day 12. Scale bar 250 mm.

(g) P2X3 receptor immunoreactive neurons and IGLEs in myenteric plexus of rat stomach at

postnatal day 60. Scale bar 30 mm. (a, b Reproduced from Bertrand and Bornstein 2002, with

permission from the Society of Neuroscience; c reproduced from Bertrand 2003, with permission

from Sage Publications; d reproduced from Bian et al. 2003, with permission from Blackwell

Publishing; e reproduced from Castelucci et al. 2003, with kind permission from Springer Science

and Business Media; f, g reproduced from Xiang and Burnstock 2004b, with kind permission from

Springer Science and Business Media)
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cotransmitter (Burnstock 1993). Concurrent release of ATP and SP from guinea pig

trigeminal ganglionic neurons in vivo has been described (Matsuka et al. 2001).

3.1 Carotid Body

The ventilatory response to decreased oxygen tension in the arterial blood is

initiated by excitation of specialized oxygen-sensitive chemoreceptor cells in the

carotid body that release neurotransmitter to activate endings of the sinus nerve

afferent fibres. ATP and adenosine were shown early on to excite nerve endings in

the carotid bifurcation (Lahiri et al. 2007).

Large amounts of adenine nucleotides are localized in glomus cells, stored

within specific granules together with catecholamines and proteins, and there is

evidence of ATP release from carotid chemoreceptor cells. Corelease of ATP and

ACh from type I glomus chemoreceptor cells is a likely mechanism for chemosen-

sory signalling in the carotid body in vivo (Nurse 2005; Zapata 2007). The ATP

released during hypoxic and mechanical stimulation was shown to act on P2X2/3

receptors on nerve fibres arising from the petrosal ganglion (Reyes et al. 2007).

Immunoreactivity for P2X2 and P2X3 receptor subunits has been localized on rat

carotid body afferent terminals surrounding clusters of glomus cells. P2X2 and

P2X2/3 receptor deficiency resulted in a dramatic reduction in the responses of the

carotid sinus nerve to hypoxia in an in vitro mouse carotid body-sinus nerve

preparation (Rong et al. 2003) (Fig. 3). ATP mimicked the afferent discharge and

PPADS blocked the hypoxia-induced discharge. ATP induces a rise in intracellular

Ca2+ concentration in rat carotid body cultured glomus cells. Evidence that this

mechanism is involved in hypercapnia as well as in hypoxia came from CO2/pH

chemosensory signalling in co-cultures of rat carotid body and petrosal neurons

(Zhang and Nurse 2004). In fresh tissue slices of rat carotid body, low glucose

stimulated ATP secretion (Zhang et al. 2007a). ATP, acting on P2X2 receptors,

contributed to modified chemoreceptor activity after chronic hypoxia, indicating

a role for purinergic mechanisms in the adaptation of the carotid body in a chronic

low-O2 environment (He et al. 2006).

3.2 Lung

Pulmonary neuroepithelial bodies (NEBs) and more recently subepithelial receptor-

like endings associated with smooth muscle (SMARs) have been shown to serve

as sensory organs in the lung (Brouns et al. 2006). P2X3 and P2X2/3 receptors are

expressed on a subpopulation of vagal sensory fibres that supply NEBs and SMARs

which have their origin in the nodose ganglia (Fig. 4a). Sensory afferent fibres

within the respiratory tract, which are sensitive to ATP, probably largely via P2X2/3

receptors, have been implicated in vagal reflex activity (Taylor-Clark and
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Fig. 3 Carotid body. (a) Representative recording of the afferent nerve responses to hypoxia in

the isolated carotid body sinus nerve preparation taken from a wild-type mouse. Typical traces of

changes in PO2 and raw nerve activity. (b) Effects of ATP on carotid sinus nerve activity in wild-

type mice and in P2X2 (P2X2
�/�)-, P2X3 (P2X3

�/�)- and P2X2 and P2X3 (P2X2/P2X3
Db-�/�)-

deficient mice. (c) Hypothetical model of ATP involvement in the carotid body. P2X receptors

containing the P2X2 subunit play a pivotal role in transmitting information about arterial PO2 and

PCO2 levels. A decrease in PO2 or an increase in PCO2/H
+ activates glomus cells, which release

ATP as the main transmitter to stimulate afferent terminals of the sinus nerve via interaction with

P2X receptors that contain the P2X2 subunit, with or without the P2X3 subunit. (a Reproduced and

modified from Rong et al. 2003, with permission from the Society of Neuroscience; b courtesy of

Weifang Rong; c reproduced from Spyer et al. 2004, with permission from Blackwell Publishing)
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Fig. 4 Lung. (a) The main innervation of airway smooth muscle and of the sensory innervation of

complex neuroendothelial body (NEB) receptors in rat airways. Nerve fibre populations are

colour-coded. The central part of the scheme shows airway smooth muscle that receives laminar

nerve terminals (SMAR; green) immunopositive for P2X3 receptors that intercalate between the

smooth muscle cells and nerve terminals from postganglionic parasympathetic neurons located

in an airway ganglion (bottom; cholinergic neurons purple). The top centre part of the scheme

represents a pulmonary NEB (yellow) and its extensive interactions with sensory nerve terminals.

The top left part shows the myelinated vagal nodose afferent fibres immunopositive for P2X3

receptors (red) and sensory fibres (light blue) that innervate the NEB but do not express P2X3

receptors; C-fibre afferents that originate from the vagal jugular ganglion (orange) innervate

the non-endocrine epithelium of large-diameter airways. The top right part represents dorsal

root C-fibre afferents (dark blue) that innervate NEB but do not express P2X3 receptors. f
diameter. (b) Representative inward ionic currents obtained with whole-cell patch recordings

of nodose neurons retrogradely labelled from the lung. All neurons responded to ATP with a

rapid inward current. (c) Representative extracellular recording of action potential discharge from
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Undem 2006) (Fig. 4b, c), as well as in the cough and bradypneic reflexes (see Sect.

6.7). Quinacrine staining of NEBs indicates the presence of high concentrations of

ATP in their secretory vesicles and it has been suggested that ATP is released in

response to both mechanical stimulation during high-pressure ventilation and

during hypoxia (Rich et al. 2003). NEBs are oxygen sensors especially in early

development, before the carotid system has matured (Brouns et al. 2003).

Vagal C-fibres innervating the pulmonary system are derived from cell bodies

situated in two distinct vagal sensory ganglia: the jugular (superior) ganglion

neurons project fibres to the extrapulmonary airways (larynx, trachea, bronchus)

and the lung parenchymal tissue, while the nodose (inferior) neurons innervate

primarily structures within the lungs. Nerve terminals in the lungs from both jugular

and nodose ganglia responded to capsaicin and bradykinin, but only the nodose

C-fibres responded to a,b-meATP. In a study of bronchopulmonary afferent nerve

activity of a mouse isolated perfused nerve-lung preparation it was found that

C-fibres could be subdivided into two groups: fibres that conduct action potentials

at less than 0.7 ms�1 and are responsive to capsaicin, bradykinin and ATP; and

fibres that conduct action potentials on an average of 0.9 ms�1 and respond

vigorously to ATP, but not to capsaicin or bradykinin (Kollarik et al. 2003). Both

the TRPV1 receptor and P2X receptors mediate the sensory transduction of pulmo-

nary reactive oxygen species, especially H2O2 and OH, by capsaicin-sensitive vagal

lung afferent fibres.

The visceral pleura of the airways is often considered to be insensitive to painful

stimuli and to lack sensory innervation. However, a recent paper has identified

P2X3 receptors on sensory fibres supplying the pleura, which appear to be myelin-

ated and have a spinal origin (Pintelon et al. 2007).

3.3 Gut

ATP and a,b-meATP activate submucosal terminals of intrinsic sensory neurons in

the guinea pig intestine (Bertrand and Bornstein 2002), supporting the hypothesis of

Burnstock (2001a) that ATP released from mucosal epithelial cells has a dual action

on P2X3 and/or P2X2/3 receptors in the subepithelial sensory nerve fibres. ATP acts

on the terminals of low-threshold intrinsic enteric sensory neurons to initiate or

modulate intestinal reflexes and acts on the terminals of high-threshold extrinsic

sensory fibres to initiate pain (see Sects. 5.3, 6.1). Thirty-two percent of retrogradely

labelled cells in the mouse DRG at levels T8–L1 and L6–S1, supplying sensory nerve

fibres to the mouse distal colon, were immunoreactive for P2X3 receptors (Robinson

Fig. 4 (continued) a nodose C-fibre ending with a receptive field within the right lung caused by

tracheal infusion of ATP (10 mM). (a Modified from Adriaensen et al. 2006, and reproduced with

permission from The American Physiological Society; b Reproduced from Undem et al. 2004,

with permission from Blackwell Publishing; c reproduced from Taylor-Clark and Undem 2006,

with permission from The American Physiological Society)
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et al. 2004). Extrinsic and possibly intrinsic sensory nerves associated with mucosal

epithelial cells appear to be sensitive to pH, probably via P2X2 and P2X2/3 receptors

(Holzer 2007).

Intraganglionic laminar nerve endings (IGLEs) are specialized mechanosensory

endings of vagal afferent nerves in the rat stomach, arising from the nodose gangli-

on; they express P2X2 and P2X3 receptors and are probably involved in physiologi-

cal reflex activity, especially in early postnatal development (Castelucci et al. 2003;

Xiang and Burnstock 2004b) (Fig. 2e–g). a,b-meATP caused concentration-

dependent excitation of IGLEs of vagal tension receptors in the guinea pig oesophagus,

but evidence was presented against chemical transmission being involved in the

mechanotransduction mechanism (Zagorodnyuk et al. 2003). A subpopulation of

nodose vagal afferent nociceptive nerves sensitive to P2X3 receptor agonists was

later identified and shown to be different from the non-nociceptive vagal nerve

mechanoreceptors (Yu et al. 2005).

3.4 Urinary Bladder

In the absence of P2X3 receptors in mouse knockouts, the bladder is hyperactive

(Cockayne et al. 2000; Vlaskovska et al. 2001). It has been claimed that subur-

othelial myofibroblast cells isolated from human and guinea pig bladder that are

distinct from epithelial cells provide an intermediate regulatory step between

urothelial ATP release and afferent excitation involved in the sensation of bladder

fullness (Wu et al. 2004). The majority of lumbosacral neurons (93%) supplying

the bladder were sensitive to a,b-meATP, compared with 50% of thoracolumbar

neurons (Dang et al. 2004). Almost all sensory neurons in lumbosacral DRG

innervating the bladder coexpress P2X, ASIC, and TRPV1 receptors, but not

those in the thoracolumbar DRG neurons supplying the bladder, indicating that

pelvic and hypogastric afferent pathways to the bladder are structurally and func-

tionally distinct.

3.5 Inner Ear

The inner ear encompasses three organs: the cochlea, responsible for hearing; the

vestibule, sensitive to gravity and acceleration; and the endolymphatic sac, devoid

of sensory function. A role for ATP as a cotransmitter generating intracellular Ca2+

currents in cochlea inner hair cells was first proposed in 1990 (Housley et al. 2006).

Later, various P2X and P2Y receptor subtypes were shown to be expressed in other

cell types in the cochlea, including outer hair cells, Henson cells and Deiters cells in

the organ of Corti. Physiological studies suggested that ATP acts as a neurotrans-

mitter, but probably not as part of the efferent system as previously supposed, but

rather as a cotransmitter with glutamate in auditory afferent nerves activated by

348 G. Burnstock



glutamate released from hair cells and acting postsynaptically on the spiral ganglion

neuron afferent dendrites (Housley et al. 2006). There are about 50,000 primary

afferent neurons in the human cochlear and about half express P2X2 (or P2X2

variants) and probably P2X3 receptors. ATP is released from K+-depolarized organ

of Corti in a Ca2+-dependent manner and an increase in ATP levels in the endo-

lymph has been demonstrated during sound exposure. The P2 receptor antagonist

PPADS attenuated the effects of a moderately intense sound on cochlea mechanics.

Nitric oxide enhances the ATP-induced intracellular Ca2+ increase in outer

hair cells (Shen et al. 2006). P2Y2 and/or P2Y4 receptors mediate intercellular

calcium wave propagation in supporting and epithelial cells in the organ of Corti

(Piazza et al. 2007). Spiral ganglion neurons, located in the cochlear, convey to the

brain stem the acoustic information arising from the mechanoelectrical transduction

of the inner hair cells, express P2X receptors and are responsive to ATP (Dulon

et al. 2006). P2X receptor signalling inhibits brain derived neurotrophic factor

(BDNF)-mediated spiral ganglion neuron development in the neonatal rat cochlea,

when synaptic reorganization is occurring in the cochlea (Greenwood et al. 2007).

3.6 Eye

Amacrine cells and the pigment epithelial cells themselves have been shown to

release ATP as well as retinal astrocytes and inner retinal amacrine-like neurons

(Burnstock 2007). ATP is also released from antidromically stimulated sensory

nerve endings in the ciliary body (Maul and Sears 1979).

3.7 Nasal Organ

There are three types of epithelial cells in the nasal mucosa: non-keratinized,

stratified squamous epithelium, respiratory epithelium and olfactory epithelium.

Primary olfactory neurons lie in the olfactory epithelium and function to detect

odiferous substances, sending information to the olfactory cortex. P2X2 receptors

are localized on different subpopulations of primary olfactory neurons located both

in the olfactory epithelium and in vomeronasal organs, and on sensory fibres arising

from the trigeminal ganglion (Gayle and Burnstock 2005).

Odorant recognition is mediated by olfactory receptors predominantly situated

on the microvilli of olfactory receptor neurons in the nasal organ. Nucleotides act

via purinoceptors on olfactory neurons as well as sustentacular supporting cells

(Hegg et al. 2003). ATP released from olfactory epithelium modulates odour

sensitivity and nociception. The majority of nasal trigeminal neurons lacked

P2X3 receptor-mediated currents, but showed P2X2-mediated responses when

stimulated by ATP (Damann et al. 2006).
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3.8 Taste Buds

Taste bud cells and associated sensory nerve fibres express P2 receptors, including

P2X2 and P2X3 receptor subunits (Bo et al. 1999) (Fig. 5) and P2Y1 receptors

(Kataoka et al. 2004). ATP is the key transmitter acting via P2X2 and P2X3

receptors on taste receptor cells detecting chemicals in the oral cavity

(Finger et al. 2005). These authors showed that genetic elimination of P2X2 and

P2X3 receptors abolished responses of the taste nerves, although the nerves

remained responsive to touching, temperature and menthol and reduced responses

to sweeteners, glutamate and bitter substances. They also showed that a bitter

mixture containing denatonium and quinine stimulated release of ATP from the

taste epithelium. Type A (but not type B and C) taste cells, defined electrophysio-

logically, which appear to be identical to type II cells, defined morphologically,

have been shown to release ATP via connexin or pannexin hemichannels to activate

P2X3 receptors on sensory nerve endings (Huang et al. 2007; Romanov et al. 2007).

Dystonin disruption, produced in mutant mice, resulted in a decrease in the number

of vagal and glossopharyngeal sensory neurons, and in the number of taste buds

as well as in the number of P2X3 receptor labelled neurons and their peripheral

endings in taste bud epithelium (Ichikawa et al. 2006). Other papers present data

that suggest that P2Y2 and P2Y4 receptors also play a role in mediating taste cell

responses to ATP and UTP (Bystrova et al. 2006). NTPDase2 has been shown to

have a dominant presence on type 1 cells in mouse taste papillae (Bartel et al. 2006).

Fig. 5 Tongue. Distribution of P2X3 receptor immunoreactivity in circumvallate papillae in rat

tongue. Scale bar 200 mm. (Courtesy of Atossa Alavi)
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3.9 Skin, Muscle and Joints

It has been suggested that ATP receptors on keratinocytes might play a role in a

variety of skin sensations (Denda et al. 2007). Ca2+ waves in human epidermal

keratinocytes mediated by extracellular ATP, produce intracellular Ca2+ concen-

tration elevation in DRG neurons, suggesting a dynamic cross talk between skin

and sensory neurons mediated by extracellular ATP (Koizumi et al. 2004). ATP

inhibits the heat response of the C-fibre polymodal receptor on a rat skin-nerve

preparation at low concentrations, but facilitates it at high concentrations (Yajima

et al. 2005).

P2 receptors on the endings of thin fibre muscle afferents play a role in evoking

both the metabolic and the mechanoreceptor components of the exercise pressor

reflex. PPADS attenuated the pressor response to contraction of the triceps muscle.

ATP has been shown to be an effective stimulant of group IV receptors in mechani-

cally sensitive muscle afferents (Kindig et al. 2007). Arterial injection of a,b-
meATP in the blood supply of the triceps surae muscle evoked a pressor response

that was a reflex localized to the cat hind limb and was reduced by P2X receptor

blockade.

Sensory nerve fibres arising from the trigeminal ganglion supplying the

temporomandibular joint have abundant receptors that respond to capsaicin, protons,

heat and ATP; retrograde tracing revealed 25, 41 and 52% of neurons supplying this

joint exhibited TRPV1 and P2X3 receptors, respectively (Ichikawa et al. 2004).

3.10 Heart

An ATP-triggered vagal reflex has been described leading to suppression of sinus

mode automaticity and atrioventricular nodal conduction (Pelleg and Hurt 1990).

This is probably mediated by P2X2/3 receptors located on vagal sensory nerve

terminals in the left ventricle and lung (McQueen et al. 1998). This supports the

hypothesis that ATP released from ischaemic myocytes is a mediator of atropine-

sensitive bradyarrhythmias associated with left ventricular myocardial infarction

(Xu et al. 2005).

4 Central Sensory Nerves

While the main areas of the central nervous system (CNS) concerned with control

of autonomic function involving sensory nerves are the spinal cord, brain stem and

hypothalamus (Burnstock 2007), the prefrontal cortex is implicated in the integra-

tion of sensory, limbic and autonomic information (Groenewegen and Uylings

2000). It seems likely that P1, P2X and P2Y receptors are involved in neurotrans-
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mission and neuromodulation of sensory pathways in the somatic, visual, olfactory,

auditory and gustatory cortex (North and Verkhratsky 2006).

4.1 Spinal Cord

Spinal circuits, spinal afferent influx as well as descending influences from brain

stem and hypothalamus work together in the integrative activities of the preganglionic

sympathetic neurons, which regulate the activity on many organs. There was early

identification of dense areas of acid phosphatase and 50-nucleotidase activity in

the substantia gelatinosa of the spinal cords of rats and mice and the possible

implication for purinergic transmission was raised (Burnstock 2007).

P2X receptors mediate sensory synaptic transmission between primary afferent

fibres and spinal dorsal horn neurons (Li et al. 1998). ATP-evoked increases in

intracellular calcium were demonstrated in both neurons and glia of the dorsal

spinal cord. ATP was shown to inhibit slow depolarization via P2Y receptors in

substantia gelatinosa neurons. A recent study has identified P2Y1 and P2Y4 receptor

mRNA in subpopulations of dorsal horn neurons (Kobayashi et al. 2006). P2X3

immunoreactivity is present on the axon terminals of DRG neurons that extend

across the entire mediolateral extent of inner lamina II of the dorsal horn. The

immunolabelled nerve profiles in lamina II for P2X3 receptors are located largely

on terminals with ultrastructural characteristics of sensory afferent terminals

(Llewellyn-Smith and Burnstock 1998). In contrast, although P2X2 immunoreac-

tivity is most prominent in lamina II, it is also seen in deeper layers, and only rarely

overlaps with P2X3 immunoreactivity. A TNP-ATP-resistant P2X ionic current has

been reported on the central terminals of capsaicin-insensitive Ad-afferent fibres
that play a role modulating sensory transmission to lamina V nerves. At central

terminals of primary afferent neurons, ATP has been shown to act both presynapti-

cally facilitating glutamate release (Nakatsuka and Gu 2006) and postsynaptically

(Fyffe and Perl 1984). P2X receptors are also expressed on glycinergic presynaptic

nerve terminals.

ATP has been shown to be released from dorsal spinal cord synaptosomes.

Morphine and capsaicin release purines from capsaicin-sensitive primary afferent

nerve terminals in the spinal cord. In addition to acting as a fast excitatory synaptic

transmitter, ATP facilitates excitatory transmission by increasing glutamate release

and enhancing inhibitory neurotransmission mediated by both GABA and glycine.

A different P2X receptor subtype (perhaps P2X1/5 or P2X4/6) was involved in long-

lasting modulation in lamina V (Nakatsuka et al. 2003). The authors concluded that

differential modulation of sensory inputs into different sensory regions by P2X

receptor subtypes represents an important mechanism of sensory processing in the

spinal cord dorsal horn. Blockade of P2X receptors in the dorsal horn with PPADS

attenuates the cardiovascular ‘‘exercise pressor reflex’’ to activation of muscle

afferents, while stimulation of P2X receptors enhances the reflex response (Gao

et al. 2005).
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4.2 Nucleus Tractus Solitarius

The nucleus tractus solitarius (NTS) (particularly neurons in the caudal NTS)

is a central relay station for relaying viscerosensory information to respiratory,

cardiovascular and digestive neuronal networks. Extracellular purines have been

claimed to be the primary mediators signalling emergency changes in the internal

environment in the CNS. Stimulation of P2X receptors in the NTS evokes

hypotension with decreases in both cardiac output and total peripheral resistance

(Kitchen et al. 2001). Injection of adenosine into the NTS produced dose-related

decreases in heart rate and systolic and diastolic blood pressures. NTS A2A receptor

activation elicits hind limb vasodilatation. ATP and b,g-methylene-ATP (b,g-
meATP) produced dose-related potent vasodepressor and bradycardic effects, sug-

gesting that P2 as well as P1 receptors were involved. Hindquarter vasodilatation

during defence reactions is mediated by P2X receptors in the NTS (Korim et al.

2007). Patch-clamp studies of neurons dissociated from rat NTS revealed P2

receptor-mediated responses and microinjection of P2 receptor agonists into the

subpostremal NTS in anaesthetized rats produced reduction of arterial blood pres-

sure probably via a P2X1 or a P2X3 receptor subtype, since a,b-meATP was

particularly potent. The actions of ATP and adenosine in the NTS may be function-

ally linked to selectively coordinate the regulation of regional vasomotor tone.

Microinjections into the caudal NTS of anaesthetized spontaneously breathing

cats showed that a,b-meATP elicited a distinct pattern of cardiorespiratory re-

sponse, namely dose-related decrease in tidal volume and respiratory minute

volume; at higher doses a pronounced apnoea was produced. This suggested that

a P2X receptor was present, perhaps involved in the processing of sensation from

pulmonary receptors related to the Breuer–Hering and pulmonary C-fibre reflexes.

Impaired arterial baroreflex regulation of heart rate after blockade of P2 receptors in

the NTS has been reported. Microinjection of ATP into caudal NTS of awake rats

produces respiratory responses (Antunes et al. 2005) and purinergic mechanisms

are probably involved in the sympathoexcitatory component of the chemoreflex

(Braga et al. 2007). It has been suggested that there is a sensory afferent selective

role of P2 receptors in the NTS for mediating the cardiac component of the

peripheral chemoreceptor reflex (Paton et al. 2002). Activation of NTS A1 receptors

differentially inhibits baroreflex pathways controlling regional sympathetic outputs

(Scislo et al. 2007).

The immunohistochemical distribution of P2X receptor subtypes in the NTS of

the rat and colocalization of P2X2 and P2X3 immunoreactivity has been described

in the NTS. At the electron microscope level, P2X3 receptor positive boutons have

been shown to synapse on dendrites and cell bodies and have complex synaptic

relationships with other axon terminals and dendrites (Llewellyn-Smith and Burn-

stock 1998). P2X2 receptors have been localized presynaptically in vagal afferent

fibres in rat NTS. A whole-cell patch-clamp study of neurons in the caudal NTS led

to the conclusion that ATP activates presynaptic P1(A1) receptors after breakdown

to adenosine, reducing evoked release of glutamate from the primary afferent nerve

terminals. Purinergic and vanilloid receptor activation releases glutamate from
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separate cranial afferent terminals in the NTS corresponding to myelinated and

unmyelinated pathways in the NTS.

4.3 Ventrolateral Medulla

The ventrolateral medulla (VLM) contains a network of respiratory neurons that are

responsible for the generation and shaping of respiratory rhythm; it also functions

as a chemoreceptive area mediating the ventilating response to hypercapnia. Evi-

dence has been presented that ATP acting on P2X2 receptors expressed in VLM

neurons influences these functions (Gourine et al. 2003). Recent studies suggest that

P2X receptors on neurons in the raphe nucleus are also involved in respiratory

regulation (Cao and Song 2007). It has also been shown in neonatal rats that

respiratory rhythm generating networks in the pre-Bötzinger complex are very

sensitive to P2Y1 receptor activation and suggest a role for P2Y1 receptors in

respiratory motor control, particularly in the excitation of rhythm that occurs during

hypoxia (Lorier et al. 2007).

Evidence has been presented to suggest that CO2-evoked changes in respiration

are mediated, at least in part, by P2X receptors in the retrofacial area of the VLM

(Gourine 2005). CO2–P2X-mediated actions were observed only in inspiratory

neurons that have purinoceptors with pH sensitivity (characteristic of the P2X2

receptor subtype) that could account for the actions of CO2 in modifying ventilatory

activity. During hypoxia, release of ATP in the VLM plays an important role in the

hypoxic ventilatory response in rats. Adenosine acts as a neuromodulator of a

variety of cardiorespiratory reflexes.

Intrathecal application of P2X receptor agonists and antagonists indicates that

P2X3 or P2X2/3 receptors on the trigeminal primary afferent terminals in the

medullary dorsal horn (trigeminal subnucleus caudalis) enhance trigeminal sensory

transmission (Jennings et al. 2006).

4.4 Sensory Nuclei

P1(A1) adenosine receptor agonists presynaptically inhibit both GABAergic and

glutamatergic synaptic transmission in periaqueductal grey neurons and adenosine

suppresses excitatory glutamatergic inputs to rat hypoglossal motoneurons (Burn-

stock 2007). This is evidence for multiple P2X and P2Y subtypes in the rat medial

vestibular nucleus.

P2X receptors are expressed in the medial nucleus of the trapezoid body of the

auditory brain stem, where they act to facilitate transmitter release in the superior

olivary complex (Watano et al. 2004). Although ATP potentiates release at both

excitatory and inhibitory synapses, it does so via different P2X receptor subtypes

expressed at different locations: P2X3 receptors on cell bodies or axons of excitatory
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pathways and P2X1 receptors on the presynaptic terminals of inhibitory pathways.

A1 rather than P2X receptors have been implicated during high-frequency gluta-

matergic synaptic transmission in the calyx of Held (Wong et al. 2006). P2

receptors modulate excitability, but do not mediate pH sensitivity of respiratory

chemoreceptors in the retrotrapezoid nucleus on the ventral surface of the brain

stem (Mulkey et al. 2006).

4.5 Trigeminal Mesencephalic Nucleus

Although the trigeminal mesencephalic nucleus (MNV) is located in the CNS, it

contains cell bodies of primary afferent neurons that relay proprioceptive informa-

tion exclusively. The MNV is known to contain mRNA for P2X2, P2X4, P2X5 and

P2X6 subtypes. With in situ hybridization studies, higher levels of mRNA for P2X5

were found in this nucleus than in any other brain area. ATP-gated ion channels

(P2X receptors) were described in rat trigeminal MNV proprioceptive neurons from

whole-cell and outside-out patch-clamp recording, possibly mediated by P2X5

receptor homomultimers and P2X2/5 heteromultimers (Patel et al. 2001).

4.6 Locus Coeruleus

There were early reports of modulation of neuronal activities in the locus coeruleus

(LC) by adenosine. The first report of the action (depolarization) of ATP on P2

receptors on neurons in LC was by Harms et al. (1992). a,b-Methylene ADP was

later shown to increase the firing rate of rat LC neurons. P2Y receptors are also

present on LC neurons (Frohlich et al. 1996). Intracellular recordings from slices of

rat LC led to the suggestion that ATP may be released either as the sole transmitter

from purinergic neurons terminating in the LC or as a cotransmitter with noradren-

aline (NA) from recurrent axon collaterals or dendrites of the LC neurons them-

selves (Poelchen et al. 2001). Microinjection of ATP or a,b-meATP into LC (and

periaqueductal grey matter) led to changes in bladder function and arterial blood

pressure (Rocha et al. 2001).

4.7 Area Postrema

Injection of adenosine into the area postrema (AP) produced decreased heart rate

and systolic and diastolic blood pressure. Dense areas of P2X2 receptor immunore-

activity were demonstrated in the rat AP and excitatory effects of ATP in rat AP

neurons have been demonstrated (Sorimachi et al. 2006).
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4.8 Hypothalamus

ATP and a,b-meATP excite neurosecretory vasopressin cells in the supraoptic

nucleus (SON), an effect blocked by suramin. Suramin also blocked excitation

produced by vagus nerve stimulation. There is evidence for cotransmitter release of

ATP with NA at synapses in the hypothalamus stimulating vasopressin and oxyto-

cin release (Song and Sladek 2006). ATP and the a1-adrenoceptor agonist phenyl-
ephrine evoke synergistic stimulation of vasopressin and oxytocin release from the

hypothalamoneurohypophyseal systems and the authors speculate that this allows for

a sustained elevation of vasopressin release in response to extended stimuli such as

severe haemorrhage, chronic hypotension or congestive heart failure. Excitatory

effects of ATP via P2X receptors in acutely dissociated ventromedial hypothalamic

neurons have been described. A role for adenosine A1 receptors in mediating

cardiovascular changes evoked during stimulation of the hypothalamic defence

area has been postulated.

Purinergic regulation of stimulus-secretion coupling in the neurohypophysis has

been reported. Ultrastructural localization of both P2X2 and P2X6 receptor immu-

noreactivity at both pre- and postsynaptic sites in the rat hypothalamoneurohypo-

physeal system has been described (Loesch and Burnstock 2001). From a study of

the expression of P2X receptor subtypes in the SON using RT-PCR, in situ

hybridization, Ca2+ imaging and whole-cell patch-clamp techniques, it was con-

cluded that P2X3 and P2X4 receptors were predominant, but that P2X7 receptors

were also present. A study has shown that P2X5 receptors are expressed on neurons

containing vasopressin and NOS in the rat hypothalamus (Xiang et al. 2006). P2Y

as well as P2X receptors mediate increases in intracellular calcium in supraoptic

neurons produced by ATP (Song et al. 2007).

It has been suggested that ATP, cosecreted with vasopressin and oxytocin, may

play a key role in the regulation of stimulus-secretion coupling in the neurohypoph-

ysis by acting through P2X2 receptors increasing AVP release, and after breakdown

to adenosine, acting via P1(A1) receptors (inhibiting N-type Ca2+ channels) to

decrease neuropeptide release. Evidence for the involvement of purinergic signal-

ling in hypothalamus and brain stem nuclei in body temperature regulation has been

presented (Gourine et al. 2002). Early studies of the roles of adenosine in the

hypothalamus have been reviewed (Burnstock 2003). Adenosine deaminase con-

taining neurons in the posterior hypothalamus innervate mesencephalic primary

sensory neurons, perhaps indicating purinergic control of jaw movements.

ATP injected into the paraventricular nucleus stimulates release of AVP, result-

ing in antidiuretic action through renal AVP (V2) receptors, and ATP (but not ADP,

AMP or adenosine) injected into the SON also decreased urine outflow (Mori et al.

1994). Stimulation of the hypothalamic defence area produces autonomic responses

that include papillary dilatation, pilorection, tachypnoea, tachycardia and a marked

pressor response. Luteinizing hormone releasing hormone (LHRH) is released from

the hypothalamus in pulses at hourly intervals, which is essential for the mainte-

nance of normal reproductive function. Studies of an in vivo culture preparation of
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LHRH neurons show that ATP stimulates LHRH release, probably via P2X2 and

P2X4 receptor subtypes, and may be involved in synchronization of the Ca2+

oscillations that appear to underlie the pulsatile release of LHRH (Terasawa et al.

2005). The authors also speculate that glial cells expressing P2Y1 and P2Y2

receptors may also participate in this process. P2X1–6 receptor subunits are present

on paraventricular nucleus neurons projecting to the rostral ventrolateral medulla in

the rat, suggesting a role for ATP on the paraventricular nucleus in the regulation of

sympathetic nerve activity.

5 Purinergic Mechanosensory Transduction

A hypothesis was proposed that purinergic mechanosensory transduction occurred

in visceral tubes and sacs, including ureter, bladder and gut, where ATP released

from epithelial cells during distension acted on P2X3 homomeric and P2X2/3

heteromeric receptors on subepithelial sensory nerves initiating impulses in both

local sensory pathways and pathways to pain centres in the CNS (Burnstock 1999)

(Fig. 6b). Subsequent studies of bladder, ureter and gut have produced evidence in

support of this hypothesis as presented in the following sections.

5.1 Urinary Bladder

Mice lacking the P2X3 receptor exhibited reduced inflammatory pain and

marked urinary bladder hyporeflexia with reduced voiding frequency and increased

voiding volume, suggesting that P2X3 receptors are involved in mechanosensory

transduction underlying both physiological voiding reflexes and inflammatory pain

(Cockayne et al. 2000). A later study from this group, using P2X2 knockout mice

and P2X2/P2X3 double knockout mice, revealed a role for the P2X2 subtype too in

mediating the sensory effect of ATP (Cockayne et al. 2005). In a systematic study

of purinergic mechanosensory transduction in the mouse urinary bladder, ATP was

shown to be released from urothelial cells during distension and discharge initiated

in pelvic sensory nerves, was mimicked by ATP and a,b-meATP and was attenu-

ated by P2X3 antagonists as well as in P2X3 knockout mice (Fig. 6a); P2X3

receptors were localized on suburothelial sensory nerve fibres (Vlaskovska et al.

2001). Single-unit analysis of sensory fibres in the mouse urinary bladder revealed

both low- and high-threshold fibres sensitive to ATP contributing to physiological

(non-nociceptive) and nociceptive mechanosensory transduction, respectively. The

amilorode-sensitive mechanosensitive channels, including epithelial Na+ channels,

expressed in the rat bladder epithelium might be involved in the mechanosensory

transduction mechanisms by controlling stretch-evoked ATP release (Du et al.

2007). TRPV1 receptors participate in normal bladder function and are essential

for normal mechanically evoked purinergic signalling by ATP released from the

urothelium. Purinergic agonists increase the excitability of afferent fibres to distension.
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Fig. 6 Urinary bladder. (a) Comparison of the firing rate in sensory nerves during distension

of the bladder in wild-type mice (left) and P2X3 receptor deficient mice (P2X3
�/�) (right).

(b) Hypothesis for purinergic mechanosensory transduction in tubes (e.g. ureter, vagina, salivary

and bile ducts, and gut) and sacs (e.g. urinary and gall bladders and lung). It is proposed that

distension leads to release of ATP from epithelium lining the tube or sac, which then acts on P2X3

and P2X2/3 receptors on subepithelial sensory nerves to convey sensory/nociceptive information to

the CNS. (c) Purinergic mechanosensory transduction in the gut. It is proposed that ATP released

frommucosal epithelial cells during moderate distension acts preferentially on P2X3 and/or P2X2/3

receptors on low-threshold subepithelial intrinsic sensory nerve fibres (labelled with calbindin) to

modulate peristaltic reflexes. ATP released during extreme (colic) distension also acts on P2X3

and/or P2X2/3 receptors on high-threshold extrinsic sensory nerve fibres (labelled with isolectin

B4) that send messages via the DRG to pain centres in the CNS. (a Courtesy of Weifang Rong;

b Reproduced from Burnstock 1999, with permission from Blackwell Publishing; c reproduced

from Burnstock 2001a, with permission from John Wiley and Sons, Inc.)
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Bladder sensory DRG neurons, projecting via pelvic nerves, express predominantly

P2X2/3 heteromultimer receptors. Stretch induces release of both ACh and ATP

from urothelial cells of the human bladder.

ATP given intravesically stimulates the micturition reflex in awake, freely

moving rats, probably by stimulating suburothelial C-fibres (Pandita and Andersson

2002). The findings of studies of resiniferatoxin desensitization of capsaicin-sensi-

tive afferents on detrusor overactivity induced by intravesical ATP in conscious rats

support the view that ATP has a role in mechanosensory transduction and that ATP-

induced facilitation of the micturition reflex is mediated, at least partly, by nerves

other than capsaicin-sensitive afferents (Brady et al. 2004). ATP has also been

shown to induce a dose-dependent hypereflexia in conscious and anaesthetized

mice, largely via capsaicin-sensitive C-fibres; these effects were dose-dependently

inhibited by PPADS and TNP-ATP (Hu et al. 2004). P2X1 and P2X3 receptors play

a fundamental role in the micturition reflex in female urethane-anaesthetized rats;

P2X3 receptor blockade by phenol red raised the pressure and volume thresholds for

the reflex, while P2X1 receptor blockade diminished motor activity associated with

voiding (King et al. 2004).

It has been claimed that suburothelial myofibroblast cells isolated from human

and guinea pig bladder that are distinct from epithelial cells provide an intermediate

regulatory step between urothelial ATP release and afferent excitation involved in

the sensation of bladder fullness (Wu et al. 2004). The roles of ATP released from

urothelial cells and suburothelial myofibroblasts on various bladder functions have

been considered at length in several reviews (e.g. Birder 2006) and evidence has

been presented that urothelial-released ATP may alter afferent nerve excitability

(de Groat 2006).

5.2 Ureter

The ureteric colic induced by the passage of a kidney stone causes severe pain.

Distension of the ureter resulted in substantial ATP release from the urothelium in a

pressure-dependent manner (Knight et al. 2002). Cell damage was shown not to

occur during distension with scanning electron microscopy, and after removal of

the urothelium there was no ATP release during distension. Evidence was presented

that the release of ATP from urothelial cells was vesicular. Immunostaining of

P2X3 receptors in sensory nerves in the subepithelial region was reported. Multi-

fibre recordings from ureter afferent nerves were made using a guinea pig prepara-

tion perfused in vitro (Rong and Burnstock 2004). Distension of the ureter resulted

in a rapid, followed by maintained, increase in afferent nerve discharge. The rapid

increase was mimicked by intraluminal application of ATP or a,b-meATP, and

TNP-ATP attenuated these nerve responses to distension; the maintained increase

was partly due to adenosine.
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5.3 Gut

A hypothesis was proposed suggesting that purinergic mechanosensory transduction

in the gut initiated both physiological reflex modulation of peristalsis via intrinsic

sensory fibres and nociception via extrinsic sensory fibres (Burnstock 2001a) (Fig. 6c).

Evidence in support of this hypothesis was obtained from a rat pelvic sensory nerve

colorectal preparation (Wynn et al. 2003). Distension of the colorectum led to

pressure-dependent increase in release of ATP from mucosal epithelial cells and

also evoked pelvic nerve excitation. This excitation was mimicked by application

of ATP and a,b-meATP and was attenuated by the selective P2X3 and P2X2/3

antagonist TNP-ATP and by PPADS. The sensory discharge was potentiated by

ARL-67156, an ATPase inhibitor. Single-fibre analysis showed that high-threshold

fibres were particularly affected by a,b-meATP. Lumbar splanchnic and sacral

pelvic nerves convey different mechanosensory information from the colon to

the spinal cord. Forty percent of lumbar splanchnic nerve afferents responded to

a,b-meATP compared with only 7% of pelvic nerve afferents (Brierley et al. 2005).

The P2X3 receptor subtype predominates in AH-type neurons and probably

participates in mechanosensory transduction (Raybould et al. 2004).

Purinergic mechanosensory transduction has also been implicated in reflex

control of secretion, whereby ATP released from mucosal epithelial cells acts on

P2Y1 receptors on enterochromaffin cells to release 5-hydroxytryptamine, which

leads to regulation of secretion either directly or via intrinsic reflex activity (Cooke

et al. 2003; Xue et al. 2007).

5.4 Uterus

It has been hypothesized that tissue stress or damage in the uterine cervix during

late pregnancy and parturition leads to ATP release and sensory signalling via P2X

receptors (Papka et al. 2005). In support of this proposal, these authors have shown

P2X3 receptor immunoreactivity in axons in the cervix, in small and medium-sized

neurons in L6-S1 DRG and in lamina II of the L6–S1 spinal cord segments and

increases in P2X3 receptor expression between pregnancy day 10 and parturition

(day 22/23) in the rat cervix, although not in DRG or spinal cord.

5.5 Tooth Pulp

P2X3 and P2X2/3 receptors on sensory afferents in tooth pulp appear to mediate

nociception (Alavi et al. 2001; Renton et al. 2003), perhaps from ATP released by

mechanical distension or inflammation of odontoblasts. Mustard oil application to

the tooth pulp in anaesthetized rats produced long-lasting central sensitization,
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reflected by increases in neuronal mechanoreceptive field size; TNP-ATP reversi-

bly attenuated the mustard oil sensitization for more than 15 min (Hu et al. 2002).

P2X3 receptor expression is transiently upregulated and anterogradely transported

in trigeminal sensory neurons after orthodontic tooth movement (Cao et al. 2006).

5.6 Tongue

P2X3 receptors are abundantly present on sensory nerve terminals in the tongue (see

Sect. 3.8), and ATP and a,b-meATP have been shown to excite trigeminal lingual

nerve terminals in an in vitro preparation of intra-arterially perfused rat tongue

mimicking nociceptive responses to noxious mechanical stimulation and high

temperature (Rong et al. 2000). A purinergic mechanosensory transduction mecha-

nism for the initiation of pain has been considered.

5.7 Skin and Joints

Skin cell damage causes action-potential firing and inward currents in sensory

nerve fibres, which was eliminated by enzymatic degradation of ATP or blockade

of P2X receptors, indicating release of cytosolic ATP (Cook and McCleskey 2002).

ATP has been shown to be a stimulant of articular nociceptors in the knee joint

via P2X3 receptors (Dowd et al. 1998) and also to some extent in lumbar interver-

tebral disc, but not as prominently as in the skin (Aoki et al. 2003). P2Y2 receptor

mRNA is expressed in both cultured normal and osteoarthritic chondrocytes taken

from human knee joints and ATP was shown to be released by mechanical stimula-

tion (Millward-Sadler et al. 2004).

6 Purinergic Sensory Pathology

6.1 Pain

There is much current interest in the involvement of purinergic signalling in pain

and recent reviews are available (Burnstock 2006, 2007; McGaraughty and Jarvis

2006; Shieh et al. 2006; Inoue 2007).

There were early hints that ATP might be involved in pain, including the

demonstration of pain produced by injection of ATP into human skin blisters and

ATP participation in pain pathways in the spinal cord (see Sect. 1). P2X3 ionotropic

receptors were cloned in 1995 and shown to be localized predominantly on small

nociceptive sensory neurons in DRG together with P2X2/3 heteromultimer receptors.
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Later, Burnstock (1996b) put forward a unifying purinergic hypothesis for the

initiation of pain by ATP on nociceptive afferent nerves. It was suggested that

ATP released as a cotransmitter with NA and neuropeptide Y from sympathetic

nerve terminal varicosities might be involved in causalgia and reflex sympathetic

dystrophy (see also Ren et al. 2006); that ATP released from vascular endothelial

cells of microvessels during reactive hyperaemia is associated with pain in mi-

graine, angina and ischaemia; and that ATP released from tumour cells (which

contain very high levels), damaged during abrasive activity, reaches P2X3 receptors

on nociceptive sensory nerves. This was followed by an increasing number of

papers expanding on this concept. Immunohistochemical studies have shown that

the nociceptive fibres expressing P2X3 receptors arose largely from the population

of small neurons that were labelled with the lectin IB4. IB4-positive fibres expres-

sing P2X3 and P2X2/3 receptors are C-fibres, but the smaller population of CGRP-

positive fibres expressing P2X3 and P2X2/3 receptors appear to be Ad-fibres. The
central projections of these neurons were shown to be in inner lamina II of the

dorsal horn and peripheral projections were demonstrated to skin, tooth pulp,

tongue and subepithelial regions of visceral organs. A schematic illustrating the

initiation of nociception on primary afferent fibres in the periphery and purinergic

relay pathways in the spinal cord was presented by Burnstock and Wood (1996)

(Fig. 7). The decreased sensitivity to noxious stimuli associated with the loss of IB4-

binding neurons expressing P2X3 receptors indicates that these sensory neurons are

essential for the signalling of acute pain. However, persistent pain during inflam-

mation may also involve sensitization and/or spread of P2X3 or P2X2/3 receptors. In

a study of the behavioural effects of intraplantar injections of ATP in freely moving

rats, evidence was presented that ATP was more effective in exciting nociceptors in

inflamed compared with normal skin (Hamilton et al. 2001). Cannabinoids appear

to inhibit nociceptive responses produced by P2X receptors (Krishtal et al. 2006).

Locally released ATP can sensitize large mechanosensitive afferent endings via P2

receptors, leading to increased nociceptive responses to pressure or touch; it has

been suggested that such a mechanism, together with central changes in the dorsal

horn, may contribute to touch-evoked pain. Enhanced expression of glial cell line

derived neurotrophic factor (GDNF) in the skin can change the mechanical sensi-

tivity of IB4-positive nociceptive afferents expressing P2X3 and P2X2/3 receptors.

Treatment with oxidized ATP, a selective inhibitor of P2X7 receptors, reduced the

hyperalgesia produced by complete Freund’s adjuvant and carrageenan-induced

inflammation in rats. Data have been presented to support a pathogenic role for

keratinocyte-derived ATP in irritant dermatitis. Pain related to the musculoskeletal

system (myofascial pain) is very common and ATP has been claimed to excite or

sensitize myofascial nociceptors (Makowska et al. 2006).

The search is on for selective P2X3 and P2X2/3 receptor antagonists that

are orally bioavailable and do not degrade in vivo for the treatment of pain

(Burnstock 2006; Gever et al. 2006). Suramin, PPADS and reactive blue 2 have

been used as non-selective antagonists at P2X3 and P2X2/3 receptors on nociceptive

sensory nerve endings. PPADS has the advantage that it associates and dissociates

approximately 100–10,000 times more slowly than other known antagonists. The
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TNP-substituted nucleotide TNP-ATP is a very potent antagonist at both P2X3 and

P2X2/3 receptors. A-317491 (synthesized by Abbott Laboratories) and compound

RO3 (synthesized by Roche Palo Alto) are both effective P2X3 and P2X2/3 antago-

nists, the latter being orally bioavailable and stable in vivo. Antagonism of P2X1

Fig. 7 Hypothetical schematic of the roles of purine nucleotides and nucleosides in pain path-

ways. At sensory nerve terminals in the periphery, P2X3 and P2X2/3 receptors have been identified

as the principal P2X purinoceptors present, although recent studies have also shown expression of

P2Y1 and possibly P2Y2 receptors on a subpopulation of P2X3 receptor immunopositive fibres.

Other known P2X purinoceptor subtypes (1–7) are also expressed at low levels in dorsal root

ganglia. Although less potent than ATP, adenosine also appears to act on sensory terminals,

probably directly via P1(A2) purinoceptors; however, it also acts synergistically (broken black
line) to potentiate P2X2/3 receptor activation, which also may be true for 5-hydroxytryptamine,

capsaicin and protons. At synapses in sensory pathways in the CNS, ATP appears to act postsyn-

aptically via P2X2, P2X4 and/or P2X6 purinoceptor subtypes, perhaps as heteromultimers, and

after breakdown to adenosine it acts as a prejunctional inhibitor of transmission via P1(A2)

purinoceptors. P2X3 receptors on the central projections of primary afferent neurons in lamina II

of the dorsal horn mediate facilitation of glutamate and probably also ATP release. Sources of ATP

acting on P2X3 and P2X2/3 receptors on sensory terminals include sympathetic nerves as well as

endothelial, Merkel and tumour cells. (Modified from Burnstock and Wood 1996, and reproduced

with permission from the American Physiological Society)
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and P2X3 receptors by phenol red has been reported and tetramethylpyrazine, a

traditional Chinese medicine, used as an analgesic for dysmenorrhoea, was claimed

to block P2X3 receptor signalling. Antisense oligonucleotides have been used to

downregulate the P2X3 receptor, and in models of neuropathic (partial sciatic nerve

ligation) and inflammatory (complete Freund’s adjuvant) pain, inhibition of the

development of mechanical hyperalgesia as well as significant reversal of established

hyperalgesia were observed within 2 days of treatment (Stone and Vulchanova 2003).

Combined antisense and RNA interference mediated treatment for specific inhibi-

tion of the recombinant rat P2X3 receptor appears to be promising for pain therapy

(Hemmings-Mieszczak et al. 2003). P2X3 double-stranded short interfering RNA

(siRNA) relieves chronic neuropathic pain and opens up new avenues for therapeu-

tic pain strategies in man (Dorn et al. 2004).

P2Y receptors are also present on nociceptive sensory nerves and these are

involved in modulation of pain transmission (Gerevich et al. 2007). With use of a

mouse skin-sensory nerve preparation, evidence was presented that P2Y2 receptors

in the terminals of capsaicin-sensitive cutaneous sensory neurons mediate nocicep-

tive transmission and further that P2Y signalling may contribute to mechanotrans-

duction in low-threshold Ab-fibres (Stucky et al. 2004). P2Y receptors appear to

potentiate pain induced by chemical or physical stimuli via capsaicin-sensitive

TRPV1 channels and it has been proposed that the functional interaction between

P2Y2 receptors and TRPV1 channels in nociceptors could underlie ATP-induced

inflammatory pain (Ma and Quirion 2007). ATP-induced hyperalgesia was abol-

ished in mice lacking TRPV1 receptors. A hypothesis that purinergic mechanosen-

sory transduction occurs in visceral organs initiating nociception was discussed in

Sect. 5.

Changes in central purinergic pathways that occur in chronic neuropathic pain

have attracted considerable attention in recent years and have been well reviewed.

There is purinoceptor involvement in nociceptive pathways in the spinal cord. For

example, intrathecally administered P2 receptor antagonists, suramin and PPADS,

produced antinociceptive effects in rats. ATP-activated P2X receptors in lamina II of

the rat spinal cord play a role in transmitting or modulating nociceptive information.

a,b-meATP-induced thermal hyperalgesia may be mediated by spinal P2X3 recep-

tors, perhaps by evoking glutamate release. Spinal endogenous ATP may play a role

in capsaicin-induced neurogenic pain via P2X3 or P2X2/3 receptors and formalin-

induced inflammatory pain via different P2X and/or P2Y receptors. Of the six

lamina regions in the dorsal horn of the spinal cord, inner lamina II and lamina I

are the major sensory regions involved in nociceptive transmission, as well as

lamina V. Central terminals of nociceptive afferents coexpress ionotropic glutamate

and P2X3 receptors. Glial cells contribute to the a,b-meATP-induced long-term

potentiation in the dorsal horn, which might be part of a cellular mechanism for the

induction of persistent pain (Ikeda et al. 2007). An inhibitory role of supraspinal

P2X2/3 receptors on nociception in rats has been described (Fukui et al. 2006).

There are three potential sources of ATP release during sensory transmission in

the spinal cord. ATP may be released from the central terminals of primary afferent

neurons. ATP may be also released from astrocytes and/or postsynaptic dorsal horn
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neurons. The presence of P2X3 mRNA-labelled neurons in the DRG increased

3 days after peripheral injury. P2X3 receptors on DRG neurons increase their

activity after inflammation and contribute to the hypersensitivity to mechanical

stimulation. Evidence has been presented for increased release of ATP from DRG

neurons on the side of the injury after induction of painful peripheral neuropathy by

sciatic nerve entrapment; however, sensitization of P2X3 receptors rather than a

change in ATP release appears to be responsible for the neuropathic pain behaviour.

For neuropathic pain, the tactile allodynia that follows peripheral nerve injury is

reduced by A-134974, a novel adenosine kinase inhibitor acting at spinal sites.

PPADS, TNP-ATP and apyrase attenuate central sensitization in nociceptive neu-

rons in medullary dorsal horn, which suggests that release of ATP plays a key role

in the central sensitization induced by injury or inflammation of peripheral tissues.

Upregulated homomeric P2X3 and heteromeric P2X2/3 receptors augmented ther-

mal hyperalgesia and mechanical allodynia, respectively, at the spinal level in the

acute stage of chronic constriction injury; at the chronic stage (after 40 days),

thermal hyperalgesia disappeared, but mechanical allodynia persisted. A-317491,

a potent and selective antagonist of P2X3 and P2X2/3 receptors, reduces chronic

inflammatory and neuropathic pain in the rat, but not acute, inflammatory or

visceral pain. When A-317491 and also Compound A (US patent reference 2005/

0209260A1) were administered spinally to animals after chronic nerve constriction

injury, there was a reduction in sensory fibre responses, unmasking a central role for

these P2X receptors and suggesting a potential role of their antagonists in the

modulation of neuropathic pain (Sharp et al. 2006). Endogenous ATP acting on

P2X receptors appears to be necessary for the induction of the postoperative pain

characterized by mechanical allodynia. Suramin inhibits spinal cord microglia

activation and long-term hyperalgesia induced by inflammation produced by for-

malin injection. Endogenous opioid mechanisms partially mediate spinal P2X3/

P2X2/3 receptor-related antinociception in rat models of inflammatory and chemo-

genic pain, but not neuropathic pain (Chen et al. 2006).

Analgesic effects with intrathecal administration of P2Y receptor agonists UTP

and UDP in a normal and neuropathic pain rat model have been reported, suggest-

ing that P2Y2 (and/or P2Y4) and P2Y6 receptors produce inhibitory effects in spinal

pain transmission. It has been suggested that, while P2X3 receptor activation leads

to increased firing of DRG neurons and subsequently to increased release of sensory

transmitter from their central processes, P2Y1 receptor activation may decrease the

release of sensory transmitter onto spinal cord neurons and may thereby partly

counterbalance the algogenic effect of ATP. P2Y1 receptor expression is upregu-

lated in rat DRG neurons following transection of sciatic nerves and has been

implicated in the mechanisms underlying neuropathic pain.

P2X7 receptor activation of cultured astrocytes from rat brain increases the

release of cysteinyl leukotrienes, which are potent lipid mediators of inflammation,

further supporting a role for extracellular ATP as an integral component of the

inflammatory brain pain response.

The roles of P2X4 and P2X7 receptors on microglia (immune cells) in neuro-

pathic and inflammatory pain has attracted strong interest in the past few years
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(Färber and Kettenmann 2006; Trang et al. 2006; Hughes et al. 2007). P2X4 and

P2X7 knockout mice share a common pain-reduced phenotype, but apparently via

different mechanisms (Chessell et al. 2006). Recently developed selective P2X7

receptor antagonists, compound 15d (Nelson et al. 2006), A-740003 (Honore et al.

2006) and A-438079 (McGaraughty et al. 2007), reduce chronic inflammatory and

neuropathic pain. After spinal cord injury, an increased number of lumbar microglia

expressing the P2X4 receptor in the spinal cord of rats with allodynia and

hyperalgesia have been reported. Pharmacological blockade of P2X4 receptors or

intraspinal administration of P2X4 antisense oligodeoxynucleotide reversed tactile

allodynia caused by peripheral nerve injury without affecting acute pain behaviours

in naı̈ve animals (Tsuda et al. 2003).

Purinergic mechanisms are beginning to be explored in relation to cancer pain. It

was suggested that the unusually high levels of ATP contained in tumour cells may

be released by mechanical rupture to activate P2X3 receptors on nearby nociceptive

sensory nerve fibres. There is increased expression of P2X3 receptors on CGRP

immunoreactive epidermal sensory nerve fibres in a bone cancer pain model

(Gilchrist et al. 2005) and in other cancers that involve mechanically sensitive

tumours. For example, in bone tumours, destruction reduces the mechanical

strength of the bone and antagonists that block the mechanically gated channels

and/or ATP receptors in the richly innervated periosteum might reduce movement-

associated pain. The hyperalgesia associated with tumours appears to be linked to

increase in expression of P2X3 receptors in nociceptive sensory neurons expressing

CGRP by analogy with that described for increased P2X3 receptor expression in a

model of inflammatory colitis. Increased expression of P2X3 receptors was also

reported associated with thermal and mechanical hyperalgesia in a rat model of

squamous cell carcinoma of the lower gingival (Nagamine et al. 2006).

6.2 Migraine

ATP has been implicated in the pathogenesis of pain during migraine via stimula-

tion of primary afferent nerve terminals located in the cerebral microvasculature

(Burnstock 1981, 1989; Fumagalli et al. 2006). P2X3 receptors are expressed on

primary afferent nerve terminals supplying cerebral vessels arising from trigeminal,

nodose and spinal ganglia. Thus, P2X3 receptor antagonists may be candidates for

antimigraine drug development (Waeber and Moskowitz 2003). CGRP is expressed

in human trigeminal neurons and is released during migraine attacks; a recent study

shows that the algogenic action of CGRP is linked to sensitization of trigeminal

P2X3 nociceptive receptors, suggesting that trigeminal P2X3 receptors may be a

potential target for the early phase of migraine attack. There is also evidence

that migraine is a chronic sympathetic nervous system disorder, with which there

is an increase in release of sympathetic cotransmitters, including ATP, which may

contribute to the initial vasospasm. ATP may contribute to pain in migraine by
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sensitizing nociceptors against acidosis via P2Y2 receptor supported release of

endogenous prostaglandin (Zimmermann et al. 2002). It has been suggested that

there is an interaction of P2Y receptors on trigeminal sensory terminals with P2X3

receptors after sensitization of trigeminal neurons with algogenic stimuli (e.g. NGF,

BDNF or bradykinin) and that this may help identify new targets for the develop-

ment of novel antimigraine drugs. It was shown recently that the majority of

trigeminal primary afferent neurons innervating the dura mater express P2X2 and/

or P2X3 receptors, suggesting that purines may be involved in nociceptive proces-

sing in migraine (Goadsby 2005).

6.3 Diseases of Special Senses

6.3.1 Eye

Purinergic signalling is widespread in the eye and novel therapeutic strategies

are being developed for glaucoma, dry eye and retinal detachment. ATP, acting

via both P2X and P2Y receptors, modulates retinal neurotransmission, affecting

retinal blood flow and intraocular pressure. The ATP analogue b,g-meATP is more

effective in reducing intraocular pressure (40%) than are muscarinic agonists such

as pilocarpine (25%) and b-adrenoceptor blockers (30%), raising the potential for

the use of purinergic agents in glaucoma (Pintor et al. 2003). It was shown that rapid

elevation of intraocular pressure leads to release of ATP that results in retinal

ganglion cell injury and consequent visual defects (Resta et al. 2007).

6.3.2 Ear

ATP may regulate hearing sensitivity and thus may be useful in the treatment of

Ménière’s disease, tinnitus and sensorineural deafness (Housley et al. 2006).

Sustained loud noise alters the response of outer hair cells in the inner ear to ATP

and produces an upregulation of P2X2 receptors, particularly at the site of outer hair

cell sound transduction (Chen et al. 1995a), although with a longer time course of

noise exposure up to 24 days, downregulation of P2X and P2Y receptor subtypes

has been reported (Szücs et al. 2006). P2X2 expression is also increased in spiral

ganglion neurons, indicating that extracellular ATP acts as a modulator of auditory

neurotransmission that is adaptive and dependent on the noise level (Wang et al.

2003). Excessive noise can irreversibly damage hair cell stereocilia, leading to

deafness. Data have been presented showing that release of ATP from damaged hair

cells is required for Ca2+ wave propagation through the support cells of the organ of

Corti, involving P2Y receptors, and this may constitute the fundamental mechanism

to signal the occurrence of hair cell damage (Gale et al. 2004). Noise-induced

Purines and Sensory Nerves 367



upregulation of NTPDase3 in the rat cochlear has been reported and its potential

neuroprotective effect discussed (Vlajkovic et al. 2006).

6.3.3 Nasal Organs

Purinergic receptors have been described in the nasal mucosa, including the ex-

pression of P2X3 receptors on olfactory neurons. Enhanced sensitivity to odours in

the presence of P2 receptor antagonists suggests that low-level endogenous ATP

normally reduces odour responsiveness. It appears that the induction of heat-shock

proteins by noxious odour damage can be prevented by the in vivo administration of

P2 receptor antagonists (Hegg and Lucero 2006). The predominantly suppressive

effect of ATP in odour responses could play a role in the reduced odour sensitivity

that occurs during acute exposure to noxious fumes and may be a novel neuropro-

tective mechanism. Purinergic receptors appear to play an integral role in signalling

acute damage in the olfactory epithelium by airborne pollutants. Damaged cells

release ATP, thereby activating purinergic receptors on neighbouring sustentacular

cells, olfactory receptor neurons and basal cells.

6.4 Bladder Diseases

Purinergic signalling plays a role in afferent sensation from the bladder (see Sect. 3).

Purinergic agonists acting on P2X3 receptors in the bladder can sensitize bladder

afferent nerves and these effects mimic the sensitizing effect of cystitis induced by

cyclophosphamide (Nazif et al. 2007). Thus, P2X3 receptors are a potential target

for pharmacological manipulation in the treatment of both pain and detrusor

instability. Subsensitivity of P2X3 and P2X2/3 receptors, but not vanilloid receptors,

has been shown in L6–S1 DRG in the rat model of cyclophosphamide cystitis

(Borvendeg et al. 2003). Release of ATP from urothelial cells with hypoosmotic

mechanical stimulation was increased by over 600% in inflamed bladder from

cyclophosphamide-treated animals; botulinum toxin inhibited this release (Smith

et al. 2005). Botulinum neurotoxin type A is effective in the treatment of intractable

detrusor overactivity; decreased levels of sensory receptors P2X3 and/or TRPVI

may contribute to its clinical effect (Apostolidis et al. 2005; Atiemo et al. 2005).

It is believed that the predominant sensory afferents involved in detecting

bladder volume changes are the Ad pelvic nerve afferents which convey informa-

tion about the state of bladder fullness to spinal and supraspinal centres coordinat-

ing the micturition reflex (Andersson and Wein 2004). In contrast, the normally

silent pelvic afferent C-fibres are thought to assume a prominent role under

pathophysiological conditions, where they become hyperexcitable and convey

information about noxious, inflammatory or painful stimuli, and evoke reflex

contractions mainly through a localized spinal reflex. In the absence of P2X3

receptors in mice knockouts, the bladder exhibits hyporeflexia, characterized by
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decreased voiding frequency and increased bladder capacity, but normal bladder

pressures (Cockayne et al. 2000). The recently developed P2X3 and P2X2/3 antago-

nist RO3, which is orally bioavailable and metabolically stable, is being explored as

a therapeutic agent for urinary tract dysfunction (Ford et al. 2006). The P2X3

receptor is largely expressed in the IB4 small nociceptive capsaicin-sensitive nerves

in the DRG, so it is interesting that IB4-conjugated saporin, a cytotoxin that destroys

neurons binding IB4, when administered intrathecally at the level of L6–S1 spinal

cord, reduced bladder overactivity induced by ATP infusion. Voiding dysfunction

involves P2X3 receptors in conscious chronic spinal cord injured rats, which raises

the possibility that P2X3 receptor antagonists might be useful for the treatment of

neurogenic bladder dysfunction. Chronic spinal cord injury results in a dramatic

increase in muscarinic receptor-evoked release of ATP from primary afferents in

the lumbosacral spinal cord and from the bladder (Salas et al. 2007).

Stretch-activated ATP release from bladder epithelial cells from patients with

interstitial cystitis is significantly greater than from healthy cells and also in animal

models of interstitial cystitis (Birder et al. 2004). The P2X3 receptor subunit was

upregulated during stretch of cultured urothelial cells from patients with interstitial

cystitis. P2X2 and P2X3 receptor expression has been demonstrated on human

bladder urothelial cells (as well as on afferent nerve terminals); the expression

was greater in cells from interstitial cystitis bladder (Tempest et al. 2004).

Reduction of P2X3 and P2X5 receptors in human detrusor from adults with urge

incontinence has been claimed (Moore et al. 2001). Overdistension of the bladder

is caused by urinary retention, but it has also been used as a method for treating

unstable bladder or interstitial cystitis, possibly damaging sensory nerve fibres.

However, micturition problems often reoccur after overdistension treatment.

Recent reviews of management of detrusor dysfunction highlight the growing

potential of therapeutic strategies related to purinergic sensory signalling (Ford

et al. 2006; Ruggieri 2006).

6.5 Gut Disorders

The excitability of visceral afferent nerves is enhanced following injury, ischaemia

and during inflammation, for example in irritable bowel syndrome (IBS). Under

these conditions, substances are released from various sources that often act

synergistically to cause sensitization of afferent nerves to mechanical or chemical

stimuli. Receptors to these substances (including ATP) represent potential targets

for drug treatment aimed at attenuating the inappropriate visceral sensation and

subsequent reflex activities that underlie abnormal bowel function and visceral pain

(Holzer 2004). a,b-meATP was shown to stimulate mechanosensitive mucosal and

tension receptors in mouse stomach and oesophagus, leading to activity in vagal

afferent nerves. The sensitizing effects of P2X3 receptor agonists on mechanosen-

sory function are induced in oesophagitis. P2X3 purinergic signalling enhancement

in an animal model of colonic inflammation has been described, owing, at least in
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part, to the appearance of P2X3 receptor expression in a greater number of CGRP-

labelled small nociceptive neurons in the DRG (Wynn et al. 2004). P2X3 receptor

expression is increased in the enteric plexuses in human IBS, suggesting a potential

role in dysmotility and pain and the possibility that P2X receptors are potential

targets for the drug treatment of IBS has been raised (Galligan 2004). It has also

been suggested that agonists acting on P2X receptors on intrinsic enteric neurons

may enhance gastrointestinal propulsion and secretion and that these drugs might

be useful for treating constipation-predominant IBS, while P2X antagonists might

be useful for treating diarrhoea-predominant IBS. The peripheral sensitization of

P2X3 receptors on vagal and spinal afferents in the stomach may contribute to

dyspeptic symptoms and the development of visceral hyperalgesia (Dang et al.

2005). Enhanced activity in purinergic pathways occurs in postoperative ileus, but

is reversed by orphanin FQ.

6.6 Arthritis

It was recognized early that the nervous system may contribute to the functional

changes associated with rheumatoid arthritis. A role for purinergic signalling in

rheumatic diseases has been considered (Green et al. 1991; Dowd et al. 1998; Seino

et al. 2006). Quinacrine (Atabrine), a drug that binds strongly to ATP, has been

used for the treatment of rheumatoid arthritis patients for many years. One of its

mechanisms of action is to decrease levels of prostaglandin E2 and cyclooxygenase-

2, which are known to be produced following occupation of P2Y receptors by ATP.

The articular fluid removed from arthritic joints contains high levels of ATP.

Purinergic regulation of bradykinin-induced plasma extravasation and adjuvant-

induced arthritis has been reported. ATP and UTP activate calcium-mobilizing

P2Y2 or P2Y4 receptors and act synergistically with interleukin-1 to stimulate

prostaglandin E2 release from human rheumatoid synovial cells (Loredo and

Benton 1998). Spinal P1 receptor activation has been claimed to inhibit inflamma-

tion and joint destruction in rat adjuvant-induced arthritis (Chan et al. 2007). When

monoarthritis was induced by injection of complete Freund’s adjuvant into the

unilateral temporomandibular joint of the rat, the pain produced was associated

with an increase in P2X3 receptor positive small neurons in the trigeminal ganglion

(Shinoda et al. 2005). Activation of P2X receptors in the rat temporomandibular

joint induces nociception and blockage by PPADS decreases carrageenan-induced

inflammatory hyperalgesia (Oliveira et al. 2005).

Evidence is accumulating to suggest that blockers of P2X7 receptors may have

a future as anti-inflammatory drugs (Ferrari et al. 2006). Oxidized ATP inhibits

inflammatory pain in arthritic rats by inhibition of the P2X7 receptor for ATP

localized in nerve terminals (Dell’Antonio et al. 2002). The P2X7 receptor antago-

nist AZD9056 has been reported to be in phase II clinical trials for rheumatoid

arthritis (Okuse 2007).
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6.7 Respiratory Diseases

Vagal afferent purinergic signalling may be involved in the hyperactivity associated

with asthma and chronic obstructive pulmonary disease (Adriaensen and Timmer-

mans 2004). The need to support the failing lung (acute respiratory distress syn-

drome) with mechanical ventilation is potentially life-saving but, unfortunately,

alveolar overdistension and pulmonary shear stress may cause lung injury (ventilator-

induced lung injury), increasing bronchoalveolar lavage leading to lung oedema. It

has been suggested that ventilator-induced lung injury may involve stretch-associated

release of ATP from neuroepithelial cell bodies and activation of sensory nerves and

reflex responses (Rich et al. 2003). P2X receptors are involved in the reactive

oxygen species evoked bradypneic reflex in anaesthetized rats (Ruan et al. 2006).

Acid-sensitive vagal sensory pathways involved in the cough reflex may involve

P2X2 receptors (Kamei et al. 2005; Kollarik et al. 2007). P2X and GABAA

receptors play an important role in CO2 chemoreception and are involved in

mediation of the ventilatory response to hypercapnia (Gourine 2005).

6.8 Central Disorders

Purinergic signalling appears to play a significant role in the regulation of body

temperature during fever by central hypothalamic and brain stem nuclei (Gourine

et al. 2004). Mice lacking the P2X3 receptor subunit exhibit enhanced avoidance of

both hot and cold thermal extremes (Shimizu et al. 2005). Evaluation of the roles of

purinergic signalling in processing of the sympathoexcitatory component of the

chemoreflex at the NTS level may illuminate the mechanisms underlying the

sympathetic overactivity observed in pathophysiological conditions such as hyper-

tension, obstructive sleep apnoea, and heart failure.

Although ethanol is probably the oldest and most widely used psychoactive

drug, the cellular mechanisms by which it affects the nervous system have been

poorly understood, although some insights in relation to purinergic P2 receptor

signalling have emerged in recent years. Ethanol inhibits P2X receptor mediated

responses of DRG neurons by an allosteric mechanism (Li et al. 1998). Ethanol

differentially affects ATP-gated P2X3 and P2X4 receptor subtypes expressed in

Xenopus oocytes (Davies et al. 2005).

7 Development of Purinergic Sensory Signalling

There are a limited number of studies of the roles of purinergic sensory signalling in

both embryonic and postnatal development and in regeneration (Burnstock 2001b,

2007; Zimmermann 2006). An immunohistochemical study revealed intense label-
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ling of P2X3 receptors in the embryonic and postnatal (postnatal days 7 and 14;

Fig. 8a), but not adult, rat brain. The staining was restricted to the hindbrain at

embryonic day 16, in particular the mesencephalic trigeminal nucleus, the superior

and inferior olive, the intermediate reticular zone, the spinal trigeminal tract and the

prepositus hypoglossal nucleus. P2X3 receptors first appeared in the hindbrain

neural tube and sensory ganglia in embryonic day 11–11.5 embryos; at embryonic

day 14.5 they appeared in the optic tract, NTS mesencephalic trigeminal nucleus,

but P2X3 immunoreactivity was downregulated in early postnatal brain stem. The

P2X3 receptor was coexpressed with the P2X2 receptor in neurons in NTS and

sensory ganglia (Cheung and Burnstock 2002). a,b-meATP is ineffective on gly-

cinergic presynaptic nerve terminals projecting to rat substantia gelatinosa neurons

at postnatal days 10–12, and is strongly active at postnatal days 28–30, perhaps

contributing to the fine control of the pain signal in spinal cord dorsal horn neurons.

In rat superficial dorsal horn, excitatory synapses mediated by both glutamate and

ATP are functional from the first postnatal days. Distinct subtypes of P2X receptors

have been shown to be functionally expressed at pre- and postsynaptic sites in

lamina V neurons in rat dorsal spinal cord and it was suggested that purinergic

signalling in deep dorsal horn neurons is more important during postnatal develop-

ment (Shiokawa et al. 2006).

P2X3 receptors are expressed in the trigeminal ganglia of zebrafish from a very

early stage of development, most likely in neural crest-derived trigeminal cells

rather than in placode-derived cells (Norton et al. 2000) (Fig. 8c). P2X3 receptors

were also expressed in the spinal sensory Rohan–Beard cells and in the putative

lateral line ganglion in the early development of zebrafish. ATP-gated currents

activated via P2X2 and P2X3 receptors in cultured embryonic rat DRG neurons

show heterogeneity of time courses comparable to that seen in different adult

subpopulations of dissociated adult DRG neurons (Labrakakis et al. 2000). Activa-

tion of P2X receptors on cultured embryonic DRG neurons results in the release of

SP. Immunostaining of P2X3 receptors was found in most neurons in embryonic

mouse trigeminal ganglia and DRG, in contrast to adult ganglia, which express

P2X3 receptors only on small-diameter neurons (Ruan et al. 2004) (Fig. 8b). Nearly

all sensory neurons in mouse DRG, trigeminal and nodose ganglia expressed P2X3

receptors at embryonic day 14, but after birth there was a gradual decline to about

50% of neurons showing positive staining. IB4-positive neurons in sensory ganglia

did not appear until birth; the numbers increased to about 50% by postnatal day 14,

when they were mostly colocalized with P2X3 receptors. Responses to ATP have

been described in ciliary neurons acutely dissociated from embryonic chick ciliary

ganglia taken at day 14. ATP augments peptide release from neurons in embryonic

DRG through activation of P2Y receptors. IB4-binding DRG neurons (that express

P2X3 receptors) switch from NGF to GDNF dependence in early postnatal life.

While there are many studies of purinergic signalling in the retina of adult

mammals, there are only a few reports about embryonic retina (Burnstock 2001b,

2007). Spontaneous waves of excitation in the developing mammalian retina are

believed to play an important role in activity-dependent visual development of

retinogeniculate connectivity. The earliest age at which spontaneous waves were
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Fig. 8 Development of sensory nerves. (a) P2X3 immunoreactivity in embryonic rat embryos.

i P2X3 immunoreactivity in an embryonic day 12.5 rat embryo. Transverse sections at the first

branchial arch levels showing P2X3 immunoreactivity (arrow) in the trigeminal ganglion. Note the

expression of P2X3 in the primitive spinal trigeminal tract between the trigeminal ganglion and the

neural tube (Nt). ii P2X3 immunoreactivity in an embryonic day 14.5 rat embryo. Coronal section

at the pontine level showing the genu of the facial nerve (g7n) stained strongly with P2X3 receptor
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detected in rabbit retina was embryonic day 22 and the involvement of purinergic

receptor activation in these waves was suggested. Suramin blocked the wave.

Adenosine has also been implicated in chick retinal development; A1 receptors

may have different functions in the embryonic retina as compared with mature

chick retina. Studies of embryonic chick neural retina have shown that the ATP-

induced rise in intracellular Ca2+ is mediated by P2Y2 or P2Y4 receptors and

that there is a dramatic decline of the ATP-induced rise in intracellular Ca2+ just

before synaptogenesis. Suramin and reactive blue 2 almost completely block these

responses. Injection of reactive blue 2 into early embryonic chicks produced severe

effects in embryogenesis. ATP increased [3H]thymidine incorporation in retinal

cultures from embryonic day 3 and suramin and PPADS inhibited these activities.

It was suggested that the change in Ca2+ signalling mediated by P2Y2 or P2Y4

receptors during development may underlie the differentiation of neuroepithelial

cells or undifferentiated progenitor cells into neurons. ATP acting on P2 receptors

is involved in the regulation of retinal progenitor cell proliferation at early embry-

onic stages, perhaps in collaboration with growth factors. ATP, probably via P2Y1

receptors, stimulates proliferation of both bipolar and Müller cells in early devel-

oping chick retina at embryonic days 6–8. RT-PCR studies of P2X7 mRNA in

postnatal rats (postnatal days 23–210) showed positive identification in the retina.

Changes in P2Y4 receptor expression during development of rat cochlea outer

sulcus cells have been described recently (Lee et al. 2007).

The perinatal development of nerves expressing P2X3 receptors in the myenteric

plexus of the rat stomach has been examined (Xiang and Burnstock 2004b). P2X3

receptor immunoreactive nerves in the embryonic rat stomach are of both extrinsic

and intrinsic origin. The extrinsic sensory nerve fibres first express P2X3 receptors

as early as embryonic day 12 and extend rapidly on to the whole stomach by

embryonic day 14. In contrast, the intrinsic enteric neuron cell bodies showing

P2X3 immunoreactivity did not appear until birth (postnatal day 1), reached peak

numbers by postnatal day 14, then decreased in maturing animals. IGLEs and

intramuscular arrays expressing P2X3 receptors were first seen postnatally at

postnatal day 1 and postnatal day 7, respectively (Xiang and Burnstock 2004b).

P2X3 receptor immunoreactive neurons in the gastric myenteric plexus expressed

calbindin only in the early postnatal days, while 14–21% of neurons from postnatal

Fig. 8 (continued) antibody. iii P2X3 immunoreactivity in a neural-crest-derived nodose ganglion

of an embryonic day 18.5 rat embryo. iv P2X3 immunoreactivity in an embryonic day 18.5 rat

embryo. Transverse section showing strong P2X3 receptor staining in the taste bud of the tongue

(Tog). Scale bar in i 200 mm, in ii–iv 100 mm. (b) Percentage of P2X3-immunoreactive nerve cell

bodies in sensory ganglia of mouse in embryonic and postnatal development. Note statistical

significance indicated by asterisks relates to postnatal ages 7 days, 14 days and adult as compared

with embryonic days 14, 16 and 18. ***p< 0.001. c Early expression of P2X3 receptors in putative

central and peripheral neural cells in a 24-h zebrafish embryo in which expression in the putative

trigeminal ganglia cells has condensed to two spots (arrows) and in which expression in dorsal

Rohon–Beard neurons is prominent. (a Reproduced from Cheung and Burnstock 2002, with

permission from Wiley–Liss; b reproduced from Ruan et al. (2004), with kind permission from

Springer Science and Business Media c reproduced from Norton et al. 2000, with permission from

Elsevier)
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day 1 to postnatal day 60 increasingly expressed calretinin. About 20% of P2X3

positive neurons coexpressed NOS throughout perinatal development.

Vagal sensory nerve terminals in rat lung express P2X3 receptors from the first

moment that they make contact with NEBs a few days before birth (Brouns et al.

2003). This is consistent with the important function of NEBs as oxygen sensors

perinatally before the carotid body O2-sensory system is fully developed at about

2 weeks after birth.

During embryonic development of the rat inner ear, P2X2 receptor mRNA

expression was present in the precursors of the cells bordering the cochlear endo-

lymphatic compartment at embryonic day 12, as well as in spinal and vestibular

ganglia (Housley et al. 2006). Both inner and outer hair cells did not exhibit P2X2

receptor mRNA until after postnatal day 10 through postnatal day 12, concomitant

with the onset of hearing. These data are consistent with roles for the P2X2 receptor

both in the process of labyrinthine development and in the regulation of auditory

and vestibular sensory transduction. P2X1 receptors provide the signal transduction

pathway for development of afferent and efferent innervation of the sensory hair

cells and purinergic influence on cochlea morphogenesis. P2X3 receptor expression

has been characterized in the mouse cochlea from embryonic day 16 using confocal

immunofluorescence. From embryonic day 18 to postnatal day 6, spiral ganglion

neuron cell bodies and peripheral neurites projecting to the inner and outer hair cells

were labelled for P2X3 receptor protein, but diminished around postnatal day 6, and

were no longer detected at the onset of hearing (around postnatal day 11). These

data suggest a role for P2X3 receptor-mediated purinergic signalling in cochlea

synaptic reorganization and establishment of neurotransmission that occurs just

prior to the onset of hearing function (Huang et al. 2006).

Merkel cells appear in the epidermis of the planum nasale of rat fetuses from the

16th day of intrauterine development and sensory nerve fibres form close associa-

tion with them by day 20. This is of interest since it is known that Merkel cells

contain high levels of peptide-bound ATP and are in close association with sensory

fibres expressing P2X3 receptors (Burnstock and Wood 1996).

Studies of purinergic signalling in stem cells are beginning; the preliminary

reports are encouraging and hopefully this will develop into a major new area of

purinergic research (see, e.g., Mishra et al. 2006; Lin et al. 2007).

8 Evolution of Purinergic Sensory Mechanisms

Nucleosides and nucleotides are part of a primitive signalling system with potent

actions in both invertebrates and lower vertebrates (Burnstock 1996a, 2007). For

example, in the leech, ATP and ADP potently activated ‘‘noxious’’ and touch

neurons. AMP was found to be the most potent chemoattractant of octopus, initiat-

ing a locomotor response; the suckers in the arms carry sensory organs with

chemoreceptors that direct the arms towards a meal. There is considerable informa-

tion about the effects of ATP and adenosine in crustaceans in the early literature,
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particularly by Carr and colleagues, which has been reviewed. The olfactory organs

of the spiny lobsters Panulirus argus and Panulirus interruptus have different

populations of purinergic chemoreceptors that are excited by AMP, ADP or ATP

(Fig. 9a), via receptors that show similarities to P2 receptors described in verte-

brates. These receptors reside on chemosensitive neurons that are contained within

aesthetasc sensilla on the lateral filaments of the antennules. 50-AMP odorant

receptor sites have been localized ultrastructurally, utilizing 50-AMP-biotin, along

the entire dendritic region, including the transitional zone between inner and outer

dendritic segments, the region that also contains 50-ectonuclotidase and phospha-

tase. Since these receptors are more sensitive to the slowly degradable analogues of

ATP, a,b-meATP and b,g-meATP, they appear to be comparable to mammalian

P2X1 and P2X3 receptors. Ectonucleotidases dephosphorylate adenine nucleotides

to yield a nucleoside, which is internalized by an uptake system. Activation of

olfactory and gustatory P2 receptors in lobsters induces a feeding behavioural

response. ATP is an ideal stimulus for such animals that feed on wounded or

recently killed animals, since ATP occurs at high concentrations in fresh animal

flesh but decays rapidly as cells die. Since predators such as lobsters often inhabit

crevices and only emerge to feed at night, foraging is directed principally by

chemical stimuli, rather than visual or mechanical stimuli. ATP is detected in

prey organisms, such as mussels and oysters, which contain high concentrations

of nucleotides that are released when the animal dies. Olfactory purinoceptors have

also been identified in the shrimp and blue crab. In lobsters and other decapod

crustaceans, the sites of olfaction and gustation are anatomically distinct, the former

in the antennules, the latter on the walking legs, maxillipeds and mouthparts. The

sensilla on the walking legs of the spiny lobster have also been shown to possess

ATP- and AMP-sensitive cells as well as enzymes that dephosphorylate purine

nucleotides.

ATP released from mammalian erythrocytes stimulates the gorging responses in

a variety of blood-feeding insects such as mosquitoes, black fly, horsefly, stable fly,

tsetse fly and haematophagous ticks. Electrophysiological methods have been used

to demonstrate that the apical sensilla of the labrum of mosquito express the ATP

receptors involved in blood feeding (Fig. 9b). Novobiocin, which blocks ATP

access to its binding site, inhibits the gorging response. The ED50 of ATP for tsetse

fly females is 13 nM, while for males it is 140 nM; this level of sensitivity for

detecting ATP is the highest recorded for an insect. Other chemosensory P2

receptors have been identified that are involved in the recognition of a blood

meal in haematophagous insects. These represent a heterogeneous group. Many

blood-feeding insects recognize ATP and related compounds as phagostimulants.

In mosquitoes and tsetse flies, ATP is found to be more potent than ADP at

stimulating feeding, while AMP is a very poor phagostimulant, indicating an

ATP-selective P2 receptor. A similar ATP-selective receptor mediates the phagos-

timulatory response of insect larvae, suggesting that this response is not limited to

the adult form. a,b-meATP and b,g-meATP are less potent than ATP as phagosti-

mulants in the tsetse fly, raising the possibility that a P2Y receptor maybe involved.

A similar order of potency was found for the bug Rhodnius, while the potency order
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Fig. 9 Invertebrate sensory mechanisms. (a) Comparisons of response characteristics of AMP-

sensitive and ATP-sensitive sensory nerves in the antennule of the spiny lobster. i response of

AMP-best cells to the compounds indicated. ii series of action potentials produced by an AMP-best
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was ADP > ATP > b,g-meATP > AMP for the mosquito. ADP was also found to

be the most potent phagostimulant of the horsefly. ADP-selective receptors, namely,

P2Y1, P2Y12 and P2Y13, have been identified in mammals. It is fascinating that

apyrase (ATP diphosphohydrolase) has been reported to have exceptionally high

activity in the salivary glands or saliva of blood-sucking insects, including the bug

Rhodnius, tsetse fly, mosquito and sandfly. In all cases, since ADP induces platelet

aggregation, breakdown of ADP by apyrase leads to enhanced haemorrhage and

more effective blood sucking.

Taste chemosensilla sensitive to nucleotides have been identified in some non-

haematophagous insects. ATP was first reported to be a feeding stimulant in a flea

and tick. In the omnivorous common blowfly, ATP does not have a direct stimula-

tory action, but rather modulates the responses of the labilla sensilla; it reduces the

responses to NaCl and fructose, but enhances responses to sucrose and glucose.

Adenosine stimulates feeding in the African army worm; this larva of an owlmoth

exclusively feeds on grasses. There are multiple nucleotide receptor sites in the

labellar taste receptor cells of the flesh fly: ATP, ADP and AMP stimulate the sugar

receptor cells, while the salt receptor cells only responded to GDP and to a lesser

extent IDP and UDP. ATP receptors cloned in the platyhelminth Schistosoma
mansoni and the protozoan Dictyostelium show surprisingly close similarity to

mammalian P2X receptors (Agboh et al. 2004; Ludlow and Ennion 2006; Fountain

et al. 2007).

9 Concluding Comments

This review has covered a wide spectrum of information about the roles of

purinergic signalling in the physiological and pathophysiological processes of

sensory nerves and mechanosensory transduction.

The last 10 years has been a period of rapid progress in identifying the numerous

types of purinergic receptors and in understanding their relationships, pharmaco-

logical properties and intracellular transduction mechanisms. This progress has

facilitated new appreciation of the wide spectrum of neural activities involving

purinergic signalling, including the roles of ATP, ADP and adenosine in sensory

signalling in both the peripheral nervous system and the CNS.

Fig. 9 (continued) cell to the concentration of AMP indicated. iii response of ATP-best cells to the
compounds indicated. iv series of action potentials produced by an ATP-best cell to the concen-

trations of ATP indicated. Note the differences in time scale in ii and iv. (b) Values for the

phagostimulant (gorging) response of the mosquito Aedes aegypti produced by different nucleo-

tides dissolved in the control (150 mmol l�1 NaCl with 10 mmol l�1 NaHCO3). There were also no

feeding responses to GTP and ITP. 2d ADP 20-deoxy ADP, 2d ATP 20-deoxy ATP, 2030dd ATP
2030-dideoxy ATP. (a Reproduced from Trapido-Rosenthal et al. 1989, with permission from

Taylor and Francis; b reproduced from Werner-Reiss et al. 1999, with permission from Elsevier)
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The chemistry of ATP in the extracellular environment is dynamic and complex,

and more must be learned about the extracellular biochemistry and enzymes that

regulate the synthesis and degradation of ATP outside the cell. The activity of

ectonucleotidases in subcellular domains and how these enzymes change during

development, disease and physiological state are still to be resolved. The develop-

ment of selective inhibitors for the different subtypes of ectonucleotidases would be

a valuable step forward.

While it is now clear that many different cell types release ATP, often acting on

P2 receptors on sensory nerve terminals, we still await a clear understanding of the

mechanisms that underlie ATP transport. Until recently, it was usually assumed that

the source of extracellular ATP acting on purinoceptors was damaged or dying

cells, but it is now recognized that the ATP release from healthy cells by mechani-

cal distortion, hypoxia and various agents is a physiological mechanism (Bodin and

Burnstock 2001; Lazarowski et al. 2003; Schwiebert et al. 2003). There is an active

debate, however, about the precise transport mechanism(s) involved. There is

compelling evidence for exocytotic vesicular release of ATP from nerves, but

for ATP release from non-neuronal cells, various transport mechanisms have

been proposed, including ATP binding cassette transporters, connexin or pannexin

hemichannels or possibly plasmalemmal voltage-dependent anion channels, as well

as vesicular release. Perhaps surprisingly, evidence was presented that the release

of ATP from urothelial cells during purinergic mechanosensory transduction in the

bladder and ureter (as well as from endothelial cells) is vesicular, since monensin

and brefeldin A, which interfere with vesicular formation and trafficking, inhibited

distension-evoked ATP release, but gadolinium, a stretch-activated channel inhibitor,

and glibenclamide, an inhibitor of two members of the ATP binding cassette protein

family, did not (Knight et al. 2002). Hopefully, when the ATP transport mechan-

isms become clearer, agents will be developed that will be able to enhance or inhibit

ATP release, another useful way forward as a therapeutic strategy.

There are an increasing number of explorations of the therapeutic potential of

purinergic signalling in various diseases of the nervous system and hopefully this

will expand even further. Advances still depend on the serious endeavours of

medicinal chemists to produce receptor subtype selective, small, orally bioavailable

agonists and antagonists that survive degradation in vivo. However, other approaches

are promising, including the development of agents that control the expression of

receptors that inhibit ATP breakdown by selective inhibition of the known ectonu-

cleotidases and agents that can be used to regulate ATP transport.

Knockout mice are available for a number of P1, P2X and P2Y receptor

subtypes, but there are gaps that need to be filled and transgenic models that

overexpress receptors, as well as antisense oligonucleotides, are also needed. The

siRNA technique is only just beginning to be explored for purinergic signalling.

To conclude, while studies of purinergic sensory neurosignalling are moving

forward rapidly and we are clearly on the steep slope of the growth curve, the field

is still in its infancy and much new knowledge will hopefully emerge in the coming

years.
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Abstract This review examines our developing understanding of the families and

activities of some of the best known sensory-nerve-derived inflammatory neuro-

peptides, namely substance P, calcitonin gene-related peptide and galanin. Evi-

dence to date shows involvement of these transmitters in a wide range of systems

that includes roles as inflammatory modulators. There is an increasing under-

standing of the mechanisms involved in the release of the peptides from sensory

nerves and these are key in understanding the potential of neuropeptides in

modulating inflammatory responses and may also provide novel targets for anti-

inflammatory therapy. The neuropeptides released act via specific G protein

coupled receptors, most of which have now been cloned. There is knowledge of

selective agonists and antagonists for many subtypes within these families. The study
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of neuropeptides in animal models has additionally revealed pathophysiological

roles that in turn have led to the development of new drugs, based on selective

receptor antagonism.

Keywords Neuropeptides, Substance P, CGRP, Galanin

Abbreviations

AM Adrenomedullin

AM1 Adrenomedullin receptor type 1

AM2 Adrenomedullin receptor type 2

CGRP Calcitonin gene-related peptide

CL Calcitonin receptor-like receptor

DRG Dorsal root ganglia

GAL Galanin

GALP Galanin-like peptide

GMAP Galanin-message-associated peptide

mRNA Messenger RNA

NKA Neurokinin A

NKB Neurokinin B

RAMP Receptor activity modifying protein

SP Substance P

TRPV1 Transient receptor potential vanilloid 1

1 Introduction

A diverse range of chemically distinct neuropeptides are contained in and released

from a range of sensory nerves. They exhibit selective patterns of localization

within the peripheral and central nervous system and they possess the ability to

stimulate a range of diverse biological activities. One of the earliest to be inten-

sively researched was the opioid family. This was soon followed by a sustained

focus on substance P (SP), the later interest that developed in calcitonin gene-

related peptide (CGRP) and the more recent interest in galanin (GAL). Interest in

and research into these and other neuropeptides remains high, despite a lack of

evidence of a primary pathological role for these peptides in many cases. This lack

of research information is often due to difficulties in obtaining ligands for use as

experimental tools that are specific enough to act in a selective manner to either

enhance or block activity or synthesis. Furthermore, it is now becoming more

common to discover that a structurally related peptide or peptides can be released

from non-neuronal tissues, which can act via the same receptors as the neuronal

sources. This adds another level of interest as well as complexity to unravelling

their importance in biological systems.
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In this chapter we will discuss the activities of three neuropeptide families that

are associated with pain and inflammation pathways and which we have studied in

skin. The first of these is SP. This was the first neuropeptide to be discovered more

than 70 years ago by Von Euler and Gaddum (1931), and remains under substantial

investigation. We will also evaluate evidence that the CGRP and GAL families

could play pivotal roles in diseases that involve vascular inflammation.

2 Sensory-Nerve-Derived Neuropeptides

The sensory nerves that contain and release neuroptides are of mixed type composed

of unmyelinated sensory C-fibres that are most abundant, with also myelinated

Ad-fibres. They innervate most organs, with a particular dense perivascular network

of nerves around blood vessels, where nerve endings often terminate in close associ-

ation with endothelial cells. Their classic neurogenic inflammatory roles will be

considered first and this will be followed by a discussion of their role in disease.

Evidence indicating the neuronal participation and nerve-derived transmitters in

vascular events were revealed more than one century ago. In 1876, it was proposed

by Stricker that sensory afferent nerves might be involved in the inflammatory

process. Indeed, the antidromic stimulation of peripheral sensory nerves leads to

cutaneous vasodilatation (Bayliss 1901). This is a component of the well-studied

‘‘triple response’’ to injury that is easily observed in Caucasian human skin (Lewis

1927) in response to insect bites and other punctate injuries. The response has three

major components. One is a wheal, or swelling, due to oedema formation, that is

secondary to increased microvascular permeability. The second is local reddening

that is due to increased blood flow at the site of injury. The third is a flare that can be

observed for up to several centimetres around the injury. The flare is a consequence

of a sensory-nerve-mediated axon reflex where antidromic stimulation of sensory

nerves that are linked via a collateral system leads to the release from perivascular

nerve endings of neuropeptides. Since then, much evidence has accumulated

showing that activation of sensory nerves by a range of stimuli such as local depolari-

zation, axonal or dorsal root reflexes leads to the release of biologically active

molecules (Richardson and Vasko 2002). It is now understood that axon reflexes

involving sensory nerves occur in most tissues of the body and are central to the

response of skin to injury. Whilst these acute vasoactive responses are easily

observed in this experimental model, there is now evidence to suggest that neuro-

peptides also have roles in modulating more chronic aspects of inflammatory

responses in a range of tissues. However, a direct pivotal role of neuropeptides in

skin disease has yet to be proven.

The pungent agent from chilli peppers, capsaicin, is an important pharmacolog-

ical tool and was shown to activate sensory nerves some time ago (Jancsó et al.

1967, 1977). Capsaicin at first activates and then desensitizes sensory nerves and

evidence using capsaicin to deplete or block sensory nerves has established the

concept that sensory nerves are involved in pain and inflammatory syndromes.
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More recently, the transient receptor potential vanilloid 1 (TRPV1) has been

established as the ion channel receptor that is activated by capsaicin and related

vanilloids (Caterina et al. 1997). The first antagonist to be described was capsaze-

pine (Bevan et al. 1992). Today a range of TRPV1 ligands exist and are being

examined for their efficacy in both preclinical and clinical models of pain and

inflammation. Endogenous stimuli that mediate sensory nerve activation are dis-

cussed elsewhere in this book. However, a range of related ion channels and

mediators may also play important roles (Chahl 2004; Brain and Cox 2006).

3 Substance P and the Tachykinin Family

The tachykinin family is formed by peptides that include SP, neurokinin A (NKA)

and neurokinin B (NKB). These peptides are widely distributed in both the central

and the peripheral nervous system and they exert their actions by activating three

different seven transmembrane domain G protein coupled receptors known as NK1,

NK2 and NK3 (Buck 1988; Maggi 1995; Brain and Cox 2006). It is now established

that SP exhibits higher affinity for the NK1 receptor, while NKA and NKB

preferentially bind to NK2 and NK3 receptors, respectively (Mussap et al. 1993;

Regoli et al. 1994). Figure 1 shows the biosynthesis of SP, NKA (NPK and NPg) as
well as their respective preferred receptors. The efforts in studying and identifying

selective and competitive antagonists for NK1, NK2 and NK3 receptors allowed

considerable and important progress in understanding the pathophysiological role

of this family of peptides (Regoli et al. 1994; Khawaja and Rogers 1996). Neuro-

kinins are implicated in distinct biological events, many of which are associated

with the inflammatory process (Fig. 2). They include plasma extravasation, vasodi-

latation (Germonpré et al. 1995; Holzer 1998) and other cardiovascular responses

(Regoli et al. 1994; Walsh and McWilliams 2006; Dzurik et al. 2007), smooth-

muscle contraction and relaxation, salivary secretion (Holzer-Petsche 1995), air-

way contraction (Joos et al. 1995) and immune responses (Koon and Pothoulakis

2006; Ikeda et al. 2007).

SP and other neurokinins are released to exert effects synergistically with other

neuropeptides such as CGRP and vasoactive intestinal peptide (Brain and Williams

1985; Maggi 1997; Holzer 1998; Richardson and Vasko 2002; Brain and Cox

2006). These substances, when released, act on target cells in the periphery such

as mast cells, immune cells and vascular smooth muscle, leading to inflammation

which is characterized by redness and warmth, swelling and hypersensitivity

(Richardson and Vasko 2002).

SP is a undecapeptide widely distributed in the central, peripheral and enteric

nervous system (Diz et al. 2002) and is considered a potent mediator of neurogenic

inflammation, acting as a cotransmitter in primary afferent nerve fibres. There is

also a large body of evidence implicating a role for SP as a ‘‘pain-transmitter’’

mediator (Weber et al. 2001; Vachon et al. 2004; Gradl et al. 2007). SP is a

vasodilator, especially in large blood vessels, but is better known for its ability to
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Fig. 1 Two genes are involved in substance P (SP), neurokinin A (NKA) and neurokinin B (NKB)

expression. The PPT-A gene is represented by four distinct subtypes (a, d, b and g). SP can be

generated from exon 3 via all PPT-A gene variants, while NKA and its elongated forms (NPK and

NPg) can only be generated via b and g variants. The PPT-B gene can only decode NKB.

Following both PPT-A and PPT-B transcription, a prepropeptide (PPT) is formed inside the

ribosomes and cleaved in the Golgi apparatus, producing SP, NKA (NPK and NPg) and NKB

that remain in intracellular vesicles until there are further stimuli. Once stimulated, neuronal and

non-neuronal cells release tachykinins, allowing them to bind to their receptors and activate their

intracellular pathways. Tachykinin receptors NK1, NK2 and NK3 are G protein coupled receptors.

SP bind with higher affinity to the NK1 receptor, while NKA and NKB preferentially bind to NK2

and NK3 receptors, respectively
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increase microvascular permeability leading to oedema formation (Holzer 1998;

Fig. 4). SP affects vascular permeability by two main pathways: (1) activation of

endothelial NK1 receptors to increase plasma leakage and (2) mast cell degranula-

tion to release oedema-induced amines (Foreman et al. 1983). SP and its receptor

NK1 are proposed to be involved in a range of inflammatory diseases such as

arthritis, inflammatory bowel disease, airway disease, dermatitis and psoriasis

(Eysselein and Nast 1991; Keeble and Brain 2004; Peters et al. 2006; Saraceno

et al. 2006; Pavlovic et al. 2008; Gross and Pothoulakis 2007).

SP also has a role in immune responses (Koon and Pothoulakis 2006; Zhang

et al. 2007). In fact, SP can drive cellular infiltration indirectly by inducing cytokine

release (Peters et al. 2006). The role of SP will be explored in a range of diseases.

Fig. 2 Tachykinins, acting via their receptors, exert both physiological and pathological effects

throughout different systems. They can regulate vascular permeability and vasodilatation, leading

to increased plasma leakage. They can drive cell migration into an inflammatory site, control

salivary secretion, stimulate smooth-muscle contraction and relaxation and activate immune cells

controlling immune responses. All these ubiquitous effects are normally well regulated, but in

some situations, the effects of tachykinins can become deleterious and participate in a negative

manner in the disease process
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3.1 An Inflammatory Role for Substance P in Arthritis

There is compelling evidence supporting the role of neurokinins in joint disease.

SP is widely distributed in nerves localized in joints (Iwasaki et al. 1995).

SP-positive cells are also found surrounding blood vessels in the joint and also

SP-containing neurons are located in bone marrow, some of which communicate

with the synovium (Iwasaki et al. 1995). This SP expression suggests that this

peptide could be released in the joint causing the hyperaemia and increased

vascular permeability observed in the diseased joint (Campos and Calixto 2000).

On the other hand, a reduction in SP-containing nerves in the synovium, mainly in

tissues with higher cell influx, has been reported; thus, it could be suggested that SP

expression can be upregulated and downregulated depending on the stage of the

disease (Konttinen et al. 1992; Keeble and Brain 2004). Changes in SP expression

also occur in the dorsal horn (Garrett et al. 1995). This can vary according to the

animal model being studied (Sluka and Westlund 1993; Bulling et al. 2001). NK1

receptor expression can be altered in arthritis (Kar et al. 1994). Other studies have

reported an increased concentration of SP and also CGRP in both ankle joints and

dorsal root ganglia (DRG) in a rat adjuvant arthritis model (Ahmed et al. 1995).

Exogenous SP administration into the joint causes plasma extravasation and vaso-

dilatation in normal animals (Lam and Ferrell 1993; Lam and Wong 1996; Ferrell

et al. 1997). Non-peptide orally administrable neurokinin antagonists have been

used to establish the potential mechanisms and importance of neurokinins in

arthritis; however, controversial data have been collected. Intra-articular injection

of the NK1 receptor antagonist L-703606 before but not after joint inflammation

induction had beneficial effects on inflammatory pain in the rat knee (Hong et al.

2002). Another NK1 antagonist, CP99994, was capable of preventing both pain and

inflammation induced by kaolin and carrageenan when given directly into the knee

joint (Sluka et al. 1997). Thus, direct intraknee administration of NK1 antagonists

could represent a very useful therapy for arthritis.

3.2 Substance P in Skin Diseases

There are substantial reports suggesting a role for neuropeptides in skin diseases.

SP mediates pain and itch sensation via small-diameter C fibres integrated into

the dorsal horn of the spinal cord (Saraceno et al. 2006). Peripheral release of SP

may initiate secondary release of inflammatory mediators in diseased skin (Peters

et al. 2006). In fact, findings relate neuropeptide release to several skin diseases.

Psoriatic plaques express higher number of intraepidermal SP-positive nerve fibres

when compared with normal skin in immunohistochemistry and immunofluores-

cence studies (Al’Abadie et al. 1995; Chan et al. 1997; Jiang et al. 1998). Contro-

versially, Pincelli et al. (1992) showed lower levels of SP using a

radioimmunoassay technique. These discrepant data could be related to different

methods used to study SP involvement. SP can act via a receptor-independent effect
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on skin resident mast cells. However, receptor-mediated effects via other skin

resident cells such as keratinocytes and fibroblasts also need to be considered.

Human and murine keratinocytes express functional NK1 receptors

with high affinity for SP (Steinhoff et al. 2003; Peters et al. 2006). Also, SP

induces proliferation of murine and human dermal keratinocytes and fibroblasts

(Nilsson et al. 1985; Tanaka et al. 1988; Scholzen et al. 1998). In addition, SP

promotes fibroblast migration in an NK1-independent way (Khaler et al. 1993). In

various experimental models of cutaneous inflammation, SP has been shown to

exacerbate inflammation via a wide variety of proinflammatory and immunoregu-

latory effects (Goetzl et al. 1985; Shepherd et al. 2005). In addition to the release of

neuropeptides in a skin disease, their actions over the immune system are being

speculated upon. SP is capable of causing tumour necrosis factor a release from

mast cells independent of NK1 receptor activation (Ansel et al. 1993), while

keratinocyte-derived interleukin-1 can activate cutaneous and infiltrating cells,

triggering the additional axonal transport and release of neuropeptides from sensory

nerves (Jeanjean et al. 1995; Viac et al. 1996). Neuropeptide-induced hyperaemia

can contribute to cell influx by increasing vascular permeability and SP increases

cell adhesion by upregulating vascular and intercellular cell adhesion molecule 1

(Lindsey et al. 2000; Peters et al. 2006). SP can also stimulate natural killer cells,

lymphocyte and eosinophil activation (Lindsey et al. 2000; Foster and Cunningham

2003; Feistritzer et al. 2003; Peters et al. 2006; Ikeda et al. 2007).

3.3 Substance P and Sepsis

Various studies in both human and animals have investigated a link between SP

release and immune responses. Evidence is accumulating from studies involving

gastrointestinal inflammatory conditions and sepsis. Elevated systemic levels of SP

are detected in patients with postoperative sepsis and they are related to the lethal

outcome of sepsis (Beer et al. 2002). Previous studies showed increased levels of SP

in both plasma and lung in septic mice and that lung inflammation and damage are

attenuated by the genetic ablation of SP, suggesting a crucial role for SP in sepsis

(Puneet et al. 2006). Also, H2S upregulates SP generation, which drives the

inflammatory response in the sepsis induced by cecal ligation puncture by activat-

ing NK1 receptors (Zhang et al. 2007). On the other hand, NK1, NK2 and NK3

receptors do not appear to be related to the acute production of nitric oxide detected

in the peritoneal cavity of animals with severe sepsis induced by lipopolysaccharide

(Clark et al. 2007). These differences could be related to the target site (lung and

peritoneal cavity) as well as to the animal model evaluated.

400 E.S. Fernandes et al.



3.4 Substance P and the Gut

Accumulating evidence indicates that the NK1 receptor and SP are involved in the

immunoregulatory circuit in several pathophysiological gut responses (Koon and

Pothoulakis 2006). It was previous demonstrated that treatment with the NK1

receptor CP-96345 inhibited all secretory and inflammatory responses associated

with the production of toxin A released from Clostridium difficile in the rat gut

(Pothoulakis et al. 1994). Also, it was demonstrated that toxin A causes an

increase of SP in the DRG followed by an increase of SP in the intestinal mucosa

(Castagliuolo et al. 1994). In addition, the NK1 receptor is found to be upregulated

in the Peyer’s patches and mesenteric lymph nodes of mice treated with Salmonella
(Kincy-Cain and Bost 1996). Administration of the NK1 receptor antagonist

spantide II resulted in early onset of Salmonella infection, increased mortality

and reduction of interleukin-12 and interferon-g messenger RNA (mRNA) levels

in the intestinal mucosal (Kincy-Cain and Bost 1996). A potential role for SP in

parasitic infections such as Trichinella spiralis, Nippostrongylus brasiliensis and
Schistossoma mansoni is also being investigated (Woodbury et al. 1984; Bienen-

stock et al. 1987; Stead et al. 1987; Neil et al. 1991; Blum et al. 1993, 1999; Khan

and Collins 2004).

3.5 Clinical Trials with the Tachykinin Receptor Antagonists

During the 1980s and 1990s a number of non-peptide receptor antagonists for the

major vasoactive receptor for SP (the tachykinin NK1 receptor) were developed.

However, published results from clinical trials in this area are disappointing and it is

now generally understood that NK1 antagonists do not have a beneficial effect in the

treatment of human inflammatory conditions. The mixed peptide NK1 and NK2

receptor antagonist FK224 and the non-peptide selective NK1 receptor antagonist

CP99994 were tested in clinical trials and both had negative effects. This was

a disappointing finding as NK1 receptors had been shown to be involved in

bronchoconstriction, mucus secretion, microvascular leakage and vasodilatation

(Joos et al. 1995). NK1 antagonists were also tested as an analgesic in osteoarthritis

pain (Goldstein et al. 2000). Lanepitant is a selective NK1 receptor antagonist that

blocks neurogenic inflammation and pain transmission, but clinical trials showed it

to be not effective in the osteoarthritis condition. It has been suggested that this lack

of effect of FK244, CP99994 and lanepitant could be related to either insufficient

doses tested or the pharmacokinetic or pharmacodynamic properties of the com-

pounds (Joos et al. 1995; Goldstein et al. 2000). Importantly, independently of the

immune system, two NK1 antagonists had significant beneficial effects in placebo-

controlled clinical trials of patients with moderate and severe depression (e.g.

Kramer et al. 2004). However, this effect was not supported in later trials and

NK1 antagonists are not used clinically as antidepressants. The incidence of side
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effects was low. Furthermore, a clinical use for NK1 antagonists has been found in

the treatment of emesis, associated with cancer therapies. The addition of an NK1

receptor antagonist to standard therapy improved the incidence of emesis side

effects in the acute and especially in the delayed phase by approximately 20%

(Chawla et al. 2003). The possibility that NK2 and NK3 receptor antagonists may

also have therapeutic roles, especially in gut inflammation, has also been debated

(Lecci et al. 2004; Sanger 2004).

4 Calcitonin Gene-Related Peptide

The 37 amino acid CGRP is synthesized following the tissue-specific expression of

CGRP mRNA in nerves by the calcitonin gene (Brain and Grant 2004) (Fig. 3,

Table1). The most common form of CGRP is aCGRP (otherwise known as

CGRPI), and the second form of CGRP (aCGRP or CGRPII) has more than 90%

structural similarity to aCGRP. It is formed from a distinct gene and is found in

some tissues, such as the gut. A family of CGRP-like peptides exists that includes

adrenomedullin (AM), produced in vascular tissues in disease, and amylin, which is

primarily localized to pancreatic tissue. All members of the family share structural

homology, although this is quite low (25–40%), and some biological activities, such

as vasodilation, where the potency ranking is CGRP > AM > amylin. CGRP is

widely distributed in both the central and the peripheral nervous system, where it is

found commonly colocalized with SP, as well as with other neuropeptides in

sensory nerves.

The vasodilator activity of CGRP is well established, and it has been suggested

to be one of the most potent microvascular vasodilators known (Brain et al. 1985).

CGRP does not appear to play a primary role in the physiological regulation of

blood pressure, although evidence is increasing to suggest a role at the specific level

of individual tissues or organs. In particular, it would appear that CGRP may have

important roles in mediating Raynaud’s disease and migraine. The injection of

femtomolar amounts of CGRP into skin leads to increased cutaneous blood flow,

due to its potent effects in the microcirculation, in a range of species, including

humans, with higher doses inducing responses that have longer durations of action

(Brain et al. 1985). Furthermore, CGRP, in common with other known vasodilators,

can act to potentiate inflammatory oedema formation induced by mediators of

increased permeability such as SP (Brain and Williams 1985) (Fig. 4).

CGRP and its related peptides act via a family of unique receptors. Originally in

studies of antagonist potency they were classified as CGRP1 and CGRP2, where the

peptide CGRP antagonist CGRP8–37 antagonized the CGRP1 receptor, but not

the CGRP2 receptor (Brain and Grant 2004). It is now realized that CGRP1 is the

primary vascular receptor for CGRP. The importance of the CGRP2 receptor is still

unclear. However, more is now known about the other members of this family of

receptors. The CGRP family is composed of a seven transmembrane G protein

coupled calcitonin receptor-like receptor (CL) that links with a single membrane
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spanning receptor activity modifying protein (RAMP;McLatchie et al. 1998). CL is

important for ligand binding, whereas the RAMP component is important for the

phenotype of the receptor and its location at the cell surface. There are three

RAMPs: RAMP1, RAMP2 and RAMP3. CL when linked to RAMP1 acts as a

Fig. 3 Two distinct genes carry the information that encodes calcitonin gene-related peptide

(CGRP). The CALC I gene is linked to aCGRP expression, while CALC II is linked to bCGRP
expression. Following transcription, an amino acid preprohormone (AA-PH) is formed inside the

ribosomes and then cleaved in the Golgi apparatus to give aCGRP and bCGRP, which remains in

neuronal intracellular vesicles until there are further stimuli. CGRP is released from stimulated

cells and after that binds to its receptor, leading to activation of specific intracellular pathways. A

family of CGRP-like peptides exists that includes adrenomedullin (ADM) and amylin, both of

which are released from non-neuronal sources
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CGRP receptor, which can also bind AM. CL when with RAMP2 is an AM receptor

type 1 (AM1) receptor, whereas CL with RAMP3 leads to an AM receptor type

2 (AM2), about which the least is known. The increased blood flow induced by

CGRP is mediated by the CGRP receptor (CL/RAMP1). It is usually considered that

CGRP acts via smooth muscle receptors associated with a cyclic AMP accumulation

mechanism. Certainly in the microcirculation, this seems to be the major mecha-

nism. However, vascular relaxation can also occur via a nitric oxide dependent

endothelium-dependent mechanism. Potent small-molecule CGRP antagonists are

now becoming available. BIBN4096BS is a potent competitive antagonist of

primate CGRP1 receptors (Doods et al. 2000) with a 200-fold greater affinity in

human compared with rodent tissues; however, it lacks oral availability. The non-

peptide antagonist MK-0974 developed by Merck is orally active (Salvatore et al.

2008).

CGRP is distributed widely in the trigeminal vascular system. BIBN4096BS and

MK-0974 have both been shown to be effective in lessening the common headache

pain associated with migraine. Initially both compounds were found to block

neurogenic vasodilatation in animal models that mimicked the trigeminal activation

that occurs in migraine (Doods et al. 2000; Salvatore et al. 2008). It is hypothesized

Table 1 The human amino acid sequences of selected neuropeptides

Substance P – 11 amino acids Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-

Gly-Leu-Met-NH2

Calcitonin gene-related

peptide – 37 amino acids

H-Ala-Cys-Asp-Thr-Ala-Thr-Cys-Val-Thr-His-

Arg-Leu-Ala-Gly-Leu-Leu-Ser-Arg-Ser-Gly-Gly-

Val-Val-Lys-Asn-Asn-Phe-Val-Pro-Thr-Asn-Val-

Gly-Ser-Lys-Ala-Phe-NH2

Galanin – 30 amino acids Gly-Trp-Thr-Leu-Asn-Ser-Ala-Gly-Tyr-Leu-Leu-

Gly-Pro-His-Ala-Val-Gly-Asn-His-Arg-Ser-Phe-

Ser-Asp-Lys-Asn-Gly-Leu-Thr-Ser

Fig. 4 Effect of the SP, CGRP and galanin on plasma extravasation in dorsal murine skin. Plasma

extravasationwas induced by intradermal injection of SP andCGRP and the effect of coinjected galanin

is shown. Results are expressed as plasma extravasation (ml g�1) (mean� standard error of the mean)

measured over 30 min, by the 125I-bovine serum albumin method. Responses that are significantly

different from the corresponding sites treated with Tyrode solution are shown. **p < 0.01
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that intracranial extracerebral blood vessels (e.g. middle meningeal artery and its

dural arterioles) that feed into the dura mater vasodilate and that this process is

involved in initiating pain due to the activation of perivascular sensory nociceptive

nerve fibres. In addition, there is probably a more direct neuronal involvement

(Storer et al. 2004). The intravenous administration of BIBN4096BS has been

shown to be successful in phase II clinical trials (Olesen et al. 2004). The orally

active MK-0974 has also been shown to be active in relieving migraine and further

clinical trials are in progress (see Doods et al. 2007 for a review). Thus, CGRP

antagonists may be an important treatment for migraine. To date triptans have been

widely used, but their use is contraindicated in patients with coronary disease owing

to an increased risk of coronary vasospasm. The CGRP antagonists do not appear to

share this adverse effect.

5 Galanin and Related Peptides

The 29 amino acid peptide GAL, originally isolated from porcine intestine

(Tatemoto 1983), is localized in primary sensory neurons and has a widespread

distribution in the central nervous system (Bartfai et al. 1993). The N-terminal 1-15

amino acids are highly conserved, although human GAL is unique in having 30

amino acids with no amidation of the N-terminus (Evans and Shine 1991). GAL-

related peptides include GAL-message-associated peptide (GMAP), which derives

from the same peptide precursor gene product as GAL, GAL-like peptide (GALP),

which is encoded by a different gene, and the recently discovered peptide

alarin, which is encoded by a splice variant of the GALP gene (Lang et al. 2007)

(Fig. 5).

The effects of GAL are mediated by three G protein coupled receptor subtypes,

referred to as GalR1, GalR2 and GalR3, which are uniquely distributed throughout

the central nervous system and periphery (Burgevin et al. 1995; Fathi et al. 1998;

Kolakowski et al. 1998). Since all three subtypes have substantial differences in

functional coupling and subsequent signalling activity, a variety of ligands have

been developed to elucidate the specific role for each receptor in mediating the

broad spectrum of physiological effects of the GALP family (Lang et al. 2007).

GAL is involved in multiple functions in the central and peripheral nervous

system of many mammalian species (Bartfai et al. 1993), and these include control

of food intake and gonadotropic axis (Crawley 1999; Landry et al. 2000; Gundlach

2002; Rossmanith et al. 1996) learning and memory (Kinney et al. 2002), mood

regulation as well as pathophysiological processes such as neurodegeneration/

neuroregeneration (Kerr et al. 2000, 2001) as well as seizure activity and pain

(Liu and Hokfelt 2002). By comparison, much less is known about GMAP,

although the distributions of the two gene products overlap in most of the regions

identified so far. GMAP has been suggested to be involved in modifying nociception

(Hao et al. 1999). GALP mRNA and protein distribution in the central nervous
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system is limited when compared with that of GAL, being detected only in the

hypothalamic arcuate nucleus, the median eminence and the posterior pituitary

(Jureus et al. 2001; Cunningham et al. 2004; Larm et al. 2000; Takatsu et al. 2001).

GALP has been implicated in both the homeostatic regulation of feeding and body

Fig. 5 Preprogalanin (PP-GAL) is encoded by a single-copy gene organized into six small exons.

Galanin is proteolytically processed from this precursor propeptide along with galanin-message-

associated peptide (GMAP). Preprogalanin-like peptide (PP-GALP) comprises six exons with a

structural organization similar to that of galanin. Posttranscriptional splicing leads to exclusion of

exon 3, resulting in a frame shift and a novel precursor protein. This protein harbours the signal

sequence of PP-GALP and the first five amino acids of the mature galanin-like peptide followed by

another 20 amino acids and proteolytic cleavage leads to alarin (AL). Galanin-related peptides are

released from stimulated cells and bind to galanin receptors 1–3 (GalR1, GalR2, GalR3), leading

to activation of specific intracellular pathways. To date, there is no information about the putative

alarin receptor(s) and their activation pathways
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weight, as well as the control of the hypothalamic–pituitary–gonadal axis (Krasnow

et al. 2003; Gottsch et al. 2004). Intracerebroventricular injections of GALP alter

food intake and body weight in a time-dependent manner in rats and mice (Matsumot

et al. 2002). Furthermore, GALP stimulates the secretion of both gonadotropin-

releasing hormone and luteinizing hormone in female rats and induces sexual

behaviour in males (Fraley et al. 2004). Alarin, which originates from a splice

variant of the GALP mRNA, was first described in human neuroblastic tumours

(Santic et al. 2006). Interestingly GALP and alarin possess vasoactive properties

and this will be discussed in the following.

5.1 Galanin and Pain Processing

GAL and its three receptors are expressed in DRG neurons and in the spinal cord

(Landry et al. 2005), which indicates a role in nociception. The role of GAL in the

regulation of pain processing have led to controversial results. Work into GAL

demonstrates biphasic, dose dependent effects in neuropathic pain and inflamma-

tion (Liu et al. 2001; Xu et al. 2000). High doses of exogenous GAL delivered by

intrathecal infusion ease neuropathic pain behaviour following peripheral nerve

injury (Hao et al. 1999; Liu et al. 2001), while low doses of GAL or GalR1/GalR2

agonists increase pain sensitivity to thermal and mechanical pain (Flatters et al.

2002; Liu et al. 2001). Extensive research over many years has examined the role of

GAL in neurodegeneration/neuroregeneration in neuropathic models, focusing

mainly on expression of GAL in DRG neurons (Hokfelt et al. 1987). Normally

only a few DRG neurons show detectable GAL levels, but after various types of

peripheral nerve injury the peptide is dramatically upregulated with an increased

release of GAL in the spinal dorsal horn (Hokfelt et al. 1987). Furthermore, GAL

has trophic actions on DRG neurons, promoting neurite outgrowth, and plays a role

in neuronal development (Holmes et al. 2000; Elliott-Hunt et al. 2004; Mahoney

et al. 2003). Data suggest that GalR2 is the primary receptor involved in these

regenerative functions this is supported by finding that neuritis outgrowth is in-

duced in GAL-knockout animals using a selective GalR2 agonist (Mahoney et al.

2003). GAL has also been implicated in the control of neurogenesis in normal and

injured brain (Shen et al. 2003; Elliott-Hunt et al. 2004; Mazarati et al. 2004) and

also its level is elevated in some pathological conditions, including Alzheimer’s

disease (Chan-Palay 1988; Mufson et al. 1993).

5.2 Galanin and the Gastrointestinal Tract

The GALP family has also been implicated in functional regulation of the periph-

eral nervous system (Liu and Hokfelt 2002; Holmes et al. 2005) and various

peripheral organs, such as the pancreas, the heart and the gastrointestinal tract
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(Ahren and Lindskog 1992; Ahrens et al. 2006; Potter and Smith-White 2005;

Sarnelli et al. 2004). GAL is also found in nerves and other cells in bone and joint

tissues (Mc Donald et al. 2003). GAL was originally isolated from porcine small

intestine (Tatemoto et al. 1983), and the gastrointestinal tract has been a primary

target for uncovering possible physiological functions. It has been demonstrated

that GAL inhibits gastric acid secretion (Schepp et al. 1990; Mungan et al. 1992;

Kisfalvi et al. 2000) and inhibits the release of numerous pancreatic peptides (Bauer

et al. 1989; Flowe et al. 1992; Herzig et al. 1993; Brodish et al. 1994). GAL is also

able to modulate gastrointestinal motility, either via direct action on intestinal

smooth muscle cells (Delvaux et al. 1991; Botella et al. 1992; Umer et al. 2005)

or by indirect neuromodulatory mechanisms (Yau et al. 1986; Brown et al. 1990;

Mulholland et al. 1992; Sarnelli et al. 2004). Importantly, it has recently been

shown that GAL is involved in inflammatory processes affecting the gastrointesti-

nal tract. In an experimental model of acute and chronic colitis: a single intraperi-

toneal injection of GAL reduced the formation of gastric ulcers and diminished the

production of inflammatory response modifiers such as tumour necrosis factor a
(Talero et al. 2006, 2007).

5.3 Vascular Effects of Galanin in the Cutaneous
Microvasculature

Recently, a vasomodulatory/inflammatory role of the GALP family in murine skin

was described, where GAL, GALP and alarin inhibit inflammatory oedema formation

and reduce dorsal skin microvascular blood flow, with a potency ranking of GAL >
GALP > alarin (Schmidhuber et al. 2007). This was the first demonstration of a

biological activity of alarin. Accordingly, GAL inhibits plasma extravasation

induced either chemically or by antidromic C-fibre stimulation (Xu et al. 1991;

Green et al. 1992) and SP- and histamine-induced plasma extravasation was

inhibited by GAL in the rat hindpaw (Xu et al. 1991) and in pigeon skin (Jancsó

et al. 2000). Furthermore, a selective regional vasoconstriction potential of GAL in

possums and cats was demonstrated by Courtice et al. (1994) and later confirmed in

the hamster cheek pouch, measured by the change of arteriolar diameter (Dagar

et al. 2003). The combined evidence suggests that GAL is a potent microvascular

constrictor agent.

A first hint of a role for GAL in the plasticity in the cutaneous systemwas provided

by Ji et al. (1995), who demonstrated that upregulation of GAL and its binding sites

occurs in rat skin upon inflammation. Reverse-transcription PCR analysis revealed

GalR2 and GalR3 mRNA expression but no GalR1 in dorsal murine skin, implying

that the vasomodulatory action of GAL is mediated primarily by GalR2 or GalR3 in

the murine model (Schmidhuber et al. 2007). Importantly, the vascular function of

GAL might not be limited to the cutaneous microvasculature and should therefore

prompt further studies to evaluate possible roles in different vascular systems.
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In summary, the potent biological activities of GAL suggest that it may be an

important physiological mediator. In addition, it plays a role in pathological situa-

tions and the search for its precise activities requires more attention. GAL receptors

are potential therapeutic targets, especially in inflammatory processes affecting the

gastrointestinal tract and inflammatory skin disorders.

6 Conclusions

Studies in the neuropeptide field have produced a range of peptides with diverse

biological activities. Surprisingly, there have been few therapeutic successes

that have involved neuropeptide blockage. Certainly, the lack of analgesic and

anti-inflammatory activity of the NK1 antagonists in humans has puzzled many.

However, NK1 antagonists do attenuate emesis associated with chemotherapy in the

clinic. The findings that CGRP antagonists are beneficial in clinical trials involving

migraine are promising and this may yield an important new class of drugs for the

treatment of migraine. On the other hand, the therapeutic potential of GAL has not

been fully investigated to our knowledge.
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Abstract Pain normally subserves a vital role in the survival of the organism,

prompting the avoidance of situations associated with tissue damage. However, the

sensation of pain can become dissociated from its normal physiological role. In

conditions of neuropathic pain, spontaneous or hypersensitive pain behavior occurs

in the absence of the appropriate stimuli. Our incomplete understanding of the

mechanisms underlying chronic pain hypersensitivity accounts for the general

ineffectiveness of currently available options for the treatment of chronic pain

syndromes. Despite its complex pathophysiological nature, it is clear that neuro-

pathic pain is associated with short- and long-term changes in the excitability of

sensory neurons in the dorsal root ganglia (DRG) as well as their central connec-

tions. Recent evidence suggests that the upregulated expression of inflammatory

cytokines in association with tissue damage or infection triggers the observed

hyperexcitability of pain sensory neurons. The actions of inflammatory cytokines

synthesized by DRG neurons and associated glial cells, as well as by astrocytes and

microglia in the spinal cord, can produce changes in the excitability of nociceptive

sensory neurons. These changes include rapid alterations in the properties of ion
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channels expressed by these neurons, as well as longer-term changes resulting from

new gene transcription. In this chapter we review the diverse changes produced by

inflammatory cytokines in the behavior of sensory neurons in the context of chronic

pain syndromes.

Keywords Cytokine, Chemokine, DRG, Pain, Inflammation

1 Introduction

Primary afferent sensory neurons are responsible for processing important sensory

information, including temperature, touch, proprioception, and pain. The cell bodies

of these pseudounipolar neurons are found in the dorsal root ganglia (DRG),which are

situated outside the central nervous system. DRGneurons exhibit a wide range of sizes

and degrees of myelination. Neurons that transmit afferent information about poten-

tially damaging stimuli that lead to the perception of pain are known as ‘‘nociceptors’’

(noci- is derived from the Latin for ‘‘hurt’’). These nociceptive sensory neurons are

subdivided into two groups on the basis of nerve fiber types: (1) fast conducting

myelinated Ad-fibers, which convey the initial stimulus of nociception (mechan-

osensitive or mechanothermal), and (2) slowly conducting, unmyelinated C-fibers,

which transmit a less intense nociceptive sensation. Nociceptors have both a

peripheral connection innervating potentially diseased or traumatized nerves, mus-

cles, tendons, organs, and epithelia, and a centrally projecting axon that enters the

central nervous system. This central axon conveys ‘‘nociceptive’’ information to

second-order neurons in the dorsal horn of the spinal cord. Neural connections from

the dorsal horn to the thalamus and from there to the cortex relay this noxious

information to higher centers of conscious and emotional experience. The central

axons of primary afferent nociceptive neurons also provide information to polysyn-

aptic spinal cord interneurons, which are essential for the initiation of the nocicep-

tive withdrawal reflex. These neurons trigger motor reflexes that are important for

the avoidance of potentially harmful painful stimuli. Descending pathways origi-

nating in the cortex and/or midbrain provide modulatory feedback signals at the

level of the spinal cord that also regulate the nociceptive experience, thereby

providing a closed loop feedback control of this behavior. Additionally, impulses

can travel back along the peripheral axon of the nociceptive sensory neuron toward

the distal nerve endings, resulting in the local release of neuropeptides in the injury

environment. This neuropeptide release produces vasodilatation, venule permea-

bility, plasma extravasation, edema, and leukocyte influx – a process termed

‘‘neurogenic inflammation’’ (Fig. 1).

Although pain clearly plays an important survival role in safeguarding the

individual from potential sources of tissue destruction, the perception of pain can

also be the result of a dysfunctional nervous system. Typically, the local response to

various types of injury or infection involves the release of peripheral chemical

418 R.J. Miller et al.



mediators. These injury-associated factors produce two effects. One role is to

attract leukocytes to the point of injury as part of the inflammatory response

(Charo and Ransohoff 2006), and the other is to sensitize nociceptors, enhancing

their responses to painful stimuli (Zimmermann 2001). The increased excitatory

activity of nociceptors produces increased transmitter release in the spinal cord,

enhancing neuronal activity in pain pathways in the central nervous system, a

phenomenon known as spinal sensitization (Woolf 1983). Under some circum-

stances, nociceptor-driven electrical activity in the spinal cord becomes divorced

from normal physiological function and pathological condition, so pain is produced

in the absence of any appropriate stimulus (Campbell et al. 1988; Torebjork et al.

1992). This is now known as pathological, or ‘‘neuropathic,’’ pain.

Neuropathic pain is experienced in association with many types of injury to

the nervous system or as a consequence of diabetes, cancer, infectious agents (e.g.,

HIV-1), or the toxic side effects of diverse drug regimens. From the behavioral point

of view, neuropathic pain is associated with different types of painful responses to

DRG

Ad /  C

Ascending
Tract

Descending
Tract

Injury-induced
Neurogenic

Inflammation

Fig. 1 Nociceptive pathways in the dorsal root ganglia (DRG) and central nervous system. Axons

of nociceptors transmit information from the periphery to second-order neurons in the dorsal horn

of the spinal cord. Neural connections from the dorsal horn to the thalamus and from there to the

cortex relay this noxious information to higher centers of the central nervous system. The central

axons of primary afferent nociceptive neurons also provide information to polysynaptic spinal

cord interneurons, which are essential for the withdrawal reflex. Descending pathways originating

in the cortex and/or midbrain provide modulatory feedback signals at the level of the spinal cord.

Impulses can also travel back along the peripheral axon toward the distal nerve endings, resulting

in neurogenic inflammation
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a mechanical stimulus, including allodynia (pain evoked by a normally innocuous

stimulus) and hyperalgesia (enhanced pain evoked by a noxious stimulus).

From the therapeutic point of view, neuropathic pain is an extremely intractable

problem. Once established, pain of this type is not readily susceptible to treatment

with nonsteroidal anti-inflammatory drugs. Moreover, although opiates may be

employed acutely or for chronic pain states (e.g., terminal cancer), alleviation of

neuropathic pain is more problematic as high doses are often required, narrowing

the therapeutic index (Hempenstall et al. 2005). The remaining available drugs used

to treat these syndromes (tricyclic antidepressants, antiepileptics) are not particu-

larly effective and are also associated with a number of negative side effects

(Watson 2000). Hence, a complete understanding of the cellular and molecular

processes involved in the development of neuropathic pain is essential for the

development of novel therapies.

In general, neuropathic pain is the result of abnormal activity of nociceptive

neurons. This activity is thought to initially result from the increased neuronal

expression and activation of ion channels and receptors that mediate the abnormal

generation of action potentials and synaptic transmission in primary afferent noci-

ceptive neurons and/or other parts of the pain pathway. But what causes these

changes to occur? It is presumed that some peripheral event provokes primary

afferent nociceptive neurons to express different sets of genes, resulting in a new

and abnormal chronically hyperexcitable ‘‘pain’’ phenotype.

It has been shown that peripheral nerve injury (trauma-, disease-, or drug-induced)

can trigger a wide variety of cellular changes in sensory neurons and, as we have

discussed, neuropathic pain following peripheral nerve injury is a consequence of

enhanced excitability associated with the chronic sensitization of nociceptive neurons

in the peripheral and central nervous systems. Interestingly, following a peripheral

nerve injury, not only a subset of injured (Wall and Devor 1983; Kajander et al. 1992;

Kim et al. 1993; Amir et al. 1999), but also neighboring noninjured peripheral

sensory neurons exhibit spontaneous, ectopic discharges (Tal and Devor 1992;

Sheth et al. 2002; Ma et al. 2003; Obata et al. 2003; Liu and Eisenach 2005; Xie

et al. 2005). Abnormal excitability of pain neurons may even extend to the spinal

cord dorsal horn contralateral to the nerve injury (Sluka et al. 2001, 2007; Ragha-

vendra et al. 2004; Tanaka et al. 2004; Twining et al. 2004; Romero-Sandoval et al.

2005; Bhangoo et al. 2007a; Jung et al. 2007). Although it is clear that molecular

changes in the sensory ganglia and spinal cord dorsal horn are responsible for

chronic pain, it remains a mystery as to what event(s) are critical for its develop-

ment and maintenance.

2 Peripheral Nerve Injury and Inflammation

One important development in our understanding of the cellular and molecular

processes that produce neuropathic pain concerns the role of the immune system.

Immunity can be dissociated into two different phases – innate and acquired.
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Acquired immunity involves the phenomenon of immunological memory and

includes the antibody and lymphocyte responses to specific antigens. The forerun-

ner to acquired immunity is the innate immune response. This more basic type of

immunity involves a generalized immune cell response to a variety of toxic or

pathological intrusions into physiological homeostasis. Molecules such as Toll-like

receptors (TLRs), Nod-like receptors, and RIG-like receptors expressed by numer-

ous types of cells, including leukocytes, Schwann cells, neurons, astrocytes, and

microglia, can recognize shared molecular patterns expressed by infectious agents,

cell debris, or other cellular detritus initiating a cascade of cytokine synthesis that

orchestrates a general cellular response to these potential problems (Tanga et al.

2005; Creagh and O’Neill 2006; Kim et al. 2007; Tawfik et al. 2007; Watkins et al.

2007b). As noted before, this response is inflammatory in nature and involves the

recruitment of leukocytes to areas of tissue damage. The activation of innate

immune inflammatory responses is also frequently linked to the development of

disease. In the present context, it is believed that the innate immune response to

injury plays a prominent role in the establishment of chronic pain states, extending

beyond its role in promoting the influx and activation of leukocytes. Although

inflammatory and neuropathic pain syndromes are often considered distinct entities,

emerging evidence suggests that proinflammatory cytokines produced in associa-

tion with the innate immune response are clearly implicated in the actual develop-

ment and maintenance of neuropathic pain, and are a necessary prelude to its

development. As such, both neuroinflammatory and associated immune responses

following nerve damage may contribute as much to the development and mainte-

nance of neuropathic pain as the initial nerve damage itself.

The traditional view of the post-nerve-trauma environment has been that the

influx of leukocytes associated with inflammation was responsible for secreting

the chemical mediators that produced pain. However, as we shall discuss, current

evidence suggests that the role of the inflammatory response in the generation of

pain is not limited to effects produced by the influx of leukocytes per se. Thus, it is

currently believed that the proinflammatory cytokines that drive chronic pain

behavior may be derived from the cellular elements of the nervous system itself,

and that these molecules can act directly on receptors expressed by neurons and

other cells of the nervous system (White et al. 2005a). The effects produced by

these factors may lead to chronic hyperexcitability and alterations in gene expres-

sion by nociceptors, abnormal processing of pain signals, and enhanced pain states.

In this way, signaling pathways designed to facilitate a protective response to tissue

injury become sources of chronic pathological pain. Generally speaking, the devel-

opment of chronic pain behavior seems to require the participation of cells in both

the peripheral nerve and the dorsal horn of the spinal cord. For example, at various

points in time following the initial nerve injury, cytokine synthesis is upregulated

in the peripheral nerve, including by DRG satellite cells and nerve-associated

Schwann cells, as well as in central elements in the dorsal horn, including microglia

and astrocytes (McMahon et al. 2005). Leukocyte influx may also be a participating

event. It is clear that complex interactive signaling occurs between various

cell types that ultimately results in long-term changes in the excitability of neurons
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in the pain pathway. Thus, activated sensory neurons can signal to microglia,

microglia can signal to neurons, Schwann cells and satellite glial cells can signal

to DRG neurons, and vice versa. Ultimately, nociceptive neurons become hyperex-

citable and their communication with neurons in the dorsal horn becomes ‘‘sensi-

tized.’’ The molecular signatures of this increased nerve activity involve changes in

the complement of receptors and ion channels expressed by neurons as well as the

neurotransmitters they use. The molecules that orchestrate these changes are in-

flammatory cytokines.

The question therefore arises as to exactly which inflammatory cytokines are

concerned with the development and maintenance of pain states across time and

what molecular signaling processes underlie the development of pain hypersensi-

tivity? Furthermore, which cellular elements in the peripheral nerve or dorsal horn

of the spinal cord are responsible for the elaboration of cytokine synthesis and

subsequently how do these molecules produce their effects? The innate immune

response is associated with the development of a complex cascade of cytokine

expression in which many inflammatory mediators are synthesized in a mutually

dependent manner. What is the precise order and cellular localization of the mole-

cules involved in such cascades? It is likely that several important cytokines are

concerned in the establishment of the phenotype that characterizes neuropathic pain.

As we shall now discuss, considerable progress has been made on the identification

and mechanism of action of proalgesic cytokines. It is now clear that in response to

injury or infection, cytokines can be produced by both neurons and glia and this can

occur both peripherally and centrally. Cytokines can also be produced by immune

cells that participate in the response to injury, infection, or toxicity. Once synthesized

by these different types of cells, cytokines produce both short-term and long-term

effects on the excitability of sensory neurons. Some of these effects are produced by

the cytokines themselves and some by the upregulated synthesis and release of

downstream mediators under their control. Thus, the cytokine response is a complex

interlocking series of events that ultimately results in long-term changes in nociceptor

behavior.

3 Early Events in Sensory Nerve Cytokine Signaling

As we have discussed, it is clear that many of the events that ultimately give rise to

chronic pain hypersensitivity initiate a ‘‘cascade’’ of cytokine production, which in

turn produces the observed alterations in sensory neuron behavior. These cytokine

cascades appear to start with the production of certain key multifunctional cyto-

kines that initiate and orchestrate the subsequent production of further downstream

cytokines and numerous other proalgesic mediators. The first cytokines linked to

inflammatory hypernociception have frequently been shown to be interleukin-1b
(IL-1b) (Ferreira et al. 1988) and tumor necrosis factor a (TNF-a) (Cunha et al.

1992). These cytokines may produce direct effects on sensory neurons and

may give rise to further downstream mediators, including other cytokines, chemo-
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kines, prostanoids, neurotrophins, NO, kinins, lipids, ATP, and members of the

complement pathway (Park and Vasko 2005; Ma and Quirion 2006; Pezet and

McMahon 2006; Levin et al. 2008; White et al. 2007b; Donnelly-Roberts et al.

2008; Ting et al. 2008). Upregulation of IL-1b and TNF-a represents one of the

earliest events observed in sensory nerves in response to trauma or infection. For

example, after chronic constriction injury to the sciatic nerve, levels of both TNF-a
and IL-1b in the injured nerve increased over tenfold within 1 h (Uceyler et al.

2007). Both of these cytokines are capable of upregulating the synthesis of numer-

ous downstream mediators and can produce pain hypersensitivity behaviors when

administered locally to the skin, systemically, or into the spinal cord (Opree and

Kress 2000; Schafers et al. 2003a, b; McMahon et al. 2005). Indeed, elaboration of

local cytokine synthesis appears to be sufficient to produce all of the subsequent

molecular changes that underlie chronic pain (White et al. 2007a). On the other

hand, inhibition of TNF-a or IL-1b action, using neutralizing antibodies or similar

strategies, inhibits the development of chronic pain behavior in a variety of models

(Schafers and Sommer 2007). For example, TNF-a antibodies attenuate the devel-

opment of thermal hyperalgesia and mechanical allodynia in several models of

neuropathic pain (Cunha et al. 2007; Sasaki et al. 2007; Zanella et al. 2008). Results

such as these have encouraged the view that manipulation of cytokine synthesis at

an early point in the development of chronic pain behavior with reagents of this

type may have a therapeutic role to play in the treatment of chronic pain syndromes.

Despite an enormous amount of work on inflammatory stimulus-induced cyto-

kine cascades and the development of pain hypersensitivity, very few groups have

investigated the mechanisms of maintenance of chronic pain. One recent investiga-

tion has provided evidence that there are two distinct mechanisms contributing to

the development of chronic pain states. The early mechanistic state is dependent on

calcium as the use of a calpain inhibitor can diminish both IL-1b and TNF-a levels

1 h after injury, whereas inhibitors of excitatory synaptic transmission (e.g., with

the NMDA receptor blocker MK801) did not affect the cytokine levels. In sharp

contrast, MK801 successfully diminished IL-1b and TNF-a levels at 3 days, while

calpain inhibitors had no effect (Uceyler et al. 2007). Thus, it is possible that one

element of chronic pain maintenance is dependent on the activity of the sensory

neurons.

Elucidating the exact sequence of cellular and molecular events that leads to the

initiation of pain-related cytokine cascades is clearly an important task. It is reason-

able to ask what kinds of molecular mechanisms are directly proximal to the original

insult and serve as the initiators of all of these subsequent events. Although the answer

to this question in not completely clear, there is good evidence that the earliest events

are the same as those identified as upstream initiating signals that trigger the innate

immune response. For example, the activation of TLRs is one possible entry point

into the cytokine pathway that results in the upregulated synthesis of master pleiotro-

pic cytokines such as TNF-a, IL-1b, and frequently also interleukin-6 (IL-6) (Fig. 2).
This makes sense because as we discussed earlier, TLRs are initiators of the innate

immune response in numerous other cases as well (Martin and Wesche 2002; Guo

and Schluesener 2007). The ligands that activate TLRs are pathogen-associated
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epitopes, or ‘‘pathogen-associated molecular patterns.’’ These elements include

molecular components of viruses such as nucleic acids which can activate TLRs

7/8 (single-stranded RNA) or TLR3 (double-stranded RNA). Similarly, molecules

from bacteria, including cell wall components such as lipopolysaccharide from

Gram-negative bacteria, can activate TLR4. TLR5 mediates the immune response

to bacterial flagellins. In addition, molecules released from cells undergoing stress

or degradation following injury may also act as signals (Dalpke and Heeg 2002).

These include toxicity- or injury-induced release of the heat shock proteins HSP60,

HSP70 and/or GP96, which, in turn, activate TLR2 and TLR4 (Vabulas et al. 2002).
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Fig. 2 The Toll-like receptor (TLR) pathway. TLR activation initiates the innate immune

response, which is thought to lead to the detrimental cytokine cascade in chronic pain. Activation

of TLR signaling proceeds via a family of adaptor proteins which includes the protein MyD88, the

interleukin-1 receptor associated kinase, Toll interacting protein, and the adapter protein TRAF6.

These proteins activate the kinase TAK1, which ultimately leads to the activation of signaling

cascades including nuclear factor kB and mitogen activated protein kinase (MAPK) pathways. The

activation of these pathways can then direct the synthesis of cytokines such as tumor necrosis

factor a (TNF-a), interleukin-1b (IL-1b), and interleukin-6 (IL-6). Both TLRs and receptors for

IL-1b have similar structures and share a cytoplasmic motif. Activation of both types of receptors

recruits a scaffolding complex that leads to upregulation of the production of similar cytokines
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Thirteen functional TLRs are known to exist in mammals and several of these

forms are expressed by different types of cells known to be important in generating

chronic pain behavior (Martin and Wesche 2002; Guo and Schluesener 2007).

These include DRG neurons, microglia, astrocytes, Schwann cells, different types

of leukocytes, and different peripheral target tissues such as skin (keratinocytes).

TLRs are single-pass transmembrane proteins that exist as preassembled homo-

dimers or heterodimers depending on the situation. In some cases, further ancillary

membrane proteins are also required for the binding of pathogen-associated molec-

ular patterns and resulting TLR activation. This includes the requirement for the

proteins MD-2 and CD14 in binding of lipopolysaccharide by TLR4. Activation of

TLR signaling proceeds via a family of adaptor proteins that produce activation of

protein kinases and ultimately of transcription factors such as nuclear factor kB.
These transcription factors can then direct the synthesis of cytokines such as TNF-a
at the gene transcriptional level. Interestingly, elements of TLR ‘‘signalosome’’ are

shared with signaling intermediates produced by activation of the IL-1b receptor

(IL-1R) (Boraschi and Tagliabue 2006). IL-1bR is also a dimer consisting of two

chains, the IL-1R type 1 (IL-1R1) and the IL-1R accessory protein (IL-1RacP).

Both TLRs and receptors for IL-1b have similar structures and share a cytoplasmic

motif, the Toll/IL-r receptor (TIR) domain. Activation of both types of receptors

recruits a scaffolding complex that includes the protein MyD88, the interleukin-1

receptor associated kinase (IRAK), the Toll interacting protein (Tollip) and the

adapter protein TRAF6. Recruitment and activation of this signaling complex then

leads to activation of the kinase TAK1 that produces phosphorylation and activa-

tion of regulatory kinases in different important downstream signaling pathways

such as those involved in nuclear factor kB or mitogen activated protein kinase

(MAPK) activity. Activation of such signaling pathways ultimately leads to upre-

gulation of the production of cytokines such as TNF-a or IL-1b itself. The fact that

TLRs and IL-1Rs share downstream signaling motifs means that activation of TLRs

produces a great deal of amplification of their own signaling consequences. The

involvement of TLR function in the generation of neuropathic pain is highlighted

by recent observations demonstrating reduced pain behavior and inflammatory

cytokine upregulation in the spinal cords of TLR2 and four knockout mice (Tanga

et al. 2005; Kim et al. 2007). These data imply that damaged, infected, or poisoned

neurons or glia release factors that activate TLRs, leading to the synthesis and

release of TNF-a and other important cytokines. TLR2 and TLR4, which have been

particularly implicated in these events, are expressed by microglia (Tanga et al.

2005; Kim et al. 2007). This interaction implies that cytokine production by these

cells in particular may be very early events in the pathway leading from injury to

aberrant pain behavior.

If the early production of cytokines is important in the generation of pain we

must then ask exactly how such molecules produce the observed phenotypic

changes in peripheral nerves and the central connections that underlie pain. It is

clear that both sensory neurons and the peripheral and central glial cells associated

with them are capable of both elaborating and responding to TNF-a, suggesting a

complex network of interdependent signaling occurs between these various cellular
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elements of sensory nerves (Schafers et al. 2003a, b; Ohtori et al. 2004; Takeda

et al. 2007). As we shall discuss further, cytokines such as TNF-a clearly produce

changes in the behavior of sensory neurons at a variety of levels. Some of the long-

term changes in behavior require alterations in gene transcription and protein

expression. However, it is also clear that TNF-a and other upstream cytokines

can produce very rapid changes in neuronal excitability which do not seem to

require alterations in gene transcription. These changes in excitability probably

arise from direct effects of cytokine signaling on the properties of important ion

channels, including voltage-dependent sodium channels and transient receptor

potential (TRP) channels expressed by sensory nerves (Fig. 3). Presumably, these

kinds of effects are the earliest influences on nociceptor excitability produced by

cytokines once they have been synthesized and released. For example, perfusion of

DRG in vitro with TNF-a produces a rapid increase in A- and C-fiber discharge and

also a rapid increase of calcitonin gene-related peptide (CGRP) release from the

terminals of nociceptors in the spinal cord (Opree and Kress 2000). Howmight such
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Fig. 3 Possible molecular mechanisms of TNF-a action. TNF-a produces changes in the behavior

of sensory neurons at a variety of levels. While some long-term changes in behavior require

alterations in gene transcription and protein expression, TNF-a and other upstream cytokines can

produce very rapid changes in neuronal excitability as well. These changes in excitability probably

arise from direct effects of cytokine signaling on the properties of important ion channels,

including voltage-dependent sodium channels and transient receptor potential (TRP) channels

expressed by sensory nerves. Activation of TNF-a receptors (TNFRs) produces a wide array of

signaling options beginning with recruitment of TNFR-associated death domain protein, receptor-

interacting protein, and TNFR-associated factor 2. These proteins go on to activate extracellular-

signal-related kinase/MAPK, p38/MAPK, and NFkB pathways
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rapid effects on neuronal excitability be produced? TNF-a produces its effects via

the activation of two TNF-a receptor subtypes, TNFR1 and TNFR2 (MacEwan

2002). TNFR1 is expressed exclusively on neuronal cells and the TNFR2 is mostly

expressed on macrophages and/or monocytes in the DRG under inflammatory

conditions (Li et al. 2004). Actions via TNFR1 r appear to be the most relevant to

the development of pain behavior because (1) mechanical hyperalgesia induced

by exogenous TNF-a or by inflammation is reduced in TNFR1 but not in TNFR2

knockout mice and (2) TNFR1 but not TNFR2 neutralizing antibodies as well as

antisense RNA against TNFR1 can reduce experimentally induced hyperalgesia

(Sommer et al. 1998; Parada et al. 2003). How can the action of TNF-a on sensory

neurons produce rapid changes in excitability? Interestingly, the ability of TNF-a
to produce thermal, but not mechanical sensitization was reduced in TRP vanilloid

1 (TRPV1) knockout mice, suggesting that another conductance was the target

underlying TNF-a induced mechanical pain hypersensitivity (Jin and Gereau

2006). Consistent with this idea, it was also observed that application of TNF-a to

DRG neurons in culture produced a rapid (within 1 min) enhancement of the

amplitude of the tetrodotoxin (TTX)-resistant sodium current in these cells (Jin

and Gereau 2006). As with TLRs and IL-1R discussed above, activation of TNF-a
receptors produces a wide array of signaling options, including activation of the

MAPK pathway. In the present context, it was observed that inhibitors of the

p38 MAPK could selectively abolish TNF-a induced mechanical pain hypersensi-

tivity and enhancement of the DRG TTX-resistant sodium current. These data

suggest a model in which the rapid effects of TNF-a might involve activation of

TNFR1 expressed by nociceptors leading to enhanced mechanical hypersensitivity

mediated by p38-induced phosphorylation of TTX-resistant sodium current sub-

units together with thermal hypersensitivity produced by actions on TRPV1 (Jin

and Gereau 2006).

In keeping with this hypothesis, it is clear that treatment of DRG neurons with

TNF-a also produces rapid upregulation of TRPV1 function and expression. While

addition of TNF-a to cultured DRG neurons alone did not directly lead to the

release of CGRP, the addition of a thermal stimulus enhanced the release of this

neuropeptide, implying that rapid transactivation of TRPV1 by TNF-a can also

occur (Jin and Gereau 2006; Hensellek et al. 2007). In addition, TNF-a was also

able to produce subsequent upregulation of TRPV1 protein expression when

applied to cultured DRG neurons employing a pathway involving extracellular-

signal-related kinase rather than p38 signaling. However, this effect required

chronic treatment of the cells (more than 8 h) (Jin and Gereau 2006; Hensellek

et al. 2007). Hence, it is clear that TNF-a can produce both rapid and long-term

excitatory effects on DRG neurons through a variety of molecular mechanisms. The

observation that TNF-a expression in DRG neurons, as well as by microglia (Ohtori

et al. 2004; Jin and Gereau 2006), is an early event following tissue injury suggests

that rapid autocrine excitation of DRG nociceptors by TNF-amay be of importance

in the initiation of the cytokine-mediated cascade that eventually results in pain

hypersensitivity. The multiple cellular sources of TNF-a together with the multiple

effects it can produce on DRG excitability over a broad time course illustrate the
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complex nature of the impact of inflammatory cytokines on the function of pain

sensory neurons.

It is possible that other important upstream cytokines can also produce rapid

excitatory signaling in DRG neurons. For example, it is known that DRG neurons

can express IL-1b and IL-6 under some circumstances, as well as components of the

IL-1R and IL-6 receptor complexes, suggesting that both of these cytokines may

also produce direct effects on DRG neuron excitability (Gadient and Otten 1996;

Inoue et al. 1999; Gardiner et al. 2002; Lee et al. 2004; Li et al. 2005; Nilsson et al.

2005) (Fig. 4). In the case of IL-6, DRG neurons have been shown to express the

glycoprotein 130 (gp130) cytokine receptor subunit, a common feature of all cytokine

receptors in the IL-6 family (Gadient and Otten 1996; Thompson et al. 1998;

Gardiner et al. 2002; Summer et al. 2008). DRG neurons also express the gp130

binding subunit for the IL-6 related cytokine leukemia inhibitory factor, although

the binding component for IL-6 itself (glycoprotein 80) has not been detected

(Opree and Kress 2000; Gardiner et al. 2002). Addition of IL-6 to cultured DRG

neurons was not effective by itself, but was able to rapidly (minutes) sensitize

TRPV1 conductances to heat as well as to stimulate CGRP release, provided that

the IL-6 was first primed with a soluble fragment of its receptor (Obreja et al. 2005).
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Fig. 4 Rapid effects of the IL-6 pathway. DRG neurons can express IL-6 under some circum-

stances, as well as components of the IL-6 receptor complexes, suggesting that it can also produce

direct effects on DRG neuron excitability. DRG neurons have been shown to express the glyco-

protein 130 cytokine receptor subunit, a common feature of all cytokine receptors in the IL-6

family. IL-6 is able to rapidly sensitize vanilloid 1 (TRPV1) conductances to heat as well as to

stimulate calcitonin gene-related peptide release via Janus kinase and protein kinase Cd pathways.
It is likely that the binding portion of the IL-6 receptor can be provided in trans
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Appropriately, for a gp130-linked receptor, Janus kinase and protein kinase C

inhibitors inhibited the enhancement of TRPV1 sensitivity. The fact that IL-6

only functions when added together with a soluble form of its binding subunit

suggests that it may be activated in trans by soluble IL-6 receptors secreted from

other cell types in the vicinity.

IL-1b was also unable to increase DRG excitability by itself, but as with IL-6 and

TNF-a, produced rapid increases in the sensitivity of TRPV1 and heat-activated

CGRP release, implying that IL-1b can also transactivate TRPV1 expressed by

DRG neurons (Obreja et al. 2002). It appears that DRG neurons express all the

molecular components required for IL-1b signaling and these can be upregulated in

inflammatory pain states (Inoue et al. 1999; Li et al. 2005). In the related trigeminal

ganglia, it was observed that following the induction of inflammation with complete

Freund’s adjuvant, IL-1b was highly expressed by satellite glial cells, whereas

IL-1R was expressed in the cell bodies of trigeminal neurons. Addition of IL-1b
produced rapid excitation of these neurons. Moreover, an IL-1b antagonist reduced

complete Freund’s adjuvant induced neuronal hyperexcitability, again suggesting a

role for cytokine signaling in the development of hyperexcitability of pain sensory

neurons (Takeda et al. 2008). In summary, the major upstream cytokines that are

rapidly induced in association with the innate immune response can excite DRG

neurons by a variety of mechanisms. Some of these effects are too rapid to involve

effects on gene transcription and are likely to involve kinase regulation of important

conductances such as sodium currents and TRP channels. Molecules such as

TNF-a, IL-1b, and IL-6 can be rapidly upregulated by microglia in the spinal

cord and frequently by peripheral elements such as the sensory neurons themselves

or their associated glial cells. Whatever the cellular source of the cytokines pro-

duced in response to injury, increases in sensory neuron excitability are likely to be

one of the first cytokine-induced effects that lead to changes in neuronal phenotypes

underlying chronic pain. Moreover, these same cytokines may also have rapid

electrophysiological effects on second-order neurons in the dorsal horn, so effects

on neuronal excitability induced by cytokines may be an early feature of the cytokine

response in pain at numerous points in the neuraxis (Kawasaki et al. 2008).

4 Chemokines, Glia, and Chronic Pain

The previous discussion focused on the role of upstream cytokines and their

receptors expressed by neurons in particular. It is clear that these molecules are

expressed by other types of cells in the DRG and central nervous system, which

may also participate in the development and maintenance of neuropathic pain.

Some cytokine/receptor signaling events following peripheral injury or infection

appear to be primarily mediated by molecular and/or morphological remodeling of

glial cells that in turn become a source of inflammatory mediators. It has been

proposed that such ‘‘activated’’ Schwann cells, DRG satellite cells, astrocytes, and
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microglia also play an essential role in the development of chronic pain hypersen-

sitivity (Watkins and Maier 2003). Indeed, drugs that inhibit the activation of these

cells have also been reported to interfere with the development of chronic pain

behavior, presumably by suppressing the release of inflammatory mediators such as

cytokines associated with their activation.

A real ‘‘paradigm shift’’ in pain research has been the recognition that reciprocal

communication between neurons and microglia is important in regulating the

quiescent and reactive states of glial cells. Glial receptors for inflammatory cyto-

kines, ATP, neuropeptides, neurotransmitters, neurotrophic factors, and chemokines

appear to contribute to these events. A clear example of signaling between DRG

neurons and microglia in the spinal cord involves the chemokine fractalkine/

CX3CL1 and its receptor CX3CR1(Verge et al. 2004; Zhuang et al. 2007).

Fractalkine has an unusual structure for a chemokine in that it is tethered to the

membrane by means of a transmembrane mucin-like stalk. Normally fractalkine is

expressed by neurons and its receptor is particularly highly expressed by microglia

(Verge et al. 2004). Fractalkine can signal to its receptor on target microglia in a

‘‘tethered’’ state or it can be released following proteolytic cleavage producing a

soluble form of the chemokine that can act at a distance (Milligan et al. 2004).

Injection of fractalkine into the spinal cord produces pain hypersensitivity. More-

over, production of soluble fractalkine has been observed in some chronic pain

models (Milligan et al. 2004, 2005; Lindia et al. 2005; Zhuang et al. 2007). Recent

studies have revealed how fractalkine may act in vivo. It has been demonstrated that

the enzyme cathepsin S, which can cleave tethered membrane-bound fractalkine to

its soluble form, can itself be released from activated microglia (Clark et al. 2007).

The released fractalkine can then act upon microglia to upregulate the release of

proallodynic inflammatorymediators such as those discussed above. Thus, fractalkine

may act as a neuron to a microglia messenger that amplifies ongoing pain-producing

mechanisms. This model also illustrates the fact that neurons and glia can interact in a

variety of complex ways to elaborate ongoing pain stimuli producing the mediators

that may then initiate transcriptional and other changes resulting in chronic neuronal

hyperexcitability and pain. In addition to the example of fractalkine, activated spinal

microglia also express C-C chemokine receptor 2 (CCR2) and C-X-C chemokine

receptor 3 (CXCR3), making them potential targets for the chemokines monocyte

chemotactic protein 1 (MCP-1) or interferon-g inducing protein 10 (IP-10) upregu-

lated and released from DRG neurons, (Abbadie et al. 2003; Flynn et al. 2003;

Tanuma et al. 2006), as we shall now discuss.

5 Downstream Cytokine Signaling

A relatively novel family of cytokines that has now been linked to the induction and

maintenance of chronic pain are the chemotactic cytokines (chemokines). Chemo-

kines are small, secreted proteins that exert all of their known effects through the
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activation of G protein coupled receptors. Chemokines were originally identified as

migrational effectors for the attraction of different classes of leukocytes in associa-

tion with the development of inflammation (Charo and Ransohoff 2006). Several

subfamilies of chemokines and their receptors are known to exist. Most chemokines

are not constitutively expressed at high levels, their production and secretion being

normally associated with activation of the inflammatory response. Thus, the syn-

thesis of most chemokines is usually greatly stimulated through the action of one of

the major upstream inflammatory cytokines discussed earlier. An exception to this

rule is the chemokine stromal cell derived factor 1 (SDF-1/CXCL12). SDF-1 is the

most evolutionarily ancient member of the chemokine family and existed phylo-

genetically prior to the development of an immune system, indicating that chemo-

kine signaling originally played a role other than the regulation of leukocyte

chemotaxis (Huising et al. 2003; Knaut et al. 2003). Still, chemotaxis appears to

be one ancient function of this chemokine as well. In mammals, SDF-1 signaling

through its major receptor, C-X-C chemokine receptor 4 (CXCR4), has been shown

to be important for the development of the embryo where SDF-1 regulates the

migration of the stem/progenitor cells that form numerous tissues (Tachibana et al.

1998; Lu et al. 2002). Postnatally, this signaling system is still used in this way to

retain hematopoietic stem cells in the bone marrow (Wright et al. 2002).

Although chemokines clearly have a central role in orchestrating the normal

inflammatory response, the pathogenesis of many chronic inflammatory conditions

such as atherosclerosis, arthritis, and inflammatory bowel disease has been shown

to be mediated in large part by the actions of chemokines (Charo and Ransohoff

2006). In addition, numerous neurological conditions which are accompanied by

activation of the innate immune response during their onset or progression appear to

involve the action of chemokines in their pathogenesis. These include autoimmune

disorders (e.g., multiple sclerosis), neurodegenerative disorders (e.g., cerebral ische-

mic injury, Parkinson’s, Huntington’s, and Alzheimer’s diseases) as well as virus-

based diseases (e.g., HIV-1 and herpes simplex) (Streit et al. 2001; Cartier et al.

2005; Ubogu et al. 2006). This chemokine-mediated component is also likely to

extend to the pathogenesis and maintenance of chronic pain in both disease-related

conditions (e.g., multiple sclerosis, HIV-1, and herpes simplex) and following

trauma, all of which are associated with innate immune responses and prolonged

expression of chemokines and their receptors by the cellular elements of the

nervous system (White et al. 2005a). This being the case, interference with chemo-

kine function represents a promising approach for the development of both novel

anti-inflammatory medication and the treatment of chronic pain conditions.

6 Chemokines and Their Receptors in Acute and Chronic Pain

There is now a large amount of data indicating that chemokines and their receptors

can influence both the acute and chronic phases of pain. However, why is chemo-

kine function of particular interest in this regard? It has become apparent that the
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cellular elements of the nervous system (e.g., neurons, glia, and microglia) are able

to both synthesize and respond to chemokines, something that is quite independent

of their traditional role in the regulation of leukocyte chemotaxis and function. Oh

et al. (2001) first demonstrated that the simple injection of the chemokines SDF-1,

regulated upon activation, normal T cell expressed, and secreted (RANTES/CCL5),

or macrophage inflammatory protein 1a (MIP-1a/CCL3) into the adult rat hind paw
produced dose-dependent tactile allodynia. These authors also demonstrated that

cultured DRG neurons expressed numerous types of chemokine receptors, indicat-

ing that the observed pain behavior might result from a direct action of chemokines

on these neurons. In support of this possibility, chemokines were found to strongly

excite DRG neurons in culture (White et al. 2005b; Sun et al. 2006) and chemokine-

induced excitation was associated with the release of pain related neurotransmitters

such as substance P and CGRP (Qin et al. 2005; Jung et al. 2008). The cellular

mechanism underlying chemokine-induced excitation of sensory neurons in culture

has been shown to have at least two components. The first of these is the transacti-

vation of TRP cation channels, such as TRPV1 and TRP ankyrin 1 (TRPA1), which

are also expressed by populations of nociceptive neurons (Bandell et al. 2004;

Ruparel et al. 2008; Jung et al. 2008), and the second of these is inhibition of K+

conductances that normally regulate neuronal excitability. MIP-1a, for example,

can enhance the thermal sensitivity of TRPV1 (Zhang et al. 2005). The receptor for

MIP-1a, C-C chemokine receptor 1 (CCR1), is expressed by more than 85% of

cultured DRG neurons which also express TRPV1 (Zhang et al. 2005). Activation

of other chemokine receptors such as CCR2 expressed by cultured DRG neurons

(see below) also produces excitation through transactivation of both TRPV1 and

TRPA1 (Jung et al. 2008). In the former instance, the mechanism of activation

appears to be due to phospholipase C induced removal of tonic phosphatidylinositol

4,5-bisphosphate mediated channel block (Chuang et al. 2001), whereas in the

second instance the transactivation appears to involve a protein kinase C mediated

event (Cesare and McNaughton 1996; Premkumar and Ahern 2000; Sugiura et al.

2002). Importantly, TRPA1 activation is central to acute pain, neuropeptide release,

and neurogenic inflammation (McNamara et al. 2007; Trevisani et al. 2007). These

data suggest that chemokine-induced excitation involving TRP channel activation

may be of key importance to driving increased excitation observed in chronic

pain states.

A significant question is whether such data, mostly obtained in cell culture

studies, have relevance to the situation prevailing in chronic pain states in vivo. A

key role for chemokines and their receptors in chronic pain has come from the

results of experiments using several accepted models of neuropathic pain in

rodents. These models include sciatic nerve transaction (Taskinen and Roytta

2000; Subang and Richardson 2001), partial ligation of the sciatic nerve (Abbadie

et al. 2003; Tanaka et al. 2004; Lindia et al. 2005), chronic constriction injury of the

sciatic nerve (Milligan et al. 2004; Kleinschnitz et al. 2005; Zhang and De Koninck

2006), chronic compression of the L4L5 DRG, a rodent model of spinal stenosis

(White et al. 2005b; Sun et al. 2006), lysophosphatidylcholine-induced focal nerve

demyelination (Bhangoo et al. 2007a; Jung et al. 2008), bone cancer pain (Vit et al.
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2006; Khasabova et al. 2007), and zymosan-induced inflammatory pain (Milligan

et al. 2004; Verge et al. 2004; Xie et al. 2006). Each of these models resulted in

upregulation of one or more chemokine receptors by DRG neurons associated with,

or in close proximity to, the injury. Moreover, in several instances it has also been

demonstrated that sensory neurons will actually upregulate the synthesis of che-

mokines in addition to their cognate receptors (White et al. 2005b; Sun et al. 2006;

Bhangoo et al. 2007a; Jung et al. 2007, 2008). Thus, in association with chronic

pain the same DRG neuron may upregulate both a chemokine and its receptor,

suggesting some form of cell autologous regulation of DRG excitability by these

molecules may occur. For example, it might be imagined that under these circum-

stances DRG neurons could release chemokines that would then activate receptors

expressed by the same neuron or by others in the vicinity. As chemokines can excite

DRG neurons, this process might contribute to the neuronal hyperexcitability

observed under these circumstances (White et al. 2005b; Sun et al. 2006). As

chemokines are also of central importance in the recruitment of leukocytes, they

would have a unique role in simultaneously coordinating inflammation and neuronal

excitability.

One good example of the validity of this type of model concerns the potential role

of the chemokine MCP-1 and its receptor CCR2 in the genesis of neuropathic pain.

The role of MCP-1/CCR2 signaling in neuropathic pain states was suggested follow-

ing peripheral nerve injury in genetically engineered mice lacking CCR2 receptors

(Abbadie et al. 2003). These receptor knockout mice failed to display mechanical

hyperalgesia following partial ligation of the sciatic nerve without a detectable

change in acute pain behavior, while transgenic mice overexpressing glial MCP-1

production exhibited enhanced nociceptive responses (Menetski et al. 2007).

In keeping with these results, both CCR2 and its preferred ligand, MCP-1, are

extensively upregulated in sensory neurons following chronic compression of the

DRG (White et al. 2005b) and focal demyelination of the sciatic nerve (Bhangoo

et al. 2007a). Functionally, many of these injured neurons respond to the exogenous

administration of MCP-1 with membrane threshold depolarization, action poten-

tials, and Ca2+ mobilization. Appropriately, these MCP-1-induced excitatory events

were not observed in control animals and the use of a CCR2 receptor antagonist

effectively reversed hypernociception (Bhangoo et al. 2007a). Subsequent investi-

gations have revealed that two ionic mechanisms contribute to the excitatory effects

of MCP-1; a non-voltage-dependent, depolarizing current with the properties of a

nonselective cation conductance, quite possibly a TRP channel (Jung et al. 2008),

and activation of another nonv-oltage-dependent depolarizing current with char-

acteristics similar to those of a nonselective cation conductance (Sun et al. 2006).

Such chemokine-induced excitatory effects on sensory neurons may further facili-

tate the axonal transport and the release of excitatory neuropeptides, such as CGRP

(Qin et al. 2005) and substance P from the terminals of DRG neurons in the spinal

cord. Zhang and De Koninick (2006) recently demonstrated that MCP-1 is also

present in central afferent fibers in the spinal cord. Thus, electrical activity due to

peripheral nerve injury may also stimulate central afferent release of MCP-1 into

the spinal cord dorsal horn, further activating CCR2-expressing microglial cells or
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central neurons (Abbadie et al. 2003; Bursztajn et al. 2004; Zhang and De Koninck

2006). Neurons from the dorsal horn express CCR2 receptors and MCP-1/CCR2

signaling reduces the inhibitory effects of GABA on these cells. Hence, release of

MCP-1 may mediate excitatory effects at the level of both the DRG and the spinal

cord.

Overall, these results suggest that injury-induced expression of MCP-1 may, in

effect, function as a neurotransmitter in DRG neurons and may be central to the

maintenance of chronic neuropathic pain states. Moreover, examination of the

distribution of MCP-1 at a subcellular level following its synthesis in cultured

DRG neurons has revealed that it is initially processed via the trans-Golgi network
and packaged into the same synaptic vesicles as the peptide neurotransmitter CGRP

(Jung et al. 2008). Vesicles that contain both proteins can be observed in the

neuronal soma and following transport to nerve terminals. Depolarization of these

neurons results in calcium-dependent release of MCP-1 either from the soma or

from the nerve terminals (Jung et al. 2008). Presumably release of the chemokine

from the cell soma within the DRG would have the effect of depolarizing neighbor-

ing CCR2-expressing neurons, eliciting excitation and promoting further MCP-1

release within the DRG or within the dorsal horn or the spinal cord, where it could

interact with CCR2-expressing neurons and glia. In this way upregulation of

MCP-1 and CCR2 might be an important component of DRG hyperexcitability and

maintenance of chronic pain. It is interesting to note that in the brain the chemokine

CCL21/exodus has also been shown to be upregulated by neurons following excito-

toxic stimulation and to be packaged into secretory vesicles and released upon

neuronal depolarization (de Jong et al. 2005). Thus, it appears that when chemokines

are expressed in neurons under different circumstances they may generally play a

novel role as neurotransmitters. MCP-1 and CCR2, as well as certain other chemo-

kines and chemokine receptors, exhibit an exceptionally prolonged upregulation in

the injury-associated DRG (White et al. 2005b; Zhang and De Koninck 2006;

Bhangoo et al. 2007a, b), and the trigeminal ganglion following peripheral nerve

injury (White et al. 2006) or herpes simplex virus infection (Theil et al. 2003; Cook

et al. 2004; Wickham et al. 2005), supporting the possibility that this type of

signaling could contribute to the chronic nature of neuropathic pain.

Overall, the evidence suggests that prolonged chemokine and chemokine recep-

tor expression in sensory ganglia may well be a significant contributor to many

injury-induced and virus-associated neuropathic pain syndromes (Fig. 5). This

being the case, it is also of interest to define the signaling pathways in DRG neurons

that result in the upregulation of chemokine and chemokine receptor expression as

they may represent novel targets for intervention in the treatment of chronic pain. In

the case of CCR2 receptors, some information on this issue has been obtained (Jung

and Miller 2008). Analysis of the structure of the mouse and human CCR2 genes

revealed several upstream regulatory elements that might potentially mediate the

action of different transcription factors. Included in these is a conserved binding site

for the transcription factor nuclear factor of activated T cells (NFAT) (Jung and

Miller 2008). Members of the NFAT family of proteins are expressed by DRG

neurons and expression of constitutively active NFAT derivatives produced upre-
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gulation of CCR2 receptors in these neurons (Jung and Miller 2008). NFAT is

activated by being dephosphorylated by the calcium-dependent phophatase calci-

neurin. When the intracellular calcium concentration is increased in DRG neurons

following depolarization via voltage-dependent calcium channels, calcineurin/

NFAT activation effectively modulates increases in CCR2 expression (Jung and

Miller 2008). This then provides a possible pathway for the induction of CCR2

in the context of neuropathic pain. Some upstream mediator is envisaged as

initially depolarizing DRG neurons, leading to calcium influx and CCR2 upregu-

lation. Once CCR2 has been upregulated, signaling via CCR2 could increase DRG

excitation further and potentiate ongoing excitability. Interestingly, although MCP-1

is upregulated by DRG neurons together with CCR2 in chronic pain (White et al.

2005b), MCP-1 is not a target gene for NFAT regulation. On the other hand, we

have observed that MCP-1 is upregulated in DRG neurons by the action of the

cytokine TNF-a (Jung and Miller 2008). Indeed, as discussed earlier, TNF-a is

known to increase the excitability of DRG neurons by a variety of mechanisms

(Nicol et al. 1997; Sorkin and Doom 2000). In addition, TNF-a may also act as an

upstream regulator of chemokine signaling in these cells and the chemokines

produced may help to maintain the hyperexcitability of nociceptors. Such a possi-

bility would also help to explain why increased DRG excitability extends to

Injury-induced Chemokine Expression in DRG

Phase 1 Phase 2 Phase 3

Trauma
or 
Disease

Chronic pain

3-5 days 5-8 days 8 days Æ ? 

Fig. 5 Injury-induced chemokine expression in DRG. Evidence suggests that prolonged chemo-

kine and chemokine receptor expression in sensory ganglia may be a significant contributor to

neuropathic pain syndromes. It is likely that chemokines affect neuronal hyperexcitability by

transactivating TRP channels. While proinflammatory cytokines such as TNF-a, IL-6 and prosta-

glandin E are expressed early on and contribute to the genesis of chronic pain, evidence suggests

that chemokines are expressed at later time points and may act as the trigger to convert the acute

pain to one that is chronic in nature
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uninjured neurons that are both ipsilateral and contralateral to the nerve injury,

observations that suggest an important role for diffusible mediators in triggering

these events.

Although most of the data obtained on chemokine signaling in the DRG in the

context of neuropathic pain concern the role of MCP-1/CCR2, it is clear that other

types of chemokine signaling may also be dynamically regulated under similar

conditions. Upregulated expression of the CXCR3, CXCR4, and C-C chemokine

receptor 5 (CCR5) receptors as well as their chemokine ligands has also been

observed in populations of DRG neurons in chronic pain models (Bhangoo et al.

2007a, b). As with CCR2, upregulation of some of these chemokine receptors

appears to be NFAT-dependent (e.g., CCR5), whereas upregulation of others is

not (e.g., CXCR4) (Jung and Miller 2008). The precise expression patterns and time

course of upregulation of these diverse chemokine signaling systems differ in each

case, and so the details of how they each participates in pain behavior may vary

according to the circumstances and will require further clarification. Nevertheless,

the fact that chemokines are packaged into neurotransmitter secretory vesicles in

DRG neurons indicates that they may play a neuromodulatory role in chronic pain

(de Jong et al. 2005; Jung and Miller 2008). It is interesting to note that in the case

of SDF-1 and MCP-1 these vesicle populations are clearly different (unpublished

observations), indicating that even when two chemokines are secreted by the same

neuron they may subserve somewhat different functions.

As an example of the role of chemokine signaling in chronic pain one might

consider peripheral nervous system and central nervous system inflammatory demye-

linating diseases such as Guillain-Barre syndrome, Charcot-Marie-Tooth disease

types 1 and 4, and multiple sclerosis, which are frequently accompanied by a neuro-

pathic pain syndrome (Carter et al. 1998; Boukhris et al. 2007). Epidemiological

studies suggest that chronic pain syndromes afflict 50–80% of patients with multi-

ple sclerosis and 70–90% of individuals with Guillain-Barre syndrome (Moulin

1998). Disease-related components that may be central to this overall pattern of

symptoms of neuropathic pain include axon and Wallerian degeneration (Bruck

2005), which may act as a trigger for the cytokine cascades that result in the

upregulation and chronic expression of chemokines and their cognate receptors

(Mahad et al. 2002; Charo and Ransohoff 2006).

Studies of several rodent models of demyelinating diseases known to elicit

neuropathic pain behavior, including late-developing peripheral axon demyelin-

ation in periaxin knockout mice (Gillespie et al. 2000), lysophosphatidylcholine-

induced transient focal demyelination of the sciatic nerve in mice and rats (Wallace

et al. 2003; Bhangoo et al. 2007a; Jung et al. 2008) and the late, acute clinical phase

of experimental autoimmune neuritis (Moalem-Taylor et al. 2007), have indicated a

possible role for chemokine-mediated signaling in these models. Recent studies on

rats and mice subjected to transient focal demyelination of the sciatic nerve revealed

chronic upregulation ofMCP-1, IP-10/CXCL10, and the chemokine receptors CCR2,

CCR5, and CXCR4 in primary sensory neurons (Bhangoo et al. 2007a). Application

of these same chemokines to neurons isolated from DRG of animals following

demyelination produced an increase in excitation. Thus, upregulation of these
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chemokines and their receptors may effectively drive the chronic excitability and

pain behavior in demyelinating diseases of this type. It is also of interest that

administration of small-molecule CCR2 receptor antagonists to these animals

afforded some relief from ongoing pain, further indicating the role of chemokine

signaling and the potential therapeutic effectiveness of inhibiting these events

(Bhangoo et al. 2007a).

As in the case of upstream inflammatory cytokines such as TNF-a, glia in the

DRG and peripheral nerve may also represent a source of, and a target for, the

action of chemokines. For example, in response to nerve injury MCP-1 is upregu-

lated in Schwann cells (Toews et al. 1998; Taskinen and Roytta 2000; Orlikowski

et al. 2003). Thus, these cells might also represent a source of chemokine release for

the activation of CCR2 chemokine receptors upregulated in adjacent DRG neurons.

The key involvement of chemokine signaling between glia and DRG neurons

appears to be likely in certain chronic pain states such as those experienced in

association with HIV-1 infection. This has particular relevance for the present

discussion, as the cellular receptors for glycoprotein 120 (gp120), the HIV-1 coat

protein, are the CXCR4 and CCR5 chemokine receptors. One example of an HIV-

1 associated pain syndrome is distal symmetrical polyneuropathy (DSP), which

affects as many as one third of all HIV-1 infected individuals (Skopelitis et al.

2006). This painful sensory neuropathy frequently begins with paresthesias in the

fingers and toes, progressing over weeks to months, followed by the development of

pain, often of a burning and lancinating nature, which can make walking very

difficult. Measurements of pain hypersensitivity have demonstrated allodynia and

hyperalgesia in HIV-1 infected individuals. Interestingly, as is the case of HIV-1

associated effects on the central nervous system, there is no productive infection of

peripheral neurons by the virus. Thus, indirect effects of HIV-1 must lead to the

development of this pain state.

In addition to the effects of inflammatory mediators (including chemokines)

released by virally infected leukocytes, there are at least two ways in which HIV-1

induced DSP may involve the direct effects of HIV-1 gp120 on chemokine recep-

tors in the DRG: (1) viral protein shedding in the peripheral nervous system might

enable gp120 to produce painful neuropathy via glial to neuronal signaling in the

DRG and/or spinal cord (Milligan et al. 2000; Keswani et al. 2003) or (2) by the

direct activation of CCR5/CXCR4-bearing sensory neurons by gp120 (Herzberg

and Sagen 2001; Oh et al. 2001; Wallace et al. 2007). Indeed, Keswani et al. (2003,

2006) have presented a model in which gp120 can act in both these ways. In the first

instance, these authors demonstrated that binding of gp120 to CXCR4 receptors

expressed by DRG satellite glial cells upregulates the release of the chemokine

RANTES, which can then activate CCR5 receptors expressed by DRG neurons.

In the second instance, gp120 can directly bind to and activate CXCR4 receptors

expressed by DRG neurons (Oh et al. 2001). Moreover, this initial excitation of

DRG neurons by gp120 and/or glial mediators might produce Ca2+-dependent

upregulation of CCR2 expression by these neurons by the mechanisms discussed

above (Jung and Miller 2008), leading to a second level of chemokine-mediated

excitation. In support of such a model we have observed that treatment of the sciatic
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nerve with a T-tropic gp120 subsequently leads to MCP-1 and CCR2 upregulation

(unpublished observations), which would also be expected to promote excitation of

DRG neurons.

Complicating matters further, AIDS patients who are treated by highly active,

antiretroviral therapeutical (HAART) agents can also develop a painful sensory

neuropathy. Intriguingly, the symptoms of this syndrome are clinically indistin-

guishable from those of HIV-1 induced DSP, including a burning sensation in the

hands and feet and hypersensitivity to pain (Snider et al. 1983; Pardo et al. 2001;

Skopelitis et al. 2006). The fact that the two syndromes are usually seen in associa-

tion with one another makes diagnosis more difficult.

Recent studies have shed new light on the mechanisms of HAART-induced DSP

and the role of chemokine signaling in particular. It was observed that the drug

20,30-dideoxycytidine (zalcitabine, or ddC) produced neuropathic pain behavior

together with upregulated expression of both SDF-1 and CXCR4 in DRG satellite

glial cells and some neurons. This suggests that SDF-1 release from DRG glia

might be involved in the autologous regulation of excitatory substances from these

same cells and that released SDF-1 might directly excite DRG neurons. Significantly,

zalcitabine-induced pain was completely blocked by the CXCR4 antagonist

AMD3100, illustrating the key role of CXCR4 signaling in this behavior. (Bhangoo

et al. 2007b). Hence, the proallodynic actions of both HIV-1 and zalcitabine are

dependent on chemokine signaling between DRG glia and neurons.

7 Chemokine Interactions with Other Neurotransmitters

As we have discussed, chemokines and their receptors expressed by DRG neurons in

chronic pain conditions may contribute to nociceptor hyperexcitability in many

instances by directly exciting these neurons. However, other consequences of chemo-

kine signaling may also indirectly contribute to pain behavior. One important exam-

ple of this concerns chemokine interactions with the endogenous opioid system.

Generally speaking, activation of m-opioid receptors in the DRG and dorsal horn

reduces neuronal excitability and synaptic transmission at synapses between noci-

ceptors and first-order neurons in the spinal cord. This is believed to be one of the

mechanisms by which opiates reduce pain behavior. However, it has been demon-

strated that upregulation of chemokine signaling routinely modulates m-opioid recep-
tor function (Szabo et al. 2002; Zhang et al. 2005). One mechanism through which

this may occur is by heterologous desensitization resulting from the effects of

chemokine receptor activation on m-receptor function (Grimm et al. 1998; Chen

et al. 2007). In addition, fluorescence resonance energy transfer studies have

demonstrated that some chemokine receptors can directly dimerize with m-opioid
receptors, raising the possibility that this interaction may also alter m-receptor
signaling (Toth et al. 2004). Interestingly, the opposite may also be true as the m-
opiate receptor agonist DAMGO can downregulate chemokine activation of che-
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mokine receptors, something that may account for opiate-drug-induced immune

suppression (Patel et al. 2006).

A particularly interesting interaction between cytokine/chemokine and opioid

signaling seems to occur in the context of chronic opioid use. As has now been well

documented, chronic opioid use or opioid withdrawal may result in significant

hyperalgesia and this may present itself as a clinically significant problem

(DeLeo et al. 2004; Watkins et al. 2007c). Although mechanisms such as those

discussed above suggest that some chemokine/opioid interactions may be responsi-

ble for the downregulation of opioid effects in pain, they do not explain the

development of pain hypersensitivity. However, several hypotheses do try to

accommodate this phenomenon. According to one view, the normal opioid-induced

analgesic effects that are observed are always concomitantly accompanied by

opposing opioid-mediated hyperalgesic effects (Hutchinson et al. 2007). These

latter effects are not mediated by the actions of opioids on neurons, but on glia

(Watkins et al. 2007a). Thus, it is proposed that the activation of microglia by drugs

such as morphine normally results in the upregulation of inflammatory cytokines by

these cells as well as a reduction in the synthesis of anti-inflammatory cytokines

such as interleukin-10 (Johnston et al. 2004; Milligan et al. 2006; Hutchinson et al.

2007; Ledeboer et al. 2007; Liang et al. 2008). The triggering of this cytokine

cascade eventually results in pain hypersensitivity as described above. Viewed in

this way, the proalgesic effects of chronic opioid use are another version of the

‘‘neuroinflammatory’’ response that is associated with pain hypersensitivity syn-

dromes. This is even more the case given that it is also proposed that the opioid

receptors that are expressed by microglia are none other than the TLR4 receptors

(Hutchinson et al. 2007). It has been shown that unlike the effects of morphine on

m-receptors that are stereospecifically blocked by the opioid antagonist naloxone

(only the – isomer being effective), the ability of morphine to activate TLR4

receptors is inhibited by both (+)-naloxone and (�)-naloxone. It is suggested that

these proalgesic effects eventually overwhelm the antinociceptive effects of mor-

phine to shift the balance to pain-producing rather than pain-preventing behavior.

Recently, we have observed that chronic morphine treatment produces an upregu-

lation of SDF-1 expression by DRG sensory neurons and that morphine-induced

pain hypersensitivity is blocked by the CXCR4 antagonist AMD3100 (Wilson et al.

2008). As we have discussed, chemokines are often among the proteins synthesized

downstream of cytokine cascades and can act directly on DRG neurons to enhance

their excitability (White et al. 2005b; Sun et al. 2006). Hence, it is possible that this

represents a further example of this phenomenon.

As we have discussed, chemokines expressed by DRG neurons may also be

responsible for chemoattractant effects resulting in leukocyte influx into the gang-

lia. Some leukocytes can actively secrete opioid peptides, an action which is

potentially analgesic (Labuz et al. 2006; Rittner et al. 2006). Thus, chemokines

may be potentially proalgesic by directly exciting DRG neurons and downregulat-

ing opioid signaling as well as potentially analgesic owing to their effects on

endorphin release from leukocytes. How these diverse effects play out in the

context of chronic pain behavior is incompletely understood, and may have differ-
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ent degrees of importance depending on the precise type of pain syndrome under

consideration. Clearly, numerous cellular mechanisms through which upregulated

chemokine signaling might occur result in pain hypersensitivity or related

phenomena.
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Fig. 6 Injury-induced changes in the nociceptive pathway. In neuropathic pain, nociceptive

pathways are altered at all levels of the central and peripheral nervous systems. Inflammatory

cytokines and chemokines may play a key role in coordinating injury-associated nociceptive

events as they regulate the inflammatory response and can simultaneously act upon elements of

the nervous system, including the peripheral nerve (a), the DRG (b), and the dorsal horn of the

spinal cord (c). Rapid effects of these molecules can alter the excitability of neurons, and the

sensitization of ion channels involved in the neuropathic pain mechanism. Slower effects of

cytokines include altered gene expression, which could the result in the subsequent upregulation

of other proinflammatory cytokines, and ion channel expression. These events, which occur in

many different cell types, when taken together result in an altered state of excitability that

contributes to the chronic pain state. NGF nerve growth factor, NO nitric oxide, TNF-a tumor

necrosis factor a, IL-1b interleukin-1b, TLR Toll-like receptor, ATP adenosine triphosphate,

TRPV1 transient receptor potential vanilloid 1, CGRP calcitonin gene-related peptide, IL-6
interleukin-6, CCR2 C-C chemokine receptor 2, CXCR3 C-X-C chemokine receptor 3, CXCR4
C-X-C chemokine receptor 4,MCP-1monocyte chemotactic protein 1, SDF-1 stromal cell derived

factor 1, RANTES regulated upon activation, normal T cell expressed and secreted
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8 Conclusions

Recent research has made it clear that inflammatory processes are critical for the

development of states of chronic pain and for the changes in behavior of pain

neurons that accompany these syndromes. The development of such behavior may

involve reciprocal signaling interactions between the different cellular elements of the

central and peripheral nervous systems. As we have discussed here, inflammatory

cytokines and chemokines seem to be one set of molecules that play a key role in

coordinating injury-associated nociceptive events as they serve to regulate inflam-

matory responses and can simultaneously act upon elements of the nervous system

(Fig. 6). Importantly, chemokines in DRG neurons seem to act as upregulatable

neurotransmitters that produce excitatory effects in the DRG and spinal cord

through a variety of mechanisms. The ability of small-molecule antagonists of

CCR2 and CXCR4 receptors to ameliorate ongoing pain hypersensitivity in animal

models clearly indicates the importance of chemokine signaling in this behavior.

Furthermore, antibodies to cytokines such as TNF-a also prevent the development

of chronic pain. We therefore conclude that targeting inflammatory cytokine and

chemokine signaling may provide a novel form of therapeutic intervention into

states of chronic pain.
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Abstract Peptides released in the spinal cord from the central terminals of noci-

ceptors contribute to the persistent hyperalgesia that defines the clinical experience

of chronic pain. Using substance P (SP) and calcitonin gene-related peptide

(CGRP) as examples, this review addresses the multiple mechanisms through

which peptidergic neurotransmission contributes to the development and maintenance
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of chronic pain. Activation of CGRP receptors on terminals of primary afferent

neurons facilitates transmitter release and receptors on spinal neurons increases

glutamate activation of AMPA receptors. Both effects are mediated by cAMP-

dependent mechanisms. Substance P activates neurokinin receptors (3 subtypes)

which couple to phospholipase C and the generation of the intracellular messengers

whose downstream effects include depolarizing the membrane and facilitating the

function of AMPA and NMDA receptors. Activation of neurokinin-1 receptors also

increases the synthesis of prostaglandins whereas activation of neurokinin-3 recep-

tors increases the synthesis of nitric oxide. Both products act as retrograde mes-

sengers across synapses and facilitate nociceptive signaling in the spinal cord.

Whereas these cellular effects of CGRP and SP at the level of the spinal cord

contribute to the development of increased synaptic strength between nociceptors

and spinal neurons in the pathway for pain, the different intracellular signaling

pathways also activate different transcription factors. The activated transcription

factors initiate changes in the expression of genes that contribute to long-term

changes in the excitability of spinal and maintain hyperalgesia.

Keywords Calcitonin gene-related peptide, Substance P, Neurokinin, Spinal cord,

Hyperalgesia, NFAT, CREB, Receptor, Inflammation

Abbreviations

AMPA a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate

cAMP Cyclic AMP

CaMK Ca2þ/calmodulin-dependent protein kinase

CGRP Calcitonin gene-related peptide

COX Cyclo-oxygenase

CRE Cyclic AMP response element

CREB Cyclic AMP response element binding protein

CRLR Calcitonin receptor-like receptor

ERK Extracellular-signal-regulated kinase

mRNA Messenger RNA

NFAT Nuclear factor of activated T cells

NK1 Neurokinin 1

NK2 Neurokinin 2

NK3 Neurokinin 3

NKA Neurokinin A

NKB Neurokinin B

NOS Nitric oxide synthase

NSAID Nonsteroidal anti-inflammatory drug

pCREB Phosphorylated cyclic AMP response element binding protein

PGE2 Prostaglandin E2

PPT-A Preprotachykinin A

RAMP Receptor activity modifying protein

RCP Receptor component protein

SP Substance P

452 V.S. Seybold



1 Introduction

Peptides released in the spinal cord from the central terminals of nociceptors

contribute to the persistent hyperalgesia that defines the clinical experience of

chronic pain. At a cellular level, hyperalgesia is mediated by an increase in synaptic

signaling among neurons in the pathway for sensation of pain, and this process is

referred to as ‘‘central sensitization.’’ Using substance P (SP) and calcitonin gene-

related peptide (CGRP) as examples, this review will address the multiple mechan-

isms through which peptidergic neurotransmission contributes to the development

and maintenance of chronic pain, especially pain associated with inflammation.

Although the specific contribution of SP and CGRP to the maintenance of central

sensitization following peripheral nerve injury has been questioned because their

synthesis decreases in dorsal root ganglion neurons affected by the lesion of periph-

eral nerves (Villar et al. 1989; Zhang et al. 1996), recent evidence indicates that

release of SP and CGRP in the spinal cord in a model of nerve injury does

contribute to the maintenance of neuropathic pain (Lee and Kim 2007). Moreover,

these two peptides are of specific interest because pharmaceutical companies have

invested in the development of antagonists for neurokinin receptors activated by SP

and the receptor activated by CGRP on the basis of compelling preclinical data

described in this review. Whereas there is some success in treatment of migraine

headaches with CGRP receptor antagonists (Durham 2004; Edvinsson 2005), the

clinical impact of neurokinin 1 (NK1) receptor antagonists has been greatly disap-

pointing (Hill 2000). There are varied opinions concerning the poor antihyperalge-

sic effect of NK1 receptor antagonists in humans, including whether appropriate

animal species were used to test compounds in preclinical studies (Urban and Fox

2000) and the choice of assays for defining clinical efficacy (Hill 2000; Urban and

Fox 2000; Laird 2001). These are noteworthy issues, and this review will pose one

more: involvement of multiple neurokinin receptors. SP and its related tachykinins

activate at least three subtypes of neurokinin receptors. These receptors have

complementary physiological effects that converge on increasing the excitability

of spinal neurons. Furthermore, emerging evidence indicates that the intracellular

signaling pathways activated by SP and CGRP ultimately have long-term conse-

quences in regulating the expression of genes for proteins that would maintain

central sensitization and hyperalgesia. This long-term effect has implications for

defining the duration of treatment that is needed to judge the clinical efficacy of a

receptor antagonist.

1.1 Concept of Central Sensitization

Peripheral injury results in increased activation of sensory neurons in the pathway

for the sensation of pain. As a consequence of the increase in neuronal activity,

there is a leftward shift in the stimulus–response function for the perception of pain.
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This shift is perceived as hyperalgesia (increased sensation to stimuli that would

normally be perceived as moderately uncomfortable) and allodynia (perception of

normally innocuous stimuli as painful). These changes are frequently accompanied

by spontaneous pain. Hyperalgesia (and allodynia) are further subdivided into

hyperalgesia at the site of injury (primary hyperalgesia) and hyperalgesia outside

the area of injury (secondary hyperalgesia).

Hyperalgesia, allodynia, and spontaneous pain are encoded by increased efficacy

of synapses of sensory neurons onto spinal neurons that project to rostral regions

involved in pain sensation and modulation. The increased synaptic efficacy is

reflected in increased spontaneous activity of spinal neurons as well as an increase

in the size of their receptive fields and a decrease in the intensity of a peripheral

stimulus that is sufficient to evoke synaptic potentials (Hylden et al. 1989, Neuge-

bauer and Schaible 1990; Woolf and King 1990). Sensitization of nociceptors alone

cannot account for the changes observed in the spinal neurons: the increased

excitability of spinal neurons can be induced by electrical stimuli when the site of

injury is anesthetized (Hylden et al. 1989), and even following electrical stimula-

tion of C-fibers in the absence of injury (Cook et al. 1987).

Cellular changes both pre- and postsynaptically underlie the increase in synaptic

efficacy that contributes to the increased excitability of spinal neurons following

peripheral injury. Presynaptically, an increase in release of transmitter from term-

inals of nociceptive neurons results in activation of a greater number of neurotrans-

mitter receptors and a higher frequency of receptor activation. Postsynaptically, an

increase in synaptic current in response to the same amount of transmitter and a

decrease in threshold for generation of an action potential further increase the

probability of neuronal firing in response to synaptic input (see Ji et al. 2003 for a

review). These changes constitute central sensitization and necessarily account for

the expanded receptive fields of dorsal horn neurons and the secondary hyperalgesia

that accompany peripheral injury.

1.2 Phases of Central Sensitization

In describing the biochemical events that contribute to central sensitization, it is

useful to categorize the processes as contributing to either the induction of central

sensitization (acute) or the maintenance of central sensitization (long term). Acute-

ly (within seconds to hours), increased synaptic efficacy is mediated largely by

posttranslational modifications of proteins by kinases in peripheral terminals of

primary afferent neurons and at synapses in the pathway for nociception. For spinal

neurons, this may be reflected in phosphorylation of glutamate receptors thereby

increasing the conductance of their channels in response to neurotransmitter bind-

ing. In addition, phosphorylation of ion channels that contribute to the resting

membrane potential or ion channels that contribute to the active membrane proper-

ties of central neurons promotes an increase in excitability. The net effect is an

increase in synaptic strength and central sensitization. However, phosphorylation
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events are transient: protein phosphatases remove the phosphate group, returning

receptors or ion channel proteins to their basal levels of function. Thus, posttrans-

lational modifications of proteins can account for the induction of central sensitiza-

tion, but these processes cannot account for the maintenance of central sensitization

over days or longer. Changes in expression of receptors, enzymes, and voltage-

dependent ion channels that participate in neurotransmission are necessary to

maintain the change in excitability of spinal neurons that underlies persistent

hyperalgesia. This review will focus on how two peptides released from sensory

neurons contribute to central sensitization at the time of peripheral injury as well as

how these peptides may evoke enduring increases in synaptic strength through

changes in gene expression (i.e., neuroadaptation).

2 Contribution of Peptides to Central Sensitization

Whereas a large body of evidence indicates that glutamate is the small-molecule

neurotransmitter responsible for rapid excitatory synaptic transmission between

sensory neurons and dorsal horn neurons, an interesting aspect of central sensitiza-

tion is that it requires the activation of C-fibers (Cook et al. 1987). C-fibers, which

have unmyelinated axons, arise from small neurons within dorsal root and cranial

nerve ganglia. These small neurons robustly express a variety of peptides. More

specifically, peptides occur predominately in the small neurons that express TrkA

receptors (see the chapter by Fernandes et al. in this volume).

The nature of peptidergic neurotransmission makes these neuromodulators ideal

messengers of long-term neuroadaptation. First, peptides are sequestered in large

dense core vesicles that reside farther from the synaptic density relative to the small

secretory vesicles that contain glutamate, and the Ca2þ used to couple action

potentials to transmitter release from vesicles enters through voltage-dependent

Ca2þ channels within the synaptic density. Thus, higher firing frequencies are

required for the intracellular Ca2þ concentration to reach the threshold for release

of peptides compared with that for small-molecule neurotransmitters (Lundberg

et al. 1989; Verhage et al. 1991). Consequently, peptide release increases with

persistent stimuli. Second, peptides activate G protein coupled receptors which

initiate cascades of enzyme activity culminating in the activation of kinases which

phosphorylate proteins. Protein phosphorylation contributes to development of

central sensitization, but it is also required for the activation of transcription factors

that regulate gene expression for long-term neuroadaptation. Third, peptidergic

neurotransmission is best described as volume transmission (reviewed by Agnati

et al. 2006) as opposed to spatially discrete synaptic transmission mediated by

small-molecule neurotransmitters such as amino acids. One factor that contributes

to volume transmission is that the primary mechanism for termination of peptide

responses is degradation of the peptide by extracellular peptidases. The capacity for

degradation by peptidases can be overwhelmed by high concentrations of peptides

in the extracellular space resulting in diffusion of peptides over relatively large
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distances. In addition, the affinity of peptide receptors for their ligands is generally

very high, in the low nanomolar range. Thus, only a small amount of a peptide is

necessary to activate its receptors, further increasing the effective distance from its

release site. Through these mechanisms, therefore, a peptide released from one

source may bind to its receptors expressed within a large volume of the spinal cord.

These factors are complemented by the large volume within which neurons spread

their dendrites. Consequently, spinal neurons that express a peptide receptor have

the capacity to sample a large volume of synaptic space.

2.1 SP and CGRP as Prototypic Peptides in Central Sensitization

This review focuses on the role of two peptides: SP and CGRP. These two peptides are

the most widely studied of those released by primary afferent neurons, which follows

fromobservations that they are themost widely expressed by primary afferent neurons

(McCarthy and Lawson 1989, 1990). SP and CGRP coexist to a large extent (70%)

in terminals of primary afferent neurons in the dorsal horn of the spinal cord

(Tuchscherer and Seybold 1989). Consequently, they are released in response to

the same noxious stimuli (Yaksh et al. 1980; Duggan et al. 1988; Morton and

Hutchison 1989), encoding moderate to intense stimuli (Duggan et al. 1995; Allen

et al. 1997). Early evidence supporting a role for these peptides in central sensiti-

zation includes observations that SP and CGRP are expressed in more muscle

afferents compared with cutaneous afferents (O’Brien et al. 1989; Perry and Law-

son 1998). This differential distribution correlates with evidence that electrical

stimulation of muscle afferents in naı̈ve animals generates a more robust central

sensitization of spinal neurons compared with stimulation of cutaneous nerves

(Wall and Woolf 1984). Furthermore, the expression of SP and CGRP by primary

afferent neurons is rapidly increased in response to peripheral inflammation

(Donaldson et al. 1992) such that the releasable pool of peptide is maintained in

the face of a 40% decrease in peptide content in the dorsal horn (Galeazza et al.

1995) and an increase in spontaneous as well as evoked release in the spinal cord

(Schaible et al. 1990; Garry and Hargreaves 1992). Together these changes provide

the context in which activation of SP and CGRP receptors in the spinal cord may

contribute to both acute and long-term modulation of synaptic transmission under-

lying nociception. In addition, SP and CGRP receptors couple to different signal

transduction mechanisms providing integration of diverse cellular mechanisms to

support central sensitization.
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3 CGRP Receptors

3.1 Endogenous Ligands

CGRP occurs as two isoforms (a and b) that exhibit high sequence homology even

though they are derived from different genes. Rat a-CGRP differs from rat b-CGRP
by one amino acid (a glutamate instead of a lysine at amino acid number 35; Amara

et al. 1985), but their potency at rat CGRP receptors is the same (see Juaneda et al.

2000 for a review). Both a-CGRP and b-CGRP messenger RNAs (mRNAs) are

expressed in small and medium-sized dorsal root ganglion neurons, sometimes

within the same neurons (Noguchi et al. 1990): however, a-CGRP levels are

threefold to sixfold higher than b-CGRP levels in rat dorsal root ganglion neurons

(Mulderry et al. 1988). It is noteworthy that dorsal root ganglion neurons are the

sole source of CGRP in the dorsal spinal cord (Tuchscherer and Seybold 1989).

3.2 Components of CGRP Receptors

The discovery of CGRP is credited to molecular biology (it was deduced from the

structure of the gene for calcitonin; Amara et al. 1982; Rosenfeld et al. 1983), so it

is somehow fitting that its receptors are progressive in design as well. Unlike

most peptide receptors for which functional activity is contained in a single

seven-transmembrane-domain protein, CGRP receptors are composed of at least

three different proteins. CGRP receptors contain the seven-transmembrane-domain

protein known as the calcitonin receptor-like receptor (CRLR) that is common to

both CGRP and adrenomedullin receptors. The potency of CGRP in activating this

receptor, however, is determined by the coexpression of a member of a family of

smaller proteins called ‘‘receptor activity modifying proteins’’ (RAMPs) which

have a single transmembrane domain. Within this family, RAMP1 confers high-

affinity binding of CRLR for CGRP (McLatchie et al. 1998; Oliver et al. 2001).

A third protein, which is a member of a family of receptor component proteins

(RCPs), also contributes to a functional CGRP receptor (Evans et al. 2000). It is

likely that different complexes formed by the CRLR protein with RAMPs and

RCPs contribute to the high- and low-affinity binding sites of CGRP receptors in

brain and peripheral tissues (Galeazza et al. 1991). In primary afferent neurons and

spinal neurons, the receptor antagonist CGRP8–37 inhibits the majority of responses

mediated by CGRP. This antagonist specificity implicates the involvement of

CGRP1 receptors (Poyner 1995).
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3.3 Signal Transduction of CGRP Receptors

The primary signal transduction mechanism of CGRP receptors in the spinal cord is

activation of adenylyl cyclase (Parsons and Seybold 1997; Seybold et al. 2003b).

In primary cultures of rat spinal cord, CGRP induces formation of cyclic AMP

(cAMP) over a broad range of concentrations that parallels occupancy of high- and

low-affinity binding to spinal CGRP receptors. The occurrence of spare receptors is

limited to high-affinity receptors. Whereas activation of guanylyl cyclase occurs at

high concentrations of CGRP (micromolar range; Parsons and Seybold 1997), there

is no direct evidence of CGRP receptors coupling to phospholipase C in spinal

neurons. Observations that behavioral effects of intrathecal CGRP are blocked by

treatment with a protein kinase C inhibitor (Sun et al. 2004) must be interpreted

with caution. This observation is likely due to the activation of protein kinase C

secondary to the release of other neurotransmitters (e.g., glutamate and SP). In

primary cultures of neonatal rat spinal cord, functional low-affinity CGRP receptors

are only associated with nonneuronal components of the cultures (e.g., glial cells,

endothelial cells), and these receptors couple to the formation of both cyclic GMP

and cAMP. Independent observations confirm that CGRP receptors on astrocytes

(Lazar et al. 1991; Moreno et al. 2002) and endothelial cells (Moreno et al. 2002)

generate cAMP with a potency comparable to the low-affinity receptor for CGRP in

spinal cord cultures. The functional significance of the low-affinity receptors

remains to be determined, but it is interesting to speculate that CGRP receptors

on astrocytes may contribute to central sensitization by facilitating recycling of

glutamate released from primary afferent nociceptors. It would also be interesting

to explore whether the increase in cyclic GMP in response to CGRP is mediated by

a nitric oxide dependent mechanism.

3.4 Distribution of CGRP Receptors within the Spinal Cord

When the distribution of CGRP receptors in the spinal cord was first described

using radiohistochemistry (i.e., receptor autoradiography; Tschopp et al. 1985;

Inagaki et al. 1986), a mismatch was noted between the distribution of CGRP-

immunoreactive varicosities and high-affinity CGRP binding sites (Kruger et al.

1988). CGRP-immunoreactive varicosities are most numerous in the superficial

laminae of the dorsal horn, where only a low level of high-affinity binding sites is

detected. The low level of binding sites may reflect a low expression of CGRP

receptor proteins. This concept is supported by in situ hybridization studies that

have detected only low levels of RAMP1 and RCP mRNAs in the spinal cord of

naı̈ve rats (Oliver et al. 2001). Despite apparent differences in densities of CGRP-

containing terminals and receptors, the level of functional receptors is sufficient to

have significant physiological consequences (see below). In contrast to the dispa-

rities in the localization of CGRP-immunoreactive varicosities and binding sites or
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mRNA for CGRP receptor proteins, a high degree of overlap exists in the distribu-

tion of CGRP and RCP immunoreactivity in dorsal root ganglion neurons and axons

in the superficial regions of the dorsal horn. (Pokabla et al. 2002; Ma et al. 2003).

This relationship suggests the occurrence of CGRP autoreceptors on dorsal root

ganglion neurons (Fig. 1). In addition to autocrine regulation, the possibility of

paracrine regulation of the adaptive cellular biological function of primary afferent

neurons is supported by expression of CGRP receptor markers on non-CGRP-

immunoreactive cell bodies of primary afferent neurons.

A change in the density of CGRP receptors in the dorsal horn of the spinal cord

could have implications for the long-term contribution of CGRP to central sensiti-

zation following peripheral injury. Most receptors exhibit rapid downregulation

following increased receptor activation, and this phenomenon is observed in NK1

receptors 24 h after treatment of spinal neurons with SP (Seybold and Abrahams

1995). However, in spite of the rapid and persistent release of CGRP in the spinal

cord following induction of peripheral inflammation (see above), high-affinity

CGRP binding is maintained in the dorsal spinal cord until 4 days later, and then

decreases only transiently (Galeazza et al. 1992). The level of RCP immunoreac-

tivity in the spinal cord increases within 2 h of induction of peripheral inflammation

Fig. 1 Calcitonin gene-related peptide (CGRP) facilitates synaptic transmission between primary

afferent neurons and spinal neurons by multiple mechanisms. CGRP receptors (CGRP-R) on term-

inals of primary afferent neurons increase the release of glutamate and other neuropeptides. CGRP-R

on spinal neurons activate intracellular signaling pathways that increase the conductance of a-amino-

3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors activated by glutamate. CGRP in the

synaptic space is degraded by an endopeptidase. Because CGRP is preferred over substance P (SP) as

a substrate by this enzyme, the duration of SP and other tachykinins (e.g., neurokinin A, NKA) in the

synapse is prolonged, increasing their activation of neurokinin 1 (NK1) receptors
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(Ma et al. 2003), and the increase in expression of this protein may contribute to

maintaining the pool of functional CGRP receptors. It remains to be determined

whether an increase also occurs in RAMP1, which can increase the capacity of

functional CGRP receptors (Zhang et al. 2007).

3.5 Contribution of CGRP Receptors to the Induction
of Central Sensitization

The role of CGRP in spinal cord physiological function is beginning to be resolved

with the aid of sophisticated genetic and electrophysiological tools. The role of

CGRP in neurotransmission of nociception is indirect because CGRP causes no

overt behavioral effect when injected by itself (Wiesenfeld-Hallin et al. 1984;

Gamse and Saria 1986). Furthermore, nociception is not altered in a-CGRP (�/

�) mice (Salmon et al. 1999; Zhang et al. 2001) or when expression of CGRP is

downregulated in primary afferent neurons in adult mice by viral infection with

antisense CGRP DNA (Tzabazis et al. 2007). However, behavioral and electro-

physiological nociceptive responses are greater when they are evoked during high

extracellular levels of CGRP in the spinal cord, such as those that occur following a

pharmacological or pathophysiological manipulation. Intrathecal administration of

CGRP causes acute hyperalgesia to mechanical stimuli (Oku et al. 1987; Sun et al.

2003). Likewise, a CGRP receptor antagonist blocks the increased synaptic current

evoked in spinal dorsal horn neurons in vitro in a preparation obtained from rats

with acutely inflamed joints (Bird et al. 2006). At the cellular level, these effects

may be mediated by CGRP receptors at both pre- and postsynaptic sites as well as

effects of CGRP in the extracellular space (Fig. 1). Early evidence suggested that

CGRP receptors on the terminals of primary afferent neurons facilitate the release

of excitatory amino acids and SP during neuronal firing (Oku et al. 1987; Ryu et al.

1988a; Kangrga and Randic 1990), which would have a feed-forward effect on

nociceptor neurotransmission. Recent evidence, however, that treatment with

CGRP does not increase the frequency of spontaneous postsynaptic currents in

intracellular recordings of lamina II neurons (Bird et el. 2006) casts doubt on a

presynaptic effect. Early data also indicated that CGRP has a postsynaptic effect in

that it increases the excitability of spinal neurons (Ryu et al. 1988b; Murase et al.

1989). This mechanism is supported by findings that treatment with CGRP results

in larger spontaneous postsynaptic currents in intracellular recordings from lamine

II neurons (Bird et al. 2006). Colocalization of CGRP and a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionate (AMPA) receptor proteins on spinal dorsal horn

neurons (Gu and Yu 2007) provides a morphological substrate for postsynaptic

effects of CGRP, and evidence that phosphorylation of AMPA subunits by protein

kinase A increases their insertion in the plasma membrane (Esteban et al. 2003)

offers a cellular explanation for the increase in postsynaptic current. Finally, CGRP

contributes to the development of central sensitization by competing with SP for

catabolism by endopeptidases (Le Greves et al. 1985; Mao et al. 1992), resulting in
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prolonged extracellular concentrations of SP following release of the peptides from

primary afferent neurons. This effect may contribute significantly to volume trans-

mission of SP in that release of CGRP on one side of the spinal cord results in

increased levels of SP on the contralateral side (Schaible et al. 1992). Therefore,

pre- and postsynaptic effects as well as extracellular effects all support a role for

CGRP in the development of central sensitization, which is clearly demonstrated by

evidence that secondary hyperalgesia is blocked when peripheral inflammation is

induced in a-CGRP (�/�) mice (Zhang et al. 2001).

3.6 Contribution of CGRP Receptors to the Maintenance
of Central Sensitization

The CGRP receptor mediated phosphorylation events that facilitate induction of hyper-

algesia continue to support central sensitization after hyperalgesia has developed.

Intrathecal administration of a CGRP receptor antagonist blocks mechanically evoked

nociceptive responses in animals after the development of hyperalgesia due to peripher-

al inflammation (Lofgren et al. 1997; Sun et al. 2003; Adwanikar et al. 2007). This

implicates the continued activation of CGRP receptors in the maintenance of

central sensitization by the continuous presence of extracellular CGRP. It is con-

ceivable that increased expression of CGRP by primary afferent neurons (Donald-

son et al. 1992; Galeazza et al. 1995) would maintain CGRP release in the face of

increased nociceptor activity (Schaible et al. 1994). However, an equally profound

contribution of CGRP to persistent central sensitization may be to increase the

expression of genes for proteins that promote sensitization (Fig. 2). Increases in

protein expression via gene transcription are controlled by transcription factors, and

CGRP receptors couple to the phosphorylation of cAMP response element binding

protein (CREB) to initiate cAMP response element (CRE)-dependent gene expression

both in primary afferent neurons (Anderson and Seybold 2004) and in spinal

neurons (Seybold et al. 2003b).

CRE-dependent gene expression is fundamental to long-term plasticity in the

hippocampus and cerebellum, and most likely contributes to changes in proteins

that maintain central sensitization. The occurrence of phosphorylated CREB

(pCREB), the activated form of CREB, increases in the dorsal horn of the spinal

cord in response to peripheral injection of chemicals that activate nociceptors

(Ji and Rupp 1997; Messersmith et al. 1998; Anderson and Seybold 2000) and

nerve injury (Ma and Quirion 2001; Miletic et al. 2002). A variety of protein

kinases are able to phosphorylate CREB. The most documented is protein kinase

A, which is activated by an increase in the level of cAMP following activation of

adenylyl cyclase, but CREB can also be phosphorylated by Ca2þ/calmodulin-

dependent protein kinase (CaMK) IV (Shaywitz and Greenberg 1999), which
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is activated when the concentration of intracellular Ca2þ rises as a result of

Ca2þ release from intracellular stores or influx of extracellular Ca2þ through

voltage-gated Ca2þ channels (especially L-type channels; Mermelstein et al.

2000) or NMDA receptors. Thus, CGRP receptors may activate CREB through

activating protein kinase A (Parsons and Seybold 1997), enhancing voltage-gated

Ca2þ currents evoked by depolarization, or enhancing increases in intracellular

Ca2þ evoked by other endogenous agonists. Other kinases have also been impli-

cated, including phosphoinositol 3-kinase and Ras/extracellular-signal-regulated

kinase (ERK; Lonze and Ginty 2002). ERK has been shown to be activated in the

superficial region of the spinal cord in response to intense noxious stimuli (Ji et al.

1999). Not only is cross talk among these pathways implicated, but these pathways

converge to activate CREB, indicating a high degree of signal integration.

Importantly, several genes for proteins that are known to promote hyperalgesia

have binding sites for CREB within their promoter regions (Lonze and Ginty 2002),

and these proteins increase in spinal neurons affected by peripheral inflammation:

NK1 receptor (Abbadie et al. 1996; Honore et al. 1999), dynorphin (Iadarola et al.

1988; Ruda et al. 1988), cyclo-oxygenase (COX) 2 (Beiche et al. 1998; Samad

et al. 2001; Seybold et al. 2003a) and neuronal nitric oxide synthase (NOS; Lam

et al. 1996; Dolan et al. 2003). We have demonstrated regulation of the expression

Fig. 2 CGRP increases gene expression by a cyclic AMP (cAMP)-dependent pathway. CGRP1

receptors are G protein coupled receptors that activate adenylyl cyclase, which generates cAMP.

cAMP activates protein kinase A (PKA), which can activate other kinases as well. A significant

downstream event following activation of PKA is the phosphorylation of the transcription factor

cAMP response element binding protein (CREB). When phosphorylated, CREB binds to a cAMP

response element site in the promoter region of genes in conjunction with accessory proteins, and

gene transcription is initiated. This pathway occurs in dorsal root ganglion neurons as well as spinal

neurons. One of the target genes whose expression is increased in spinal neurons is the NK1 receptor
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of NK1 receptors in spinal neurons by CGRP. We predicted that CGRP would

increase the expression of NK1 receptor protein because the gene for the NK1

receptor has a CRE site within its promoter (Hershey et al. 1991) and CGRP

receptors couple to production of cAMP in spinal neurons (Parsons and Seybold

1997), which may lead to phosphorylation of CREB. Furthermore, cAMP increases

expression of NK1 receptors in primary cultures of rat spinal neurons (Abrahams

et al. 1999). Direct evidence in support of this hypothesis is that CGRP increases the

level of mRNA for the NK1 receptor as well as 125I-SP binding in rat spinal neurons

(Seybold et al. 2003b). CGRP regulation of NK1 receptor expression is likely

mediated by CREB because CGRP increases pCREB immunoreactivity as well as

CRE-dependent gene expression in rat spinal neurons. These data, generated in

vitro, are compelling evidence for CGRP regulation of gene expression in spinal

neurons, but it remains to be determined whether the same effects occur in vivo.

Increased expression of NK1 receptors in spinal neurons may make significant

contributions to the maintenance of central sensitization because lamina I neurons

that express NK1 receptors are required for central sensitization (Khasabov et al.

2002) and hyperalgesia (Mantyh et al. 1997).

It is also important to consider that CGRP receptors on cell bodies of dorsal root

and trigeminal ganglion neurons may contribute to changes in gene expression in

nociceptors. CGRP is released from cell bodies of primary afferent neurons in vitro

(Ulrich-Lai et al. 2001; Ouyang et al. 2005), and CGRP binding to dorsal root and

trigeminal ganglion neurons (Edvinsson et al. 1997; Moreno et al. 1999; Segond

von Banchet et al. 2002) is associated with functional CGRP receptors (Ryu et al.

1988a; Anderson and Seybold 2004). Because satellite cells surrounding cell

bodies of neurons create a barrier to diffusion within dorsal root and trigeminal

ganglia, CGRP regulation of gene transcription may occur predominately through

autoreceptors. However, paracrine regulation may also be possible because the

satellite cell barrier is not continuous (Allen and Kiernan 1994; Shinder and Devor

1994; Amir and Devor 1996), and the barrier may also be overcome by release of

CGRP from ‘‘baskets’’ formed by primary afferent axons around individual cell

bodies within ganglia (Garry et al. 1989; Quartu et al. 1990). Although CRE-

dependent gene expression in dorsal root ganglion neurons has been linked to

Ca2þ influx through voltage-dependent Ca2þ channels (Brosenitsch et al. 1998;

Fields et al. 1997), the effect of CGRP on CRE-dependent gene expression is

mediated solely by a protein kinase A dependent pathway (Anderson and Seybold

2004). Inhibition of ERK also blocks CGRP-dependent gene transcription, suggest-

ing that activation of this enzyme is an intermediate step in the pathway (Anderson

and Seybold 2004). Pronociceptive genes that contain CRE sites in their promoter

regions and are increased in dorsal root ganglion neurons in response to peripheral

inflammation include CGRP (Donaldson et al. 1992; Watson and Latchman 1995),

SP (Donaldson et al. 1992; Morrison et al. 1994), and brain-derived neurotrophic

factor (Shieh et al. 1998; Tao et al. 1998).

The Role of Peptides in Central Sensitization 463



4 Neurokinin Receptors

4.1 Endogenous Ligands

Neurokinin receptors are activated by members of a family of peptides called

tachykinins. Three tachykinins occur in the mammalian spinal cord: SP, neurokinin

A (NKA) and neurokinin B (NKB). SP and NKA are encoded in the same precursor

protein, preprotachykinin A (PPT-A), in an equal molar ratio. Approximately 30%

of SP-immunoreactive varicosities in the superficial region of the dorsal horn

remain following dorsal rhizotomy (Tuchscherer and Seybold 1989), indicating

that although primary afferent neurons are the major source of SP input, a significant

amount of SP release in this region also arises from descending and intrinsic sources

(Hunt et al. 1981; Johansson et al. 1981). NKB is encoded in a different precursor

protein, preprotachykinin B (Warden and Young 1988; Marksteiner et al. 1992),

and is expressed by neurons intrinsic to the spinal cord (Ogawa et al. 1985).

Projections from the hypothalamus to the spinal cord may also contribute to NKB

released in the dorsal horn (Zhuo and Helke 1993).

4.2 Neurokinin Receptor Subtypes

On the basis of molecular, biochemical, and morphological evidence, NK1 and

neurokinin 3 (NK3) receptors are the predominant neurokinin receptors in the

spinal cord (McCarson and Krause 1994). SP has the highest affinity for the NK1

receptor expressed in spinal cords of naı̈ve adult rats (Kd = 400 pM; Aanonsen et al.

1992). NKA is 250 times less potent than SP in competing for SP binding at the

NK1 receptor, and NKB is 2,000 times less potent. Conversely, NKB has

the highest affinity for the NK3 receptor (approximately 10 nM), whereas NKA

has tenfold lower affinity and SP almost 100-fold lower affinity (Linden et al.

2000a). Both SP and NKA released from primary afferent neurons contribute to the

activation of NK1 receptors following noxious stimulation of nociceptors (Trafton

et al. 2001) and most likely activate NK3 receptors as well, given that their

calculated effective concentrations for activating 50% of the NK3 receptors are

200 and 50 nM, respectively (Linden et al. 2000a). NKA has the highest affinity for

neurokinin 2 (NK2) receptors. Although selective NK2 agonists and antagonists

have effects on nociceptive processing at the level of the spinal cord (see later),

limited biochemical evidence supports the occurrence of NK2 receptor protein in

rat or mouse spinal cord. It is noteworthy that NKA released in the spinal cord has a

long half-life (Duggan et al. 1990), which will contribute to accumulation of

peptide for activation of multiple receptor subtypes and to its volume of distribu-

tion. Accumulation of released peptide in the extracellular space and activity of

tachykinins at multiple neurokinin receptors must be taken into consideration in
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understanding the pharmacological effects of endogenous tachykinins in central

sensitization.

4.3 Signal Transduction of Neurokinin Receptors

All three neurokinin receptors (NK1, NK2, and NK3) are G protein coupled

receptors (Fig. 3). When neurokinin receptors are stably expressed in cell lines,

they couple to both phospholipase C and adenylyl cyclase (Nakajima et al. 1992;

Takeda et al. 1992; Krause et al. 1997). Phospholipase C synthesizes diacylglycerol

Fig. 3 NK1 receptors increase excitability of spinal neurons by multiple mechanisms. NK1

receptors are G protein coupled receptors that activate phospholipase C (PLC) in spinal neurons.

PLC generates two second messengers that mediate the activation of multiple kinases. Protein

kinase C (PKC) phosphorylates an inward rectifying Kþ channel, generating a slow excitatory

postsynaptic potential. PKC also phosphorylates the NMDA receptor, decreasing the binding of

the Mg2þ that blocks the channel at resting membrane potential and increasing its conductance. An

increase in intracellular Ca2þmediates activation of Ca2þ/calmodulin-dependent protein kinase II,

which can phosphorylate the AMPA receptor, increasing its conductance. The increase in intra-

cellular Ca2þ also activates cyclo-oxygenase (COX), generating prostaglandins (e.g., prostaglan-

din E2, PGE2) which can diffuse across the plasma membrane and facilitate transmitter release

from presynaptic terminals
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and inositol trisphosphate; adenylyl cyclase is responsible for the formation of

cAMP. The ability of the NK1 receptor to generate inositol phosphates in neurons

was confirmed in primary cultures of neonatal rat spinal cord (Parsons et al. 1995)

which express NK1 receptors with biochemical properties comparable to those of

adult spinal cord neurons (Stucky et al. 1993; Seybold and Abrahams 1995).

However, tachykinins do not generate cAMP in this model (Parsons et al. 1995).

Whether this is a developmental limitation of cultured neonatal rat spinal neurons

or a true reflection of NK1 receptor coupling in neurons is not known.

Importantly, inositol trisphosphate mediates release of Ca2þ from intracellular

stores in response to neurokinin receptor activation (Womack et al. 1988; Linden

et al. 2000a; Trafton et al. 2001), and an increase in intracellular Ca2þ is required

for the activation of several enzymes that contribute to central sensitization: CaMK,

COX (the rate-limiting enzyme in the formation of prostanoids), and NOS (the rate-

limiting enzyme in the formation of nitric oxide).

4.4 Regulation of Neurokinin Receptors

The regulation of neurokinin receptors has implications for the role of SP in the

maintenance of central sensitization. Desensitization to the behavioral effects of SP

occurs acutely in vivo following repeated intrathecal injection of the peptide

(Moochhala and Sawynok 1984; Larson 1988). The desensitization can be attrib-

uted in part to internalization of NK1 receptors following activation by the ligand

(Bowden et al. 1994). The time course of NK1 receptor internalization and recy-

cling to the plasma membrane in neurons is 30–60 min (Southwell et al. 1996).

After recycling, neuronal NK1 receptors retain their ability to bind peptide and

undergo another round of endocytosis following a second exposure to SP (South-

well et al. 1998). Even though there is no change in receptor number after the

receptor has had time to recycle to the cell surface, recycled receptor has a 50%

lower affinity for SP. The lower affinity of the receptor results in a 50% decrease in

binding of a low concentration of SP (Seybold and Abrahams 1995). This change

persists for 24 h after a 1-h exposure to SP. Interestingly, cellular adaptation

continues over the next 24 h, such that 48 h after a 1-h treatment with SP, SP

binding is increased by 50% compared with the control. The increase in binding at

48 h is due to an increase in binding capacity (i.e., receptor number). Thus,

exposure to SP contributes to time-dependent changes in NK1 receptor affinity and

capacity. Whereas receptor internalization and decreases in affinity may be attributed

to phosphorylation of the receptor following activation of protein kinase C down-

stream from phospholipase C, the sequence of biochemical events that contributes to

the SP-mediated increase in receptor number has not been resolved.

Increased expression of NK1 receptor protein (Abbadie et al. 1996; Honore et al.

1999) and ligand binding (Stucky et al. 1993) occurs in the superficial region of the

dorsal horn of the spinal cord in conjunction with peripheral inflammation. These

changes are preceded by increases in NK1 receptor mRNA (McCarson and Krause
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1994), but the stimuli that drive the change in mRNA are only partly resolved. The

rat and human genes for the NK1 receptor exhibit a high degree of sequence

homology (Gerard et al. 1991; Hershey et al. 1991), and a CRE occurs in the

promoter regions. Following transfection of nonneuronal cell lines with the gene,

NK1 mRNA increases as a consequence of pathways activated by cyclic AMP,

phorbol esters (which activate protein kinase C), and Ca2þ (Krause et al. 1993).

Because CGRP is released from primary afferent neurons during the development

of peripheral inflammation (Galeazza et al. 1995), and CGRP receptors on spinal

neurons couple to the generation of cAMP (see earlier), we tested the hypothesis

that CGRP contributes to the expression of NK1 receptors in spinal neurons using

the in vitro model of primary cultures of neonatal rat spinal cord. Indeed, treatment

of spinal neurons in culture with CGRP results in a time dependent increase in SP

binding that is preceded by an increase in NK1 receptor mRNA (Seybold et al.

2003b). The increase in NK1 receptor mRNA in neurons is most likely mediated by

a protein kinase A dependent pathway that results in phosphorylation of CREB

because activation of CGRP receptors increases CRE-dependent gene activity in

spinal neurons and the change is blocked by inhibitors of protein kinase A. In vivo,

pCREB immunoreactivity is increased in NK1 receptor immunoreactive neurons

following peripheral injection of a noxious chemical (Anderson and Seybold 2000).

Immunocytochemical studies confirmed that treatment with CGRP increases the

occurrence of pCREB in neurons in spinal cord cultures, and biochemical analyses

confirmed that CGRP does not activate CRE-dependent gene expression in non-

neuronal cells isolated from neonatal spinal cord. In addition to CGRP, levels of

prostaglandin (PG)-E2 increase in the spinal cord in response to noxious peripheral

stimuli (Malmberg and Yaksh 1995; Sorkin and Moore 1996). Although PGE2

activates receptors, that like CGRP receptors couple to the generation of cAMP,

treatment with PGE2 does not increase SP binding in spinal neurons (Seybold et al.

2003b). These data suggest that there is cellular or biochemical specificity in the

neurochemical regulation of NK1 receptor expression.

Changes in NK3 receptor binding and gene expression also occur during the

hyperalgesia that accompanies peripheral inflammation. Two days after peripheral

injection of complete Freund’s adjuvant (the earliest time point assayed), NK3

receptor binding is reduced by 50% in regions of the dorsal horn that receive

projections from the primary afferent neurons that innervate the affected area

(Linden et al. 2000b). NK3 receptor mRNA is increased in the dorsal horn as

early as 12 h and persists through 4 days after injection of complete Freund’s

adjuvant (the latest time point assayed; McCarson and Krause 1994; Linden et al.

2000b), suggesting that the downregulation at 2 days occurs within the context

of increased synthesis of the receptor. Whereas it is likely that the downregulation

of NK3 receptor binding is a consequence of receptor activation, which endogenous

tachykinins activate the NK3 receptor in this model has not been resolved. The

decrease in NK3 receptor binding was associated with a 50% decrease in SP content

in the same regions of the dorsal horn, but no change occurred in the amount of

NKB peptide 2 (Linden et al. 2000b), another peptide synthesized from preprota-

chykinin B and therefore a marker for the expression of NKB (Marksteiner et al.
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1992). The NKB peptide 2 data are difficult to interpret without additional bio-

chemical context, but other studies have resolved that the decrease in SP content is

associated with increased synthesis and release of the peptide (see earlier). Given

that the relative potencies of SP and NKA (coreleased with SP) at NK3 receptors

are in the nanomolar range (Linden et al. 2000a), these peptides must also be

considered as candidates for activation of NK3 receptors during persistent inflam-

matory states.

4.5 Localization of Neurokinin Receptors in the Spinal Cord

4.5.1 NK1 Receptor

Data from radiohistochemical, immunohistochemical, and molecular approaches

have established the occurrence of NK1 receptors in the spinal cord. Initial observations

using radiohistochemistry demonstrated high levels of high-affinity SP binding

sites in laminae I, II, and V (Charlton and Helke 1985; Mantyh et al. 1989), regions

that overlap the distribution of SP-immunoreactive terminals (Hökfelt et al. 1977;

Seybold and Elde 1980), terminals of nociceptors (Light and Perl 1979; Sugiura

et al. 1986), and somatodendritic regions of spinothalamic tract neurons.

Whereas immunohistochemical studies at the levels of the light and electron

microscopes offer greater resolution of the cellular localization of the receptor,

importantly the data are consistent with reports from radiohistochemical studies.

NK1 receptor immunoreactive dendrites and cells bodies occur in the highest

density in lamina I of the rat spinal cord (Brown et al. 1995). Lamina II is largely

devoid of NK1 receptor immunoreactivity, such that the next-highest density of

immunoreactive cell bodies occurs in laminae III–V. The NK1 receptor immunore-

active neurons in the deeper laminae have superficially directed dendrites.

A striking observation is the nearly continuous distribution of NK1 receptor

immunoreactivity along the somatodendritic plasma membrane when only 15%

of the area of the NK1 receptor immunoreactive plasma membrane is apposed

by SP-immunoreactive terminals (Liu et al. 1994). Consequently, the extensive

internalization of NK1 receptor immunoreactivity into endosomes in response to

the application of noxious peripheral stimuli (Abbadie et al. 1997; Allen et al. 1997)

provides morphological evidence in support of volume transmission for peptidergic

transmitters in the dorsal horn of the spinal cord.

There is a noteworthy absence of NK1 receptor immunoreactive axon terminals
in the spinal cord (Brown et al. 1995), suggesting that the receptor does not occur on

the central processes of nociceptors. These data contrast with reports of NK1

receptor immunoreactivity on unmyelinated axons in glabrous skin of rat (Carlton

et al. 1996) and localization of NK1 receptor mRNA to small dorsal root ganglion

neurons using in situ hybridization (Li and Zhao 1998). We (unpublished observa-

tion) and others (McCarson 1999) have not detected NK1 receptor mRNA in dorsal
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root ganglia of naı̈ve rats or those with peripheral inflammation using quantitative

reverse transcription PCR or solution hybridization-nuclease protection assays,

respectively, even though these same approaches detect levels of message in spinal

neurons (McCarson and Krause 1994; Seybold et al. 2003b). Whether the negative

data are due to low levels of sensitivity of the assays or the positive data reflect

cross-reactivity of markers with other proteins remains to be resolved. Evidence

that release of SP from peripheral terminals of primary afferent neurons is increased

in NK1 (�/�) mice has been attributed to autoreceptors (Lever et al. 2003), but

these data need to be interpreted with caution. The apparent decrease in inhibitory

feedback in SP release in NK1 (�/�) mice could result from diminished NK1

receptor mediated release of secondary factors from nonneural cells in skin (Burbach

et al. 2001; Liu et al. 2006).

Double-labeling studies provide significant insights into the projections of the

lamina I neurons that express NK1 receptors. A very high proportion (80%) of

lamina I projection neurons are immunoreactive for NK1 receptor protein

(Todd et al. 2002), and these neurons terminate in the caudal level of the ventrolat-

eral medulla (Spike et al. 2003), a region involved in descending modulation of

nociception. It is noteworthy that the lamina I projection neurons that express NK1

receptors are critical to the development of hyperalgesia (Mantyh et al. 1997) and

central sensitization (Khasabov et al. 2002) following persistent activation of

nociceptors.

4.5.2 NK2 Receptor

Limited biochemical data support the pharmacological evidence for involvement

of NK2 receptors in central processing of nociceptive information. Images gen-

erated in radiohistochemical studies show high-affinity NK2 receptor binding

sites in superficial regions of the dorsal horn (Yashpal et al. 1990), and an increase

in the density of binding sites following dorsal rhizotomy suggests a portion of the

receptors are located postsynaptically (Yashpal et al. 1991). However, two labora-

tories failed to detect NK2 receptor mRNA in rat spinal cord (Tsuchida et al. 1990;

Takeda and Krause 1991). These discrepancies may be attributed to induction of

NK2 receptor expression in spinal cord cells (neurons, glial) in response to neuronal

degeneration, splice variants of the NK2 receptor (Watling et al. 1993), or occur-

rence of NK2 receptors on central terminals of primary afferent neurons. However,

NK2 receptor mRNA in dorsal root ganglion neurons has not been reported.

4.5.3 NK3 Receptor

With use of the same radiohistochemical, immunohistochemical, and molecular

approaches, NK3 receptors have been localized to spinal neurons in the dorsal horn.

In contrast to neurons that express the NK1 receptor, NK3 receptor immunoreactive
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neurons occur most densely within lamina II and fewer labeled neurons are

distributed in lamina I (Seybold et al. 1997). This pattern is consistent with the

distribution of high-affinity NK3 agonist binding (Mantyh et al. 1989; Linden et al.

2000b) such that NK3 receptors occur in a higher density than NK1 receptors within

lamina II (substantia gelatinosa; Mantyh et al. 1989). At the cellular level, receptor

immunoreactivity is localized to somatodendritic regions within individual neu-

rons; no immunoreactivity is associated with dorsal root ganglia or axonal profiles.

The occurrence of NK3 receptors on spinal neurons is supported by evidence of

NK3 receptor mRNA detected by in situ hybridization (Ding et al. 1996) and

solution hybridization-nuclease protection assays (McCarson and Krause 1994).

Double-labeling studies demonstrate extensive codistribution of NK3 receptor

immunoreactivity with NOS (more than 85%; Seybold et al. 1997). Electrophysio-

logical and behavioral data support a functional relationship between NK3 recep-

tors and nitric oxide at the level of the spinal cord (see later).

4.6 Contribution of Neurokinin Receptors to Development
of Central Sensitization

Although intrathecal injection of SP in naı̈ve rats evokes biting and scratching

behaviors (Seybold et al. 1982), perception of a brief noxious stimulus does not

require SP neurotransmission in the spinal cord. There is no change in nociceptive

thresholds in mice when endogenous SP is eliminated by deleting the PPT-A gene

responsible for synthesizing its precursor protein (Cao et al. 1998). Similarly, there

are no changes in behavioral responses to brief noxious stimuli in NK1 receptor (�/�)

mice (De Felipe et al. 1998), in rats in the presence of NK1 and NK3 receptor

antagonists (Coderre and Melzack 1991; Malmberg and Yaksh 1992a; Picard et al.

1993; Linden and Seybold 1999), or when neurokinin receptors in rats are desensi-

tized by repeated injection of SP intrathecally (Moochhala and Sawynok 1984;

Sweeney and Sawynok 1986). There are conflicting data concerning effects of NK2

receptor antagonists (Fleetwood-Walker et al. 1990; Picard et al. 1993; Neugebauer

et al. 1996). However, it must be noted that these results are based on measures of

the threshold for perception of a stimulus as noxious. Data from preprotachykinin

knockout mice (deletion of SP and NKA) support a role for SP and/or NKA in the

perception of graded noxious stimuli in the range of moderate to intense (Cao et al.

1998). Evidence that more NK1 receptor internalization occurs with increasingly

persistent and intense noxious stimuli (Allen et al. 1997) is consistent with the

differential release of endogenous tachykinins with stimulus strength. Therefore,

when data from studies with neurokinin receptor antagonists are interpreted, it is

important to consider whether the stimuli would evoke release of endogenous

tachykinins.

Relevant to central sensitization, there are many examples of hyperalgesia that

persists after the biting and scratching behaviors evoked by spinal delivery of SP
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have subsided. The earliest include a decrease in the tail flick latency in response to

noxious heat (Moochhala and Sawynok 1984) and lower threshold for withdrawal

in response to a pressure stimulus (Sweeney and Sawynok 1986). Data from a

variety of experimental models support a role for neurokinin receptors (especially

NK1) in spinal mechanisms that contribute to the development of hyperalgesia in

response to stimuli that would evoke robust responses from nociceptors (Cridland

and Henry 1988; Yamamoto and Yaksh 1991; Yashpal et al. 1993; Ren et al. 1996;

Sluka et al. 1997). These data are complemented by effects of NK1, NK2, and NK3

receptor agonists on excitability of spinal neurons. The contribution of each recep-

tor will be described separately.

4.6.1 NK1 Receptor

Considerable evidence indicates that SP evokes central sensitization directly by

increasing the excitability of spinal neurons (Henry 1976; Randic and Miletic 1977;

Parsons et al. 1996; Liu and Sandkuhler 1997), and indirectly by facilitating the

activation of NMDA receptors on these neurons (Randic et al. 1990; Dougherty and

Willis 1991; Urban et al. 1994; Guo et al. 2002). Spinal neurons that are excited by

noxious thermal (Henry 1976), mechanical (Randic and Miletic 1977), or chemical

(Wright and Roberts 1980) stimuli are excited by SP. Specifically, SP causes a slow

excitatory postsynaptic potential that facilitates activation of spinal nociceptive

neurons by noxious peripheral stimuli (Henry 1976; Randic and Miletic 1977;

Randić and Urbán 1987). At the cellular level, these effects are mediated by release

of SP from presynapic terminals. SP-immunoreactive terminals occur on cell bodies

of neurons in laminae I and V of the spinal cord, regions where nociceptors

are known to terminate (Light and Perl 1979; Sugiura et al. 1986). Furthermore,

SP-containing terminals occur more frequently presynaptic to neurons that are

activated by noxious stimuli compared with those activated solely by innocuous

stimuli (De Koninck et al. 1992).

SP has the highest affinity for NK1 receptors, and pharmacological as well as

morphological evidence supports the conclusion that NK1 receptors mediate effects

of endogenous SP. NK1 receptor immunoreactivity occurs on dendrites and cell

bodies of neurons in the dorsal horn of the spinal cord, and these receptors undergo

internalization in response to application of persistent noxious stimuli that release

endogenous SP (Allen et al. 1997). Moreover, persistent activation of C-fibers by

electrical current or chemical stimuli is sufficient to cause sensitization of dorsal

horn neurons in vivo, and electrophysiological recordings demonstrate that spinal

delivery of NK1 receptor antagonists decreases the facilitated responses of dorsal

horn neurons to innocuous stimuli following induction of central sensitization

(Laird et al. 1993; Dougherty et al. 1994). Importantly, NK1 receptors may also

contribute to the maintenance of enhanced spinal cord activity. Two days after

hyperalgesia develops in response to peripheral injection of complete Freund’s

adjuvant, spinal administration of an NK1 receptor antagonist is sufficient to

reverse the increased activity in the electrically evoked nociceptive flexor reflex
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(Parsons et al. 1996). An important component of these data is that the long latency

activity of the reflex (1–2 min) is decreased by the NK1 receptor antagonist but not

the short latency activity (0–5 s), which is consistent with the functional role of

NK1 receptors in modulating synaptic transmission. However, these data are

contrary to evidence that inflammation still induces persistent hyperalgesia when

there is a functional deletion of either the precursor for SP [PPT-A (�/�) mice; Cao

et al. 1998] or the NK1 receptor [NK1 (�/�) mice; De Felipe et al. 1998]. One

reason for the discrepancy in the data among these models may be that data on the

nociceptive flexor reflex are generated in a spinalized preparation which eliminates

input from descending systems. Alternatively, developmental adaptation may

contribute to a lack of effect of gene deletions on the occurrence of hyperalgesia

by increasing the role of NKB in PPT-A (�/�) mice or other neurokinin receptors

in NK1 (�/�) mice in central sensitization (see below).

NK1 receptors on spinal neurons couple to the activation of phospholipase C,

which generates two intracellular messengers, diacylglycerol and inositol trispho-

sphate (Fig. 3). These messengers evoke downstream effects of activation of protein

kinase C and release of Ca2þ from intracellular stores. Both signaling pathways

may contribute to central sensitization. A protein kinase C dependent pathway is

likely responsible for decreasing currents through Kþ channels (Takano et al. 1996;

Rojas et al. 2008), thereby generating the slow excitatory postsynaptic potential

evoked by SP activation of NK1 receptors. The depolarization of the plasma

membrane by NK1 receptor agonists may contribute to enhancement of NMDA

receptor activity (Dougherty and Willis 1991; Rusin et al. 1992, 1993) by releasing

the Mg2þ blockade of the ligand-gated cation channel (Mayer et al. 1984).

In addition, the NMDA receptor has a consensus sequence for phosphorylation

by protein kinase C (Moriyoshi et al. 1991). Phorbol esters, which directly

activate protein kinase C, increase current through NMDA receptors (Chen

and Huang 1992) and increase responses of dorsal horn neurons to NMDA

(Gerber et al. 1989). However, evidence that spinally administered NMDA and

NK1 receptor antagonists additively attenuate hyperalgesia associated with acute

inflammation (Ren et al. 1996) supports a role for NK1 receptor mediated mechan-

isms that are independent of NMDA receptors. In addition to depolarization of the

membrane, the release of Ca2þ from intracellular stores following activation of

NK1 receptors may result in the activation of CaMK II via phosphorylation.

Increased phosphorylation of CaMK II occurs in the dorsal horn of the spinal

cord in a model of acute central sensitization (Fang et al. 2002), and spinal

treatment with a CaMK II inhibitor prevents the increase in excitability of dorsal

horn neurons in acute central sensitization. Furthermore, CaMK II dependent

phosphorylation of the GluR1 subunit of the AMPA receptor at an amino acid

known to increase conductance of the receptor channel occurs in conjunction with

central sensitization. Thus, activation of NK1 receptors can contribute to central

sensitization through multiple intracellular pathways.

One intracellular signaling pathway on which NK1 receptors and NMDA recep-

tors converge is the generation of prostaglandins by COX. Two lines of evidence

support the involvement of spinally generated prostaglandins in hyperalgesia.
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Injection of PGE2 into the intrathecal space causes thermal and mechanical

hyperalgesia in rodents (Taiwo and Levine 1986; Uda et al. 1990; Minami et al.

1994b). Conversely, spinal administration of nonsteroidal anti-inflammatory drugs

(NSAIDs) attenuates thermal and mechanical hyperalgesia (Malmberg and Yaksh

1992a; Seibert et al. 1994) as well as behavioral responses to peripheral injection of

formalin (Malmberg and Yaksh 1992b, 1995). The decrease in hyperalgesia fol-

lowing spinal delivery of NSAIDs is paralleled by a decrease in evoked firing of

dorsal horn neurons (Chapman and Dickenson 1992; Jurna et al. 1992). Products of

COX also have a role in maintaining central sensitization. Spinal delivery of an

NSAID reduces the duration of the electrically evoked nociceptive flexor reflex

2 days after peripheral inflammation is induced by complete Freund’s adjuvant

(Seybold et al. 2003a).

In addition to peptides, PGE2 is released in the spinal cord in response to

noxious thermal and chemical stimuli (Malmberg and Yaksh 1995), as well as in

response to electrical stimulation of C-fibers (Sorkin and Moore 1996). Evidence

that inhibitors of COX attenuate firing of spinal neurons in response to persistent

noxious mechanical stimuli in naı̈ve animals (Pitcher and Henry 1999; 2001)

indicates that prostaglandins also have a role in encoding the intensity of a stimulus

at the level of the spinal cord. Moreover, the release of PGE2 in the spinal cord is

facilitated during peripheral inflammation (Sorkin and Moore 1996). Involvement

of SP in the generation of prostaglandins at the level of the spinal cord is supported

by evidence that intrathecal injection of SP evokes the release of PGE2 in the spinal

cord (Hua et al. 1999). Furthermore, spinal administration of a COX2 inhibitor

blocks the thermal hyperalgesia evoked by intrathecal administration of SP (Yaksh

et al. 2001). However, it is difficult to conclude whether these effects of SP are

independent of its facilitation of NMDA receptor activity because NMDA receptor

agonists give the same results in comparable experimental paradigms (Yamamoto

and Sakashita 1998; Svensson et al. 2003).

It is important to consider that SP-evoked release of prostaglandins in the spinal

cord could account for effects on central terminals of primary afferent neurons

attributed to SP in vivo (Fig. 4). The highest density of NK1 receptors in the dorsal

horn occurs in superficial laminae (Stucky et al. 1993), and this distribution over-

laps with the distribution of binding sites for PGE2 (Matsumura et al. 1992) and

prostaglandin I2 (Matsumura et al. 1995). A presynaptic site for prostaglandin

receptors is supported by evidence that PGE2 and prostaglandin I2 facilitate release

of peptides from primary afferent neurons (Andreeva and Rang 1993; Vasko et al.

1994), as well as evidence that binding sites for the prostaglandins in superficial

laminae of the dorsal horn decrease with degeneration of central terminals of

primary afferent neurons following the lesion of dorsal roots (Matsumura et al.

1995). Thus, prostaglandins likely serve as retrograde signaling molecules at

nociceptive synapses in the spinal cord, resulting in a feed-forward pathway for

release of transmitters from primary afferent neurons. This possibility is supported

by evidence that spinal administration of an NMDA receptor antagonist attenuates

the hyperalgesia evoked by PGE2 administered by the same route (Minami et al.

1994a; Park et al. 2000).
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4.6.2 NK2 Receptor

Spinal injection of an NK2 receptor antagonist delays the development of second-

ary thermal hyperalgesia following induction of inflammation in the knee joint

(Sluka et al. 1997). Moreover, spinal administration of NK2 receptor antagonists

may reverse hyperalgesia after it has developed. NK2 receptor antagonists attenu-

ate the activity of dorsal horn neurons when delivered within minutes following

induction of central sensitization by the peripheral injection of a noxious chemical

(Munro et al. 1993). Even more significantly, spinal administration of an NK2

receptor antagonist reduces the increased excitability of dorsal horn neurons several

hours after development of inflammation in the knee (Neugebauer et al. 1996), and

an NK2 receptor antagonist is still efficacious in decreasing excitability of spinal

neurons 2 days after induction of inflammation in the paw (Jia and Seybold 1997).

Fig. 4 Tachykinins released from primary afferent neurons contribute to central sensitization by

activating different neurokinin receptors on different populations of neurons in the superficial

regions of the dorsal horn of the spinal cord. Activation of NK1 receptors on spinal projection

neurons results in a larger conductance of ions through AMPA and NMDA receptors activated by

glutamate. In addition, NK1 receptors contribute to an increase in the synthesis of prostaglandins

(e.g., PGE2) by COX. PGE2 can diffuse across the plasma membrane and activate prostaglandin

receptors (e.g., EP2) on central terminals of nociceptors to increase transmitter release in response

to action potentials. Activation of presynaptic neurokinin 2 receptors may have a similar effect.

Activation of neurokinin 3 receptors on interneurons initiates an intracellular process that results in

the activation of nitric oxide synthase and the generation of nitric oxide, which can also diffuse

across the plasma membrane. Nitric oxide promotes hyperalgesia, but the mechanism is not

known. It is likely that SP and NKA released from primary afferent neurons in response to

persistent, intense noxious stimuli activate all three subtypes of neurokinin receptors expressed

among these neurons
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The later time point is of particular significance because it exceeds the period

during which phosphorylation of membrane proteins alone can account for changes

in cellular activity.

The cellular site of action of NK2 agonists has not been resolved, and this review

will defend the hypothesis that presynaptic NK2 receptors contribute to the effects

of this class of neurokinin receptor agonists (Fig. 4). Data from a variety of

experimental approaches suggest that tachykinins have effects on primary afferent

neurons. In electrophysiological recordings of cutaneous nociceptors from adult

rats in vitro, a supramaximal concentration of SP (10 mM) increases the response of

C-fibers to chemical stimuli (Kessler et al. 1992). Whereas recent evidence impli-

cates NK1 receptors on keratinocytes in modulating transduction of somatic stimuli

(Burbach et al. 2001; Liu et al. 2006), the possibility of a direct action of tachyki-

nins on primary afferent neurons is supported by evidence that superfusion with SP

(0.1–1 mM) opens a nonselective cation channel (Inoue et al. 1995) and increases

the concentration of free intracellular Ca2þ in neurons cultured from neonatal

dorsal root ganglia (Bowie et al. 1994). It must be noted, though, that these

responses require concentrations of SP that exceed saturation of NK1 receptors,

making it unlikely that NK1 receptors mediate the effects.

Unlike the doubtful occurrence of NK1 or NK3 receptors on primary afferent

neurons, the possibility of NK2 receptors, or some other tachykinin receptor, cannot

be excluded. Pharmacological data support the hypothesis that the functional

effects of tachykinins on primary afferent neurons are mediated by NK2 receptors

because NKA is generally more potent than SP in evoking responses in primary

afferent neurons (Kangrga and Randic 1990, Inoue et al. 1995), which is consistent

with the order of potency of these peptides at NK2 receptors. Morphological

evidence for NK2 receptors on primary afferent neurons is indirect, in that the

distribution of NK2 binding sites in the superficial laminae of the dorsal horn of the

spinal cord overlaps the pattern of termination of small-diameter primary afferent

fibers (Yashpal et al. 1990). The most compelling evidence is from electrophysio-

logical studies of isolated dorsal root ganglion neurons: a selective NK2 receptor

agonist but not NK1 or NK3 agonists mimics the increased excitability evoked in

dorsal root ganglion neurons by SP and NKA (Sculptoreanu and de Groat 2007).

Therefore, physiological effects of endogenous SP and NKA on primary afferent

neurons may be mediated by NK2 receptors. A presynaptic site of action of NK2

receptors would complement the contributions of NK1 and NK3 receptors on spinal

neurons to central sensitization.

4.6.3 NK3 Receptor

NK3 receptor agonists facilitate a spinally mediated nociceptive reflex in the rat

independent of other spinal neurokinin receptors (Linden et al. 1999; Linden and

Seybold 1999). Indeed, in contrast to NK1 receptor agonists, there is no direct effect

of an NK3 receptor agonist on membrane potential in electrophysiological record-

ings from adult rat spinal cord in vivo (Cumberbatch et al. 1995). Because NK3
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receptor immunoreactivity is colocalized with NOS in neurons within substantia

gelatinosa of the dorsal horn, and nitric oxide at the level of the spinal cord

promotes hyperalgesia (Kitto et al. 1992; Malmberg and Yaksh 1993), we hypothe-

sized that augmentation of a nociceptive reflex in the presence of an NK3 receptor

agonist is mediated by nitric oxide (Fig. 4). Pretreatment with a competitive

substrate of NOS, L-NAME (NG-nitro-L-arginine methyl ester), attenuates the

effect of an NK3 agonist, providing evidence in support of this hypothesis (Linden

et al. 1999).

At the cellular level, NK3 receptor agonists couple to the activation of NOS

through the release of Ca2þ from intracellular stores (Linden et al. 2000a). Al-

though SP and NKA have lower potency than NKB in generating this response at

NK3 receptors, their effective concentrations are still within the nanomolar range,

suggesting that they may contribute to the generation of nitric oxide in vivo. Thus,

in addition to NMDA receptors, which were first implicated in the generation of

nitric oxide at the level of the spinal cord (Kitto et al. 1992; Malmberg and Yaksh

1993), activation of NK3 receptors must also be considered.

NK3 receptors in the spinal cord may preferentially promote thermal hyperalgesia.

Spinal administration of an NK3 receptor agonist decreases the latency of withdrawal

to a noxious thermal stimulus, but has no effect on responses to a noxious mechanical

stimulus in unrestrained rats (Linden and Seybold 1999). Conversely, systemic

administration of an NK3 receptor agonist blocks the development of thermal

hyperalgesia in response to peripheral injection of complete Freund’s adjuvant

(Zaratin et al. 2000). Although we cannot exclude that one reason for the stimu-

lus-dependent effects is that responses to a thermal stimulus were measured at the

threshold for a response and responses to the mechanical stimulus were measured

with a suprathreshold stimulus (50% response in control condition), intrathecal

administration of a comparable dose of SP increased the response to the mechanical

stimulus (Linden and Seybold 1999). Thus, the lack of effect of the NK3 receptor

agonist on mechanical nociception was not because we were beyond the linear

range of the assay. Furthermore, other investigations support a functional relation-

ship between nitric oxide and thermal hyperalgesia (Meller and Gebhart 1994;

Inoue et al. 1997).

4.7 Neurokinin Receptors and Gene Expression

There is evidence that a variety of transcription factors are activated in spinal

neurons in conjunction with hyperalgesia (e.g., CREB, see earlier; fos, Hunt et al.

1987; jun, Messersmith et al. 1998; nuclear factor kB, Chan et al. 2000), but little

is known about the intercellular messengers that initiate the process of activation.

We are interested in the possibility that the transcription factor nuclear factor

of activated T cells (NFAT) has a role in increasing the expression of pronocicep-

tive genes in the spinal cord. NFAT is hypothesized to play a role in long-term

changes in synaptic activity during development as well as in learning and memory
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in the mature nervous system (Graef et al. 1999). Under basal conditions,

NFAT resides in the cytoplasm. A sustained increase in intracellular Ca2þ activates

calcineurin, which dephosphorylates NFAT, unmasking a sequence that

promotes translocation of NFAT to the nucleus, where it binds DNA with a nuclear

partner (e.g., AP-1) to initiate gene transcription (Fig. 5; reviewed by Graef et al.

2001). Termination of transcriptional activity occurs when NFAT is rephosphory-

lated, resulting in its return to the cytoplasm. In hippocampal neurons, NFAT-

dependent gene transcription is activated by influx of Ca2þ through voltage-gated

Ca2þ channels (Graef et al. 1999) as well as release of Ca2þ from intracellular

stores following activation of TrkB receptors (Groth and Mermelstein 2003).

Effects of TrkB receptor activation are mediated by phospholipase C. Given

that neurokinin receptors couple to phospholipase C (Parsons et al. 1995, Linden

et al. 2000a), and that the distribution of calcineurin-immunoreactive neurons

Fig. 5 NK1 receptors on spinal neurons activate gene transcription by a nuclear factor of activated

T cells (NFAT)-dependent mechanism. Activation of the NFAT promoter requires the coincident

binding of two proteins: the transcription factor NFAT and a nuclear partner (e.g., AP1). Phos-

phorylated NFAT is restricted to the cytoplasm, so the protein must be dephosphorylated in order

for it to enter the nucleus, where it can bind to the NFAT promoter. The nuclear partner must be

phosphorylated in order for it to bind to the NFAT promoter. Activation of NK1 receptors on

spinal neurons initiates this process by activating PKC. PKC phosphorylates the nuclear partner

and also phosphorylates an inward rectifying Kþ channel. Phosphorylation of the Kþ channel

decreases its conductance, resulting in depolarization of the plasma membrane. The depolarization

of the membrane opens L-type voltage-dependent Ca2þ channels, causing an influx of extracellu-

lar Ca2þ. The higher Ca2þ concentration in the cytoplasm promotes the activation of calcineurin,

which dephosphorylates NFAT in the cytoplasm, thereby allowing it to move into the nucleus to

initiate gene transcription
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(Strack et al. 1996) overlaps that of NK1 and NK3 receptors in the superficial

laminae of the dorsal horn (Abbadie et al. 1996, Seybold et al. 1997), we predicted

that neurokinin receptors also couple to NFAT-dependent gene transcription in

spinal neurons.

NFAT exists in multiple isoforms (Rao et al. 1997). NFATc-4 mRNA is

distributed among dorsal root ganglion neurons and throughout the spinal cord

(Groth et al. 2007), and immunocytochemical studies confirmed that NFATc-4

occurs in spinal neurons that are immunoreactive for NK1 receptor (Seybold

et al. 2006). Although NFATc-4 was the focus of our studies, the possibility of

the occurrence of other isoforms in these regions cannot be excluded. Treatment

of primary cultures of neonatal rat neurons with SP increases NFAT-dependent

gene expression with a potency of approximately 1 nM, which is consistent with the

potency of SP in activating phospholipase C in this same model (Parsons et al.

1995). Selective NK1 receptor antagonists block the effect of SP, and NKA is

tenfold less potent than SP in generating NFAT-dependent gene expression, which

is consistent with their order of potency in activating NK1 receptors. When the

activity of either protein kinase C or calcineurin is blocked with a selective enzyme

inhibitor, the effect of SP on gene expression is reduced. These data are consistent

with the requirement for two coincident events for the activation of NFAT-

dependent gene transcription. Although NK1 receptors couple to the release of

Ca2þ from intracellular stores in spinal neurons (Womack et al. 1988), the influx of

extracellular Ca2þ is required for NK1 receptor mediated activation of NFAT. The

slow depolarization evoked by activation of NK1 receptors is most likely responsible

for the influx of Ca2þ through L-type Ca2þ channels that is required for the

activation of calcineurin in spinal neurons.

5 Summary

Increased efficacy of synaptic signaling between nociceptors and spinal neurons

contributes to central sensitization that underlies hyperalgesia. Peptidergic neuro-

transmission is an important component of this adaptive process, and SP and CGRP

released from terminals of primary afferent neurons contribute to the development

and maintenance through complementary cellular mechanisms. CGRP receptors on

primary afferent and spinal neurons couple to the generation of the intracellular

messenger cAMP. Activation of presynaptic CGRP receptors facilitates transmitter

release and activation of postsynaptic receptors increases glutamate activation of

AMPA receptors, culminating in increased firing of spinal neurons which is

reflected as central sensitization. Neurokinin receptors on spinal neurons couple

to phospholipase C and the generation of two intracellular messengers whose

downstream effects include depolarizing the membrane by closing potassium

channels and increasing the conductance of NMDA receptors. These modifications

of channel function are sufficient to increase the firing of neurons in response to a

synaptic event, yet activation of neurokinin receptors enhances the process of
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synaptic transmission further by generating retrograde synaptic messengers (pros-

taglandins and nitric oxide) that increase transmitter release from central terminals

of primary afferent neurons. Therefore, the development of central sensitization is

mediated by sequences of events that feed forward to strengthen synaptic transmis-

sion by multiple mechanisms. Although NK1, NK2, and NK3 receptors are asso-

ciated with different aspects of these events and may be differentially localized

among populations of neurons that participate in transmission of nociceptive

information through the spinal cord, the possibility that all endogenous tachykinins

may activate each neurokinin receptor following intense or persistent firing of

nociceptors suggests all three receptors participate in the induction of central

sensitization. The maintenance of central sensitization is accomplished by the

increased production of enzymes, receptors, and ion channels that underlie process-

es to increase synaptic strength. Receptors for CGRP and SP contribute to these

changes in gene expression through different intracellular pathways that culminate

in the activation of different transcription factors.

The consequences of activation of receptors for CGRP and SP delineated in

this review illustrate cellular mechanisms underlying central sensitization. These

effects have particular significance for the induction of central sensitization follow-

ing peripheral injury and the maintenance of central sensitization in inflammatory

pain when the synthesis and release of CGRP and SP by primary afferent neurons is

increased. The activation of additional peptide receptors at the level of the spinal

cord adds redundancy and another level of complexity to therapeutic strategies to

manage neuropathic pain, but the roles of CGRP and SP in central sensitization

have been clearly established. CGRP and SP continue to serve as prototypical

examples of the roles of peptides in central sensitization.
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Abstract This chapter reviews the expression and regulation of opioid receptors in

sensory neurons and the interactions of these receptors with endogenous and exoge-

nous opioid ligands. Inflammation of peripheral tissues leads to increased synthesis

and axonal transport of opioid receptors in dorsal root ganglion neurons. This results in

opioid receptor upregulation and enhanced G protein coupling at peripheral sensory

nerve terminals. These events are dependent on neuronal electrical activity, and on

production of proinflammatory cytokines and nerve growth factor within the inflamed

tissue. Together with the disruption of the perineurial barrier, these factors lead to an
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enhanced analgesic efficacy of peripherally active opioids. The major local source

of endogenous opioid ligands (e.g. b-endorphin) is leukocytes. These cells contain
and upregulate signal-sequence-encoding messenger RNA of the b-endorphin
precursor proopiomelanocortin and the entire enzymatic machinery necessary for

its processing into the functionally active peptide. Opioid-containing immune cells

extravasate using adhesion molecules and chemokines to accumulate in inflamed

tissues. Upon stressful stimuli or in response to releasing agents such as corticotropin-

releasing factor, cytokines, chemokines, and catecholamines, leukocytes secrete

opioids. Depending on the cell type, this release is contingent on extracellular Ca2+

or on inositol triphosphate receptor triggered release of Ca2+ from endoplasmic

reticulum. Once secreted, opioid peptides activate peripheral opioid receptors and

produce analgesia by inhibiting the excitability of sensory nerves and/or the release

of proinflammatory neuropeptides. These effects occur without central untoward

side effects such as depression of breathing, clouding of consciousness, or addic-

tion. Future aims include the development of peripherally restricted opioid agonists,

selective targeting of opioid-containing leukocytes to sites of painful injury, and the

augmentation of peripheral opioid peptide and receptor synthesis.

Keywords opioid peptides, peripheral, opioid receptors, immune cells, peripheral

analgesia, immune cells, inflammation, pain, cytokines, chemokines, secretory

pathways, G-protein coupled receptor signaling, receptor recycling, opioid toler-

ance, endorphin, enkephalin, dynorphin, endomorphin, arthritis

1 Introduction

Peripheral sensory neurons express opioid receptors and opioid peptides, and the

function of these neurons can be modulated by endogenous opioids derived from

immune cells or by opioid drugs. This scenario has evolved from studies onmechan-

isms of inflammatory pain and its inhibition. Opioids are themost powerful drugs for

severe pain but their use is hampered by side effects such as depression of breathing,

nausea, clouding of consciousness, constipation, addiction, and tolerance (Zöllner

and Stein 2007). Thus, the development of opioid drugs lacking such effects has

always been a major goal in pain research. The discovery of opioid receptors on

sensory nerves has now put this goal within reach. Moreover, in the course of these

investigations modulatory opioid effects on inflammation and wound healing were

detected (Tegeder and Geisslinger 2004). These latter effects have sparked intense

interest in light of the pressing need for novel anti-inflammatory therapies (Ledford

2007). Following studies on the local application of conventional opioids in pe-

ripheral damaged tissue, a new generation of opioid drugs unable to pass the blood-

brain-barrier is now emerging, thus avoiding centrally mediated unwanted effects

(Brower 2000; Stein et al. 2003). Endogenous opioid peptides binding to peripheral

opioid receptors have been identified within skin and subcutaneous tissue, particu-
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larly in inflammatory cells. This has led to new directions of research, for example,

the selective targeting of opioid peptide containing cells to sites of painful injury,

the augmentation of opioid synthesis by gene transfer, and the inhibition of inflam-

mation by peripherally acting opioids (Stein et al. 2003; Machelska 2007; Rittner

et al. 2008).

Tissue destruction, abnormal immune reactivity, and/or nerve injury are frequently

associated with an inflammatory response. Within peripheral damaged tissue (such as

skin, muscles, joints, and viscera), primary sensory neurons transduce noxious me-

chanical, chemical, or heat stimuli into action potentials. The cell bodies of these

neurons are located in the trigeminal and dorsal root ganglia (DRG) and give rise to

myelinated (Ad) and small-diameter unmyelinated axons (C-fibers, ‘‘nociceptors’’).

The latter are particularly sensitive to capsaicin, a ligand at the transient receptor

potential vanilloid-1 (TRPV1) channel, and are considered the dominant fibers in

clinical pain. After synaptic transmission and modulation within the sensory neuron

and spinal cord, nociceptive signals reach the brain, where they are finally perceived

as ‘‘pain,’’ within the context of cognitive and environmental factors (Woolf and

Salter 2000).

For many years attention was focused on the characterization of proinflamma-

tory and proalgesic effects elicited by the myriad of mediators occurring in injured

tissue (see Part II of this volume). Concurrently, however, endogenous mechanisms

counteracting pain and inflammation are in the ascendancy. In the periphery, such

effects are produced by interactions between leukocyte-derived opioid peptides and

opioid receptors on peripheral nociceptor endings, by anti-inflammatory cytokines,

and by cannabinoids (Stein et al. 2003; Rittner et al. 2005, 2008). This chapter will

focus on the localization, trafficking, and function of peripheral opioid receptors, on

the production and release of opioid peptides from inflammatory cells, and on

analgesia, tolerance, anti-inflammatory, and wound-healing effects brought about

by peripherally acting opioids.

2 Opioid Receptors

2.1 Opioid Receptor Types

Early binding studies and bioassays defined three main types of opioid receptors in the

central nervous system, the m-, d-, and k-receptors. Additional receptor types were
proposed (e.g., s, e, orphanin) but are currently not considered ‘‘classical’’ opioid

receptors (Kieffer and Gaveriaux-Ruff 2002). The identification of complementary

DNA confirmed only three genes and allowed for the study of individual opioid

receptor types with regard to pharmacological profile, intracellular effector cou-

pling, anatomical distribution, and regulation of expression. Opioid receptors

belong to the family of seven transmembrane G protein coupled receptors

(GPCR) and show 50–70% homology between their genes (Evans et al. 1992;

Kieffer et al. 1992; Meng et al. 1993; Wang et al. 1993). Additional pharmacologi-

Opioids and Sensory Nerves 497



cal subtypes may result from alternative splicing, posttranslational modifications,

or receptor oligomerization. Opioid receptors are expressed by central and periph-

eral neurons, by neuroendocrine (pituitary, adrenals), immune, and ectodermal cells

(Zöllner and Stein 2007).

2.2 Signal Transduction and Recycling

The signaling pathways of opioid receptors are well characterized. After the ligand

binds at the receptor, conformational changes allow intracellular coupling of

mainly Gi/o proteins to the C-terminus of opioid receptors. At the Ga subunit,

GDP is replaced by GTP and dissociation of the trimeric G protein complex into Ga
and Gbg subunits ensues. Subsequently these subunits can inhibit adenylyl cyclase

and thereby cyclic adenosine monophosphate (cAMP) production, and/or directly

interact with K+, Ca2+, and other ion channels in the membrane (Fig. 1). Ion

Fig. 1 Opioid peptide containing circulating leukocytes extravasate upon activation of adhesion

molecules (e.g., intercellular adhesion molecule-1, integrin b2) and chemotaxis by chemokines.

Subsequently, these leukocytes are stimulated by stress or releasing agents to secrete opioid

peptides. For example, corticotropin-releasing factor (CRF), chemokines and noradrenaline

(released from sympathetic neurons) can elicit opioid release by activating their respective

receptors (CRF receptors; adrenergic receptors) on leukocytes. Exogenous opioids (symbolized

by a syringe) or endogenous opioid peptides (green triangles) bind to opioid receptors that are

synthesized in dorsal root ganglia and transported along intraaxonal microtubules to peripheral (and

central) terminals of sensory neurons. The subsequent inhibition of ion channels (e.g., transient

receptor potential vanilloid-1, Ca2+) and of substance P release results in antinociceptive effects
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channels are mainly regulated via Gbg subunits (Herlitze et al. 1996). All three

opioid receptors modulate various N-, T- and P/Q-type Ca2+channels, and suppress

Ca2+ influx and the excitation and/or neurotransmitter release in many neuronal

systems. A prominent example is the inhibition of substance P (a pronociceptive

and proinflammatory neuropeptide) release from central and peripheral terminals of

sensory neurons (Yaksh 1988; Kondo et al. 2005). At the postsynaptic membrane,

opioid receptors mediate hyperpolarization by opening K+ channels, thereby pre-

venting excitation and/or propagation of action potentials (Zöllner and Stein 2007).

Various enzymes such as phosphokinase C and GPCR kinases can phosphorylate

opioid receptors, leading to increased affinity for intracellular arrestin molecules.

Arrestin-receptor complexes lead to opioid receptor desensitization by preventing

G protein coupling and promote internalization via clathrin-dependent pathways

(Law et al. 2000). Recycling of opioid receptors to the plasma membrane promotes

rapid resensitization of signal transduction, whereas targeting to lysosomes leads

to proteolytic downregulation. It was suggested that GPCR-associated sorting

proteins modulate lysosomal sorting and functional downregulation (Whistler

et al. 2002). Additional opioid-modulated pathways involve N-methyl-D-aspartate

receptors, mitogen-activated protein kinase, and phospholipase C (Zöllner and

Stein 2007).

2.3 Opioid Receptors on Peripheral Sensory Neurons

In the late 1980s evidence began to accumulate that antinociceptive effects can be

mediated by opioid receptors located on peripheral sensory neurons (Bartho et al.

1990; Stein et al. 1990b; Stein 1993, 1995). Opioid receptors are expressed in

small-, medium-, and large-diameter DRG neurons (Mansour et al. 1994; Buzas and

Cox 1997; Chen et al. 1997; Coggeshall et al. 1997; Zhang et al. 1998a, c; Wang

and Wessendorf 2001; Silbert et al. 2003; Rau et al. 2005; Gendron et al. 2006),

they are coexpressed with prototypical sensory neuropeptides such as substance

P and calcitonin-gene-related peptide (CGRP) (Minami et al. 1995; Li et al. 1998;

Zhang et al. 1998b, c; Ständer et al. 2002; Mousa et al. 2007a, b), they are

transported to the peripheral nerve terminals (Hassan et al. 1993; Li et al. 1996;

Mousa et al. 2001), and they are coupled to Gi/o proteins that inhibit adenylyl

cyclase and modulate ion channels (Zöllner et al. 2003, 2008). The decrease of Ca2+

currents, but not the modulation of K+ channels, appears to be a major mechanism

for the inhibition of sensory neuron functions (Akins and McCleskey 1993). Recent-

ly, G protein coupled inwardly rectifying K+ channels and m-opioid receptors were
colocalized on sensory nerve endings in the epidermis (Khodorova et al. 2003), but

no direct evidence of functional coupling or modulation of K+ channels in DRG

neurons has been provided so far. However, opioid receptors on DRG neurons

suppress tetrodotoxin-resistant Na+ and nonselective cation currents (Ingram and

Williams 1994; Gold and Levine 1996), as well as TRPV1 currents via Gi/o and the

cAMP pathway (Endres-Becker et al. 2007). As a result, opioid agonists can
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attenuate the excitability of nociceptors, the propagation of action potentials, and

the release of proinflammatory neuropeptides (substance P, CGRP) from central

and peripheral nociceptor terminals. Particularly within injured tissue, these events

lead to antinociceptive and anti-inflammatory effects (see later).

2.4 Plasticity of Peripheral Opioid Receptors

2.4.1 Ontogeny

The ontogeny of opioid receptors has been examined in the central and peripheral

nervous system during pre- and postnatal development. With use of radioligand

binding and in situ hybridization techniques, m-, d-, and k-receptor expression was

found to be distinct at all ages. Prenatally, the expression of d-receptor lags behind that
of m- and k-receptors in the brain (Zhu et al. 1998). However, in mouse DRG neurons

the first opioid receptor expressed is the d-receptor at embryonic day 12.5, followed

by the m-receptor (embryonic day 13.5) and the k-receptor (embryonic day 17.5)

(Zhu et al. 1998). A greater proportion of rat DRG neurons immunoreactive for m-
and d-receptors was found before postnatal day 7 than at postnatal day 21 (k-
receptor was not examined) (Beland and Fitzgerald 2001). Moreover, during the

first postnatal week both opioid receptors were detected in cells of all sizes but by

postnatal day 21 expression was restricted to small- and medium-diameter cells,

suggesting a selective downregulation in nonnociceptive neurons (Beland and

Fitzgerald 2001). The transcription factor Runx1 was suggested to suppress post-

natal m-receptor expression in a subset of nociceptive mouse DRG neurons (Chen

et al. 2006).

2.4.2 Influence of Inflammation

Painful inflammation of peripheral tissue (of varying duration) has been most

extensively studied as a regulatory stimulus of opioid receptor plasticity in adult

sensory neurons. Both the systemic and the local application of m-, d-, and k-receptor
agonists elicits significantly more pronounced analgesic effects in injured than in

noninjured tissue of animals and humans (Stein 1993, 1995; Stein et al. 2003). This

intriguing finding has stimulated extensive research into the underlying mechan-

isms.

Peripheral inflammation can induce differential upregulation of opioid receptor

messenger RNA (mRNA) and protein in DRG neurons. In complete Freund’s

adjuvant induced paw inflammation, m-receptor mRNA displays a biphasic upre-

gulation (at 2 and 96 h), whereas mRNA for d-receptors remains unchanged, and

k-receptor mRNA shows a peak at 12 h (Pühler et al. 2004, 2006). In parallel,

m- and k-receptor binding is upregulated. The upregulation is related to neuronal

electrical activity (Pühler et al. 2004), to cytokine production in the inflamed tissue
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(Pühler et al. 2006), and may be mediated by cytokine-induced binding of tran-

scription factors to opioid receptor gene promoters (Kraus et al. 2001). Not surpris-

ingly, a short-lasting (30-min) inflammatory stimulus (intraperitoneal acetic acid)

does not change opioid receptor expression on sensory nerve terminals (Labuz et al.

2007). Thus, the expression of opioid receptors changes depending on the receptor

type and the duration of inflammation. m-Receptors were most extensively studied

and were consistently shown to be upregulated (Ji et al. 1995; Zhang et al. 1998a;

Mousa et al. 2002; Ballet et al. 2003; Zöllner et al. 2003; Pühler et al. 2004; Shaqura

et al. 2004). It was shown that the upregulation of m-opioid binding sites in DRG

is due to an increase in both the number of neurons expressing m-receptors and

the number of m-receptors per neuron, while the affinity of opioid agonists to

m-receptors remained unchanged (Zöllner et al. 2003). In addition, G protein

coupling of opioid receptors in DRG neurons is augmented by subcutaneous

inflammation (Zöllner et al. 2003; Shaqura et al. 2004).

Bradykinin, a typical inflammatory mediator, was found to stimulate the traf-

ficking of intracellular d-receptors to the plasma membrane of cultured DRG

neurons (Patwardhan et al. 2005). Furthermore, bradykinin pretreatment of these

neurons led to more potent inhibition of CGRP release and of cAMP accumulation

by m- and d-agonists (Patwardhan et al. 2005; Berg et al. 2007b). The m-agonist
effect was dependent on integrins colocalized with m-opioid receptors in the DRG

membrane (Berg et al. 2007a). Similarly, painful paw inflammation and activation

of sensory neurons by capsaicin were shown to enhance membrane recruitment as

well as ligand-induced internalization of d-receptors in DRG neurons (Gendron

et al. 2006; Zhang et al. 2006).

Subsequent to the opioid receptor upregulation in DRG, the peripherally directed

axonal transport of opioid receptors is augmented (Hassan et al. 1993; Ji et al. 1995;

Mousa et al. 2001; Pühler et al. 2004). The axonal transport is stimulated by

cytokines and nerve growth factor produced within the peripheral inflamed tissue

(Jeanjean et al. 1995; Mousa et al. 2007b) and results in increased density of opioid

receptors at peripheral nerve terminals (Stein et al. 1990b). Inflammation is also

accompanied by a sprouting of opioid-receptor-bearing peripheral sensory nerve

terminals (Mousa et al. 2001) and by a disrupted perineural barrier facilitating the

access of opioid agonists to their receptors (Antonijevic et al. 1995). In addition,

low pH can increase opioid agonist efficacy, presumably by altering the interaction

of opioid receptors with G proteins (Rasenick and Childers 1989; Selley et al. 1993;

Vetter et al. 2006). All of these mechanisms likely contribute to the increased

antinociceptive efficacy of opioids in inflamed tissue. In line with these findings,

clinical studies have shown that the proximal perineural application of opioids

along intact (noninjured) nerves (e.g., axillary plexus) does not reliably produce

analgesic effects (Picard et al. 1997).
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2.4.3 Influence of Nerve Damage

Mechanical nerve injury resulting in neuropathic pain is another condition influen-

cing opioid receptors in sensory neurons. Different animal models (e.g., partial nerve

ligation, axotomy) have been examined with variable results. For example, at 2 and

14 days after chronic constriction injury of the sciatic nerve (a partial ligation with

preferential ischemic degeneration of large myelinated fibers but relative preservation

of unmyelinated fibers) m-receptor protein was upregulated in DRG and accumulated

proximal and distal to the lesion, indicating anterograde and retrograde axonal

transport. At 14 days m-receptors were also increased in distal small surviving

axons and in small sprouting axons at and distal to this lesion (Truong et al. 2003).

Similarly, on day 14 following partial sciatic nerve ligation an upregulation of

d-receptors was shown in DRG and in sciatic nerve (Kabli and Cahill 2007) and 14

days after partial saphenous nerve ligation an upregulation of m-receptors was found
in DRG and in paw skin (Walczak et al. 2005). A few studies found downregulation

of DRG m-receptors at 7 days (Rashid et al. 2004) or 16 days after partial sciatic

nerve ligation (Pol et al. 2006), as well as after peripheral axotomy (Zhang et al.

1998c).

2.4.4 Sympathetic Neurons

Opioid receptor expression in sympathetic postganglionic neurons has also been

suggested. However, neither opioid receptor mRNA nor protein has been detected

in such neurons (Coggeshall et al. 1997; Wenk and Honda 1999; Ständer et al.

2002; Mousa et al. 2007a). Moreover, chemical sympathectomy with 6-hydroxy-

dopamine did not change the expression of opioid receptors in the DRG or the

peripheral analgesic effects of m-, d-, and k-receptor agonists in a model of

inflammatory pain (Zhang et al. 1998a; Zhou 1998).

3 Opioid Peptides

The endogenous ligands of opioid receptors are derived from the three precursor

proteins proopiomelanocortin (POMC), proenkephalin (PENK), and prodynorphin.

Appropriate processing yields the major representative opioid peptides b-endor-
phin, Met-enkephalin and dynorphin A, respectively. These peptides and their

derivatives exhibit different affinities and selectivities for the m-receptors (b-endor-
phin, Met-enkephalin), d-receptors (enkephalins, b-endorphin), and k-receptors
(dynorphin). Two additional endogenous opioid peptides have been isolated from

bovine brain: endomorphin-1 and endomorphin-2. Both peptides are considered

highly selective m-receptor ligands but their precursors are not known yet (Fichna

et al. 2007).
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3.1 Opioid Peptides in Sensory Neurons

Evidence for the presence of opioid peptides in sensory neurons began to accu-

mulate in the 1980s. Several reports demonstrated immunoreactive dynorphins

(Przewlocki et al. 1983; Weihe et al. 1985; Sweetnam et al. 1986; Gibbins et al.

1987) and enkephalins (Przewlocki et al. 1983; Quartu and Del Fiacco 1994;

Bergström et al. 2006) in DRG and in peripheral sensory neurons. These peptides

were shown to be transported towards central and peripheral nerve terminals and

were demonstrated in cutaneous nerves (Gibbins et al. 1987; Crowe et al. 1994;

Carlton and Coggeshall 1997). With regard to mRNA, only one study detected

PENK mRNA in intermediate-sized DRG neurons (Pohl et al. 1994), but neither

PENK nor prodynorphin mRNA was found in DRG of normal or polyarthritic rats

by others (Calza et al. 1998). Endomorphins were also described in sensory nerves

(Martin-Schild et al. 1998; Pierce et al. 1998; Mousa et al. 2002). It was suggested

that these opioid peptides can exert (auto-) modulation of sensory nerve function,

but direct evidence has not been provided so far.

3.2 Opioid Peptides in Immune Cells

The discovery that opioid receptors on sensory nerves are upregulated during

subcutaneous inflammation prompted the search for endogenous ligands within

inflamed tissue. POMC-related opioid peptides have been found in leukocytes of

many vertebrates and invertebrates (Smith 2003). Earlier studies described several

truncated POMC mRNAs, but more recently a full-length transcript encoding all

three POMC exons was shown in rat mononuclear leukocytes (Lyons and Blalock

1997; Sitte et al. 2007). POMC transcripts containing the signal sequence necessary

for correct routing into the regulated secretory pathway are upregulated in lympho-

cytes from rats with painful paw inflammation (Sitte et al. 2007) and the enzymes

(prohormone convertases, carboxypeptidase) required for proteolytic processing

of POMC are expressed in leukocytes (Mousa et al. 2004). PENK mRNA,

Met-enkephalin, and the appropriate enzymes for posttranslational processing of

PENK have also been detected in human and rodent leukocytes (Vindrola et al.

1994; LaMendola et al. 1997). Deletion of the gene coding for PENK resulted in the

complete absence of Met-enkephalin both in the brain and in T cells, strongly

indicating that this peptide derives from the same precursor in the nervous and

immune systems (Hook et al. 1999). Finally, dynorphin and endomorphins have

been demonstrated in immune cells (Mousa et al. 2002; Chadzinska et al. 2005).

Opioid peptide containing cells include granulocytes, monocytes/macrophages, and

lymphocytes (Przewlocki et al. 1992; Cabot et al. 1997; Mousa et al. 2001; Rittner

et al. 2001, 2007b; Labuz et al. 2006; Zöllner et al. 2008). Recently, T lymphocytes

were postulated to mediate analgesia via b-endorphin expression in the visceral

system (Verma-Gandhu et al. 2006) and keratinocyte-derived b-endorphin was
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proposed to mediate peripheral antinociception in noninflamed skin (Khodorova

et al. 2003; Ibrahim et al. 2005).

3.3 Migration of Opioid-Containing Cells to Inflamed Tissue

The recruitment of leukocytes from the circulation into inflammatory sites involves

a well-orchestrated set of events. This begins with rolling along the endothelial

cell wall mediated predominantly by selectins. Then leukocytes are activated by

chemokines that are released from endothelial and inflammatory cells and are

presented on the endothelium. This leads to the upregulation and increased avidity

of integrins which mediate the firm adhesion of leukocytes to endothelial cells via,

e.g., intercellular adhesion molecule-1 (ICAM-1). Finally, leukocytes transmigrate

through the endothelium mediated by, e.g., platelet-endothelial cell adhesion

molecule-1 (von Andrian and Mackay 2000).

In inflamed rat paws L-selectin, integrin b2, and the CXC chemokine receptor

2 (CXCR2) are coexpressed by opioid-containing leukocytes (Mousa et al. 2000;

Brack et al. 2004b; Machelska et al. 2004). Pretreatment with a selectin blocker,

antibodies against ICAM-1, against integrins a4 and b2, or against the chemokines

CXCL1 and CXCL2/3 substantially decreases the number of opioid-containing

immune cells accumulating in the inflamed tissue (Machelska et al. 1998, 2002,

2004; Brack et al. 2004b). In addition, this cell recruitment is dependent on

neurokinin-1 receptors (Rittner et al. 2007a) and might be regulated by adhesion

to neurons (Hua et al. 2006). Finally, the migration of opioid-containing leukocytes

into injured tissue appears to be modulated by central mechanisms. For example,

intrathecally administered morphine, in a dose producing analgesia, decreases the

number of b-endorphin containing leukocytes in inflamed rat paws (Schmitt et al.

2003). This was confirmed in a clinical study using epidural analgesia in patients

undergoing surgery (Heurich et al. 2007). Thus, an effective central inhibition of

pain apparently signals a reduced need for recruitment of opioid-containing cells to

injured tissues.

3.4 Release of Opioid Peptides from Immune Cells

As in the pituitary, corticotropin-releasing factor (CRF) and interleukin (IL)-1b can

stimulate secretion of opioid peptides from leukocytes in a receptor-specific and

calcium-dependent manner (Schäfer et al. 1994; Cabot et al. 1997, 2001). Several

other mediators have been recognized as potent releasing agents of opioid peptides

from immune cells. For example, activation of CXCR2 on granulocytes leads to

release of b-endorphin and Met-enkephalin, which is dependent on inositol triphos-

phate receptor triggered release of Ca2+ from endoplasmic reticulum, (partially) on
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phosphoinositol 3-kinase and on p38 mitogen-activated protein kinase (Rittner

et al. 2006b, 2007b). Furthermore, noradrenaline stimulates release of b-endorphin
from leukocytes in an adrenergic receptor-specific manner (Kavelaars et al. 1990;

Binder et al. 2004). The endogenous source of noradrenaline is sympathetic nerve

fibers located in proximity to these cells (Binder et al. 2004). Opioid peptide

containing immune cells coexpress adrenergic receptors, chemokine receptors, as

well as CRF receptors and IL-1b receptors (Mousa et al. 1996, 2003; Binder et al.

2004). Moreover, these cells package opioids into vesicular structures that are

translocated to the membrane upon stimulation (Mousa et al. 2004; Rittner et al.

2007b; Zöllner et al. 2008). In granulocytes these structures have been identified as

primary (azurophil) granules (Rittner et al. 2007b). Thus, opioid release from

immune cells is consistent with the regulated secretory pathway, similar to neuro-

endocrine cells.

4 Modulation of Pain and Inflammation

4.1 Exogenous Opioid Agonists

Earlier attempts to demonstrate peripheral opioid analgesia in noninjured tissue

produced controversial results, but subsequent studies in models of pathological

pain were more successful (Stein 1993; Stein et al. 2003). In models of peripheral

inflammation, the local injection of low, systemically inactive doses of m-, d-,
and k-agonists produced analgesia that was dose-dependent, stereospecific, and

reversible by selective opioid antagonists (Stein et al. 1989; Stein 1993). Potent

antinociception was also shown in models of nerve damage and of visceral, thermal,

bone, and cancer pain (Stein et al. 2003; Baamonde et al. 2005; Obara et al. 2007;

Zöllner and Stein 2007). In addition, anti-inflammatory effects were demonstrated

in different models of somatic and visceral inflammation. Possible underlying

mechanisms include a reduced release of proinflammatory neuropeptides or cyto-

kines, and a diminished expression of adhesion molecules (Stein et al. 2001; Philippe

et al. 2003; Tegeder and Geisslinger 2004; Chakass et al. 2007; Straub et al. 2008).

These findings stimulated the development of novel opioid ligands acting exclu-

sively in the periphery without central side effects (DeHaven-Hudkins and Dolle

2004; Riviere 2004; Fürst et al. 2005; Bileviciute-Ljungar et al. 2006). A common

approach is the use of hydrophilic compounds with minimal capability to cross the

blood–brain-barrier. Among the first compounds were the m-agonist loperamide

(originally known as an antidiarrheal drug) and the k-agonist asimadoline

(Machelska et al. 1999). Peripheral restriction was also achieved with newly

developed arylacetamide and peptidic k-agonists (Stein et al. 2003; Riviere

2004). Several studies indicate that a large proportion (about 50–80%) of the

analgesic effects produced by systemically administered opioids can be mediated

by peripheral opioid receptors (Craft et al. 1995; Reichert et al. 2001; Shannon and
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Lutz 2002; Fürst et al. 2005; Labuz et al. 2007). In addition, human studies have

shown that opioid agonists that do not readily cross the blood–brain barrier (e.g.,

morphine 6-glucuronide) can have the same analgesic efficacy as conventional

opioids (Tegeder et al. 2003; Hanna et al. 2005; Dahan et al. 2008).

4.2 Exogenous Stimulation of Opioid Release from
Inflammatory Cells

When injected into inflamed subcutaneous tissue, all the releasing agents men-

tioned in Sect. 3.4 can produce analgesic effects. Depending on the stage and type

of inflammation, these effects are mediated by different opioid peptides (Schäfer

et al. 1994; Machelska et al. 2003; Mousa et al. 2003; Binder et al. 2004; Brack

et al. 2004b; Labuz et al. 2006). Immunosuppression with cyclosporine A, depletion

of granulocytes, blockade of chemokines (CXCL1, CXCL2/3), or anti-selectin and

anti-ICAM-1 treatments significantly reduce opioid-containing cells and antinoci-

ception (Schäfer et al. 1994; Machelska et al. 1998, 2002; Brack et al. 2004b;

Rittner 2006, CXCR2). Conversely, the impaired antinociception following immu-

nosuppression can be restored by transfer of allogenic lymphocytes (Hermanussen

et al. 2004) or granulocytes (Rittner et al. 2006b). In line with these findings, the

isolated recruitment of granulocytes does not induce pain in noninflamed tissue

(Rittner et al. 2006a), and CRF (Hargreaves et al. 1989), IL-6, and tumor necrosis

factor a (Czlonkowski et al. 1993) administered into inflamed tissue produce

opioid-mediated analgesia.

In this context it is important to note that in noninflamed tissue, cytokines such as

IL-1a, IL-1b, IL-6, and tumor necrosis factor a were found to induce hyperalgesia

(Cunha and Ferreira 2003). Also, several chemokines were described as inducing

pain or decreasing the analgesic effects of other compounds (Oh et al. 2001; Szabo

et al. 2002). Noradrenaline had no effect or increased pain behavior (Binder et al.

2004). The most obvious explanation for these findings is that noninflamed tissue

does not contain opioid-producing immune cells. Hence, short of immune cells

bearing their receptors, these agents now act on different targets, e.g., neurons or

blood vessels. It is therefore not surprising that a given agent can produce different

effects depending on the presence or absence of inflammation. Another recent finding

in noninflamed tissue is that activation of keratinocytes by endothelin agonists and

cannabinoid agonists can lead to release of b-endorphin, which then acts on opioid

receptors on primary afferent neurons to inhibit nociception (Khodorova et al. 2003;

Ibrahim et al. 2005).

506 C. Stein and C. Zöllner



4.3 Endogenous Stimulation of Opioid Release from
Inflammatory Cells

Stress is a natural stimulus triggering inhibition of pain (Willer et al. 1981; Terman

et al. 1984). In rats with unilateral hindpaw inflammation stress induced by

cold water, swimming elicits potent antinociception in inflamed but not in the

contralateral noninflamed paws (Stein et al. 1990a; Machelska et al. 2003). Whereas

at early stages of the inflammatory response (several hours) both peripheral and

central opioid receptors contribute, at later stages (several days) endogenous analgesia

is mediated exclusively by peripheral opioid receptors (Stein et al. 1990a, b;

Machelska et al. 2003). Thus, peripheral opioid mechanisms of pain control

become more prevalent with the duration and severity of inflammation. The most

prominent opioid peptide involved is b-endorphin but Met-enkephalin, dynorphin,

and endomorphins also contribute (Stein et al. 1990a; Machelska et al. 2003; Labuz

et al. 2006). Endogenous triggers of swim-stress-induced analgesia are locally

produced CRF and sympathetic nerve-derived catecholamines (Schäfer et al.

1996; Machelska et al. 2003; Binder et al. 2004).

Stress-induced analgesia can be abolished by cyclosporine A, whole body irradia-

tion, or depletion of monocytes/macrophages (Stein et al. 1990b; Przewlocki et al.

1992; Brack et al. 2004c). Since L-selectin, integrin b2, and CXCR2 are expressed

by opioid-containing leukocytes (Mousa et al. 2000; Brack et al. 2004b; Machelska

et al. 2004), pretreatment with selectin blockers, antibodies against ICAM-1,

integrins, or the chemokines CXCL1 and CXCL2/3 substantially decreases the

number of opioid cells and abolishes endogenous peripheral opioid analgesia

(Machelska et al. 1998, 2002, 2004; Brack et al. 2004b). Stress-induced analgesia

is also decreased by blockade of neural cell adhesion molecule, presumably by

preventing the adhesion of opioid-containing cells to peripheral nerves in inflamed

tissue (Hua et al. 2006). Thus, adhesion molecules apparently modulate pain via

extravasation of opioid-containing immune cells and/or their adhesion to sensory

neurons. In addition, the migration of opioid cells and endogenous analgesia within

peripheral injured tissue appear to be influenced by central mechanisms (see earlier)

(Schmitt et al. 2003; Heurich et al. 2007).

Importantly, in models of inflammation (Sitte et al. 2007) and bone cancer

(Baamonde et al. 2006), as well as in humans undergoing knee surgery (Stein

et al. 1993), the local injection of opioid receptor antagonists into injured tissue

was shown to exacerbate pain. This strongly indicates that opioid peptides are

continuously released and counteract hyperalgesia elicited by the many known

proinflammatory agents present in inflammation (Rittner et al. 2005, 2008). Thus,

even though hyperalgesia typically prevails in inflamed tissue, this hyperalgesia

would be much more severe if opioid peptides were not present and tonically

released at the same time.

A future challenge is to identify factors that increase homing of opioid-containing

cells to injured tissue. For example, we showed that hematopoietic growth factors

mobilized granulocytes in the blood but produced only a minor increase in the
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number of opioid-containing leukocytes in inflamed paws, and no change of CRF-

or stress-induced antinociception (Brack et al. 2004a). Increasing the recruitment of

opioid-containing cells with local injections of CXCL2/3 did not result in stronger

antinociception either. Most probably this was a result of the relatively low number

of neuronal opioid receptors at the respective (early) stage of tissue injury (Brack

et al. 2004a). Indeed, our previous studies had shown that intrinsic analgesia

increases with the duration of inflammation, in parallel with the number of opi-

oid-containing leukocytes, with the number of peripheral opioid receptors, and with

the efficacy of opioid receptor-G protein coupling in sensory neurons (Mousa et al.

2001; Rittner et al. 2001; Zöllner et al. 2003).

4.4 Opioid Tolerance

Long-term opioid treatment can result in the eventual loss of opioid receptor

activated function (i.e., desensitization). Three mechanisms are associated with

desensitization of GPCRs: (1) receptor phosphorylation, (2) receptor internalization

and/or sequestration, and (3) receptor downregulation (i.e., a reduced total number

of receptors). Opioid receptors are substrates for second messenger kinases (e.g.,

protein kinase C) and for GPCR kinases. Opioid receptor phosphorylation by these

kinases increases the affinity for arrestin molecules. Arrestin–receptor complexes

sterically prevent coupling between receptor and G proteins and promote internali-

zation via clathrin-dependent pathways (Law et al. 2000). Agonist-induced inter-

nalization of the receptor via the endocytic pathway has been thought to contribute

directly to tolerance by decreasing the number of opioid receptors on the cell

surface. However, more recent studies have shown that morphine fails to promote

endocytosis of opioid receptors in cultured cells (Eisinger et al. 2002) and native

neurons (Sternini et al. 1996), although it is highly efficient in inducing tolerance in

vivo (Hanninen et al. 1996). Moreover, increased endocytosis and recycling of

opioid receptors was shown to dramatically decrease opioid tolerance (Koch et al.

2005). These findings led to the current concept that desensitization and receptor

internalization prevent the development of tolerance.

Experimental studies on tolerance are often performed in the absence of painful

tissue injury, which precludes extrapolation to the clinical situation. Recently we

showed that rats undergoing prolonged treatment with morphine do not develop

signs of tolerance at peripheral m-opioid receptors in the presence of painful paw

inflammation. In DRG neurons of these animals, internalization of m-receptors was
significantly increased, and G protein coupling of m-receptors as well as inhibition
of cAMP accumulation were preserved. However, opioid receptor internalization

and signaling were reduced and tolerance was restored when endogenous opioid

peptides in inflamed tissue were removed by antibodies or by depleting opioid-

producing granulocytes, monocytes, and lymphocytes with cyclophosphamide

(Zöllner et al. 2008). These data indicate that the continuous availability of endog-

enous opioids in inflamed tissue increases recycling and preserves signaling of

508 C. Stein and C. Zöllner



m-receptors in sensory neurons, and thereby counteracts the development of periph-

eral opioid tolerance. These findings infer that the use of peripherally acting opioid

agonists for the prolonged treatment of inflammatory pain is not necessarily

accompanied by opioid tolerance.

5 Clinical Implications and Perspectives

Peripheral mechanisms of opioid analgesia have gained recognition in the clinical

setting. Opioid receptors have been demonstrated on peripheral terminals of sensory

nerves in human synovia (Stein et al. 1996; Mousa et al. 2007a), dermal and

epidermal nerve fibers (Ständer et al. 2002), and dental pulp (Jaber et al. 2003). That

such receptors mediate analgesia has been amply demonstrated in patients with

various types of pain (e.g., in chronic rheumatoid arthritis and osteoarthritis, oral

mucositis, bone pain, after dental, laparoscopic, urinary bladder, and knee surgery)

(Sawynok 2003; Stein et al. 2003; Kopf et al. 2006). One of the most extensively

studied and most successful applications is the intraarticular injection of morphine

into inflamed knee joints (Stein et al. 1991, 1999; Likar et al. 1997; Kalso et al.

2002; American Society of Anesthesiologists Task Force on Acute Pain Manage-

ment 2004; http://www.guideline.gov). Novel peripherally restricted k-agonists
have been investigated in humans with chronic painful pancreatitis (Eisenach

et al. 2003). Opioid peptides were found in human subcutaneous and synovial

cells, mast cells, granulocytes, lymphocytes, and macrophages. The prevailing

peptides are b-endorphin and Met-enkephalin, but dynorphin and endomorphins

were also detected (Stein et al. 1993, 1996; Likar et al. 2004, 2007; Heurich et al.

2007; Mousa et al. 2007a; Rittner et al. 2007b; Straub et al. 2008). Furthermore,

in patients undergoing knee surgery, blocking intraarticular opioid receptors by the

local administration of naloxone resulted in significantly increased postoperative

pain (Stein et al. 1993). These findings suggest that in a stressful (e.g., postopera-

tive) situation, opioids are tonically released in inflamed tissue and activate periph-

eral opioid receptors to attenuate clinical pain. In addition, CRF receptors are

coexpressed with b-endorphin in synovial inflammatory cells and the intraarticular

application of CRF can transiently reduce postoperative pain (Likar et al. 2007).

Apparently, endogenous immune-cell-derived opioids do not interfere with exoge-

nous agonists since intraarticular morphine is an equally potent analgesic in patients

with and without opioid-producing inflammatory synovial cells (Stein et al. 1996;

Likar et al. 2004). Similar to the findings of our animal studies (Zöllner et al. 2008),

this suggests that immune-cell-derived opioids do not produce cross-tolerance to

morphine, but rather prevent the development of tolerance at peripheral opioid

receptors.

These findings provide new insights into intrinsic mechanisms of pain control and

open up novel strategies to develop drugs and alternative approaches to treatment of

pain and inflammation. Immunocompromised patients (e.g., in AIDS, cancer, diabe-

tes) frequently suffer from painful neuropathies. These can be associated with intra-
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and perineural inflammation, with reduced intraepidermal nerve fiber density, and

with low CD4+ lymphocyte counts (Polydefkis et al. 2003). Thus, it may be

interesting to investigate the opioid production/release and the migration of opi-

oid-containing leukocytes in these patients. The important role of adhesion mole-

cules and chemokines in the trafficking of opioid-containing cells indicates that

antiadhesion or anti-chemokine strategies for the treatment of inflammatory diseases

may, in fact, carry a significant risk to exacerbate pain. It would be highly desirable to

identify stimulating factors and strategies that selectively attract opioid-producing

cells, augment opioid peptide production, and/or increase peripheral opioid receptor

numbers in damaged tissue. Studies using various gene therapeutic approaches are

under way (Mata et al. 2002; Pohl et al. 2003; Beutler et al. 2005; Kyrkanides et al.

2007). A further interesting question is whether immune-derived opioid peptides

and exogenous opioids interact in a synergistic fashion. Undoubtedly, peripherally

acting opioid agonists would be most attractive because of their lack of central side

effects (respiratory depression, nausea, dysphoria, addiction, tolerance) and of

typical adverse effects of nonsteroidal anti-inflammatory drugs (gastric erosions,

ulcers, bleeding, diarrhea, renal toxicity, thromboembolic complications).
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W, Höllt V (2001) Regulation of mu-opioid receptor gene transcription by interleukin-4 and

influence of an allelic variation within a STAT6 transcription factor binding site. J Biol Chem

276:43901–43908

Kyrkanides S, Fiorentino PM, Miller JN, Gan Y, Lai YC, Shaftel SS, Puzas JE, Piancino MG,

O’Banion MK, Tallents RH (2007) Amelioration of pain and histopathologic joint abnormal-

ities in the Col1-IL-1beta(XAT) mouse model of arthritis by intraarticular induction of

mu-opioid receptor into the temporomandibular joint. Arthritis Rheum 56:2038–2048
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Zhang Q, Schäfer M, Elde R, Stein C (1998a) Effects of neurotoxins and hindpaw inflammation on

opioid receptor immunoreactivities in dorsal root ganglia. Neuroscience 85:281–291

Zhang X, Bao L, Arvidsson U, Elde R, Hökfelt T (1998b) Localization and regulation of the delta-

opioid receptor in dorsal root ganglia and spinal cord of the rat and monkey: evidence for

association with the membrane of large dense-core vesicles. Neuroscience 82:1225–1242

Zhang X, Bao L, Shi TJ, Ju G, Elde R, Hökfelt T (1998c) Down-regulation of mu-opioid receptors

in rat and monkey dorsal root ganglion neurons and spinal cord after peripheral axotomy.

Neuroscience 82:223–240

Zhang X, Bao L, Guan JS (2006) Role of delivery and trafficking of delta-opioid peptide receptors

in opioid analgesia and tolerance. Trends Pharmacol Sci 27:324–329
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receptor-coupled cell signalling systems. Unsurprisingly, VGSC blockers are found

to be useful as drugs in diverse clinical applications where excessive excitability of

tissue leads to pathological dysfunction, e.g. epilepsy or cardiac tachyarrhythmias.

The effects of most clinically useful VGSC blockers are use-dependent, i.e. their

efficacy depends on channel activity. In addition, many natural toxins have been

discovered that interact with VGSCs in complex ways and they have been used as

experimental probes to study the structure and function of the channels and to better

understand how drugs interact with the channels. Here we have attempted to

summarize the properties of VGSCs in sensory neurones, discuss how they are

regulated by cell signalling systems and we have considered briefly current con-

cepts of their physiological function. We discuss in detail how drugs and toxins

interact with archetypal VGSCs and where possible consider how they act on

VGSCs in peripheral sensory neurones. Increasingly, drugs that block VGSCs are

being used as systemic analgesic agents in chronic pain syndromes, but the full

potential for VGSC blockers in this indication is yet to be realized and other

applications in sensory dysfunction are also possible. Drugs targeting VGSC

subtypes in sensory neurones are likely to provide novel systemic analgesics that

are tissue-specific and perhaps even disease-specific, providing much-needed novel

therapeutic approaches for the relief of chronic pain.

Keywords Voltage-gated sodium channel, Local anaesthetic, Anticonvulsant,

Antiarrhythmic, Tetrodotoxin, Pain, Hyperalgesia, Analgesic

Abbreviations

BTX Batrachotoxin

DRG Dorsal root ganglion

IFM Isoleucine, phenylalanine and methionine

MAPK Mitogen-activated protein kinase

PKA Protein kinase A

PKC Protein kinase C

STX Saxitoxin

TTX Tetrodotoxin

TTXR Tetrodotoxin resistant

TTXS Tetrodotoxin sensitive

VGSC Voltage-gated sodium channel

1 Introduction

Voltage-gated sodium channels (VGSCs) are expressed throughout the animal

kingdom and are vital for the normal function of most excitable cells. Several

excellent broad-ranging reviews concerning their structure and function are avail-

able (Catterall 2000; Yu and Catterall 2003; Catterall et al. 2005). Some blockers of
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VGSCs have been licensed for use as medicines for several decades, while others,

as components of natural products, have been in use for centuries. Drugs that target

VGSCs and the assay technology used to discover them or to study their effects

have been reviewed recently from a medicinal chemistry perspective (Anger et al.

2001; Kyle and Ilyin 2006). The three mainstream categories of clinically useful

drugs are antiarrhythmics for the treatment of cardiac dysfunction, anticonvulsants

for epilepsy, and local anaesthetics for regional anaesthesia (Catterall 1987;

Ragsdale et al. 1996). The boundaries between these categories are vague at best

and most clinically used drugs appear in more than one category. As a rule,

the classification of a given VGSC blocker reflects its longest-standing or most

common use. The usefulness of VGSC blockers as systemic analgesics, especially

to treat chronic pain, is now widely recognized (Lai et al. 2004; Wood et al. 2004;

Amir et al. 2006; Cummins et al. 2007) and other indications are emerging, such as

multiple sclerosis (Waxman 2006; Smith 2007), asthma (Hunt et al. 2004) and even

the metastasis of tumour cells (Fraser et al. 2003).

Tissue selectivity of VGSC blockers is a highly desirable therapeutic goal to

improve the side-effect profile and clinical efficacy of existing drugs and to target

new applications. For example, selective blockers of sensory neurone VGSCs

would be expected to provide novel, safe and much needed analgesics for a wide

variety of sensory dysfunctions including chronic pain. In this review we describe

some current ideas concerning how drugs interact with VGSCs in general and

consider how the drugs act on peripheral sensory neurones in particular.

1.1 VGSC Structure

The mammalian neuronal sodium channel consists of a primary a-subunit of

approximately 260 kDa associated with one or more b-subunits of 33–36 kDa

(Hartshorne and Catterall 1981, 1984; Hartshorne et al. 1984; Messner and Catterall

1985; Morgan et al. 2000; Yu et al. 2003). The a-subunit is composed of four

homologous domains (D1-D4) each containing six a-helical transmembrane

segments (S1–S6) connected by alternating intracellular and extracellular loops

with large intracellular N and C termini (Fig. 1). There are large extracellular loops

between S5 and S6 in each domain which dip back into the membrane to form a

pore loop (P loop). The short lipophilic stretches that partly penetrate the membrane

to form the P loops are termed the ‘‘SS1 and SS2 regions’’. The four domains are

connected by three large intracellular loops and are positioned in the membrane

with the P loops facing each other forming the extracellular mouth of the ion-

conducting pore. The S6 segments from each domain line the intracellular mouth of

the pore and form its inner vestibule (Guy and Seetharamulu 1986).

Expression of the a-subunit alone in cells is enough to produce a functional

channel (Goldin et al. 1986); however, expression of one or more auxiliary

b-subunits appears to be required for appropriate channel expression and normal

current gating kinetics. Four b-subunits (b1–b4) have been identified and a-sub-
units will associate with one of b1 or b3 plus one of b2 or b4 in vivo through
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covalent (b2 and b4) or non-covalent (b1 and b3) bonding (Isom et al. 1992, 1995;

Morgan et al. 2000; Yu et al. 2003). Cloning of b-subunits revealed a single

transmembrane segment with small intracellular and large glycosylated extracellu-

lar domains which are thought to act like cell adhesion molecules by binding to

extracellular matrix proteins and probably play a role in cell-cell interactions, or in

the localization and clustering of the sodium channel protein in the membrane (Yu

et al. 2003; Isom et al. 1992, 1995; Srinivasan et al. 1998; Morgan et al. 2000;

Ratcliffe et al. 2001; Lai and Jan 2006). All four b-subunits are expressed to varying
degrees in sensory neurones (Oh et al. 1995; Yu et al. 2003), with b3 being the

dominant subunit expressed in small-diameter neurones (Shah et al. 2000). Limited

published information is available concerning the pharmacology of the b-subunits
and most known drugs that interact with VGSCs do so by binding to the a-subunit,
so it is here that we have focused our attention.

1.2 VGSC Function

The characteristic features underlying VGSC function have been described

as selective ion conductance, voltage-dependent activation and subsequent rapid
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Fig. 1 The a-subunit of a voltage-gated sodium channel (VGSC). The diagram shows the

proposed secondary structure of the a-subunit based on the original diagram designed by Noda

(1993) for NaV1.2. Each of four domains (designated D1–D4) contains six membrane-spanning

a-helical regions (S1–S6) of 19–27 amino acids in length joined by short (four to 19 amino acids)

connecting loops. The loop between S5 and S6 in each domain (54–100 amino acids) dips back

into the membrane to form the outer pore and selectivity filter. The lipophilic sections of the S5–S6

loop that form the ‘‘sides’’ of the loop, partly traversing the membrane, are referred to as the SS1

and SS2 regions. Positive charges in the S4 regions are highlighted to indicate the proposed

voltage-sensing regions and the isoleucine, phenylalanine and methionine motif in the D3–D4

linker, of importance for channel inactivation, is also highlighted. A more complete diagram

indicating conserved motifs in the channels can be found in Ekberg and Adams (2006). The amino

acid ranges that contribute to the different regions of the protein given here are for NaV1.8
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inactivation (Hille 2001). Within the cell membrane, VGSCs typically cycle

through three main functional states moving from resting to open to inactivated

and then back to a resting state.

Ion selectivity of the VGSC is conferred by the presence of two specific amino

acid residues in each domain located in the P loops that form the extracellular

mouth of the pore. These residues form negatively charged inner and outer rings

that act as an ion-selectivity filter, allowing the positively charged sodium ions to

enter the mouth of the pore. Voltage-dependent activation of the VGSC is achieved

by voltage sensors located in the highly conserved S4 transmembrane segments.

Positively charged amino acid residues located at every third position in these

segments are normally stabilized in the membrane by interacting with nearby

negatively charged residues. Depolarization produces changes in the transmem-

brane electric field which release these charges, causing the S4 segments to spiral

outwards, generating a conformational change which opens the pore. This process

was termed the ‘‘sliding helix model‘‘ (Catterall 1986) or the ‘‘helical screw model’’

(Guy and Seetharamulu 1986) when first proposed.

Inactivation of VGSCs occurs following activation and opening of the channels

and prevents further ionmovement through the pore. This allows full repolarization of

the action potential to occur during subsequent openings of voltage-gated potassium

channels. Inactivation of VGSCs allows the cells to support repetitive action

potential firing, with the time course of inactivation contributing to the frequency

at which the neurones can fire. Fast inactivation occurs over milliseconds via a

‘‘hinged lid mechanism’’ where an intracellular portion of the channel protein

occludes the pore by binding to a docking region. A critical sequence of three

hydrophobic amino acids – isoleucine, phenylalanine and methionine (IFM) – which

forms the docking particle has been located on the loop between D3 and D4 (West

et al. 1992).

2 Classification, Distribution and Proposed Function

of VGSC a-Subunits in Peripheral Sensory Neurones

At present, nine functional VGSC a-subunit isoforms have been described, giving

rise to nine sodium channel subtypes termed ‘‘NaV1.1–NaV1.9’’. These channels

have specific tissue distributions. All VGSCs except NaV1.4 are found in adult

sensory neurones, but most attention in this tissue has focused on NaV1.1, NaV1.3,

NaV1.6, NaV1.7, NaV1.8 and NaV1.9. A useful pharmacological distinction between

two classes of sodium channel is made using the specific VGSC neurotoxin tetrodo-

toxin (TTX). The majority of VGSC isoforms are blocked by nanomolar concentra-

tions of TTX and are termed ‘‘TTX-sensitive (TTXS) channels’’. These channels give

rise to rapidly activating and inactivating sodium currents (Ikeda et al. 1986; Roy and

Narahashi 1992). However, NaV1.5, NaV1.8 and NaV1.9 are relatively resistant

to the toxin and produce TTX-resistant (TTXR) currents, of which NaV1.8

typically activates and inactivates slowly (Roy and Narahashi 1992), whereas

NaV1.9 appears to produce a persistent TTXR current (Dib-Hajj et al. 2002). The

interaction of TTX with the sodium channel will be examined in detail herein.
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Several excellent reviews have appeared recently that summarize current knowl-

edge of localization and function of sodium channel subtypes in dorsal root ganglia

(DRG) and of plasticity of expression and function, especially in pain states (see,

e.g., Lai et al. 2004; Wood et al. 2004; Amir et al. 2006; Cummins et al. 2007).

The following is a brief account.

2.1 NaV1.1

Expression of NaV1.1 messenger RNA has been shown in cells of all sizes in the

DRG, with the highest expression in large-diameter cells and a lower expression in

small nociceptive somata (Black et al. 1996). The function of the TTXS current that

this channel could produce in sensory neurones has not yet been elucidated;

however, it is probable that NaV1.1 will contribute to the production of TTXS

action potentials in large-diameter DRG cells.

2.2 NaV1.2

A common sodium channel in rat brain, NaV1.2 is also expressed in DRG neurones

(Felts et al. 1997), but details of its contribution to sensory function are lacking.

2.3 NaV1.3

NaV1.3 is expressed in fetal neural tissue and at birth its expression is down-

regulated (Felts et al. 1997). In the adult brain and in sensory neurones the channel

is re-expressed when tissue is injured (Waxman et al. 1994). It is thought to underlie

a rapidly repriming (recovers from inactivation quickly) TTXS current and could be

an important motor for spontaneous firing of action potentials in damaged neurones

and neuromae (Cummins and Waxman 1997). It is therefore an important drug

target for neuropathic pain.

2.4 NaV1.4

Skeletal muscle cells express NaV1.4, but of all of the VGSC channel subtypes this

is the least likely to be important for sensory neurone mechanisms.

2.5 NaV1.5

The cardiac VGSC NaV1.5 is expressed in sensory neurones. Its role in sensation is

not defined, but it has been argued that it is expressed in rat DRG neurones and
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contributes to TTXR current (Renganathan et al. 2002). In the mouse a splice

variant, NaV1.5a, may be the dominant form (Kerr et al. 2007).

2.6 NaV1.6

NaV1.6 is the predominant TTXS VGSC subtype found at the nodes of Ranvier of

large myelinated sensory fibres where it underlies the upstroke of the action

potentials that propagate along the axon by saltatory conduction (Caldwell et al.

2000). It is also found in most large and medium cell bodies in the DRG, with a

lower expression in small-diameter cell bodies (Black et al. 1996). Black et al.

(2002) have shown expression of NaV1.6 along unmyelinated fibres and have

suggested that it contributes to action potential generation in these fibres. NaV1.6

may be a substrate for a persistent TTXS current that can be recorded from DRG

neurones (Baker 2000; Rush et al. 2005).

2.7 NaV1.7

Expression of NaV1.7 is widespread in peripheral sensory neurones. It has been

shown in all classes of neurone in the DRG but appears more common in the somata

of small-diameter nociceptive neurones, where it may be responsible for the

majority of TTXS current recorded in these cells (Black et al. 1996; Cummins

et al. 2007). One of the biophysical features of NaV1.7 is its ability to produce a

slowly inactivating inward current in response to small depolarizations around the

membrane potential. As a result of this, NaV1.7 is likely to contribute towards

setting the threshold for cell firing. Aside from the cell body, expression is also high

in the neurites of nociceptive neurones (Toledo-Aral et al. 1997), located at the

peripheral end of the neurone where painful stimuli are detected and, therefore,

NaV1.7 is likely to play a major role in the initial transmission of pain signals to the

nervous system. Recognition of the role of gain-of-function mutations in NaV1.7

in the aetiology of congenital pain syndromes (Dib-Hajj et al. 2005) and loss-

of-function mutations in congenital insensitivity to pain (Cox et al. 2006; Goldberg

et al. 2007) has focused special attention on this subtype.

2.8 NaV1.8 and NaV1.9

The TTXR channels NaV1.8 and NaV1.9 are restricted primarily to the cell bodies

and terminals of small-diameter nociceptive neurones in the DRG and trigeminal

ganglion and consequently are considered to play an important role in nociceptive

processing (Padilla et al. 2007; Cummins et al. 2007). Upregulation of expression of
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both channel types contributes to hyperalgesia in inflammation, but the role of

the channels in neuropathic pain states is more controversial. Studies in NaV1.8

knockout mice have suggested that the channel is responsible for the majority of

sodium current underlying the initial rapid depolarization of the action potential in

these nociceptive cell bodies (Renganathan et al. 2001). The persistent current

carried by NaV1.9 is activated close to the resting membrane potential and is likely

to be involved in setting the membrane potential and boosting the response to

subthreshold inputs in the DRG (Dib-Hajj et al. 2002). Expression of NaV1.8 and

NaV1.9 is also seen along the axon in unmyelinated fibres, but their contribution

towards action potential generation in these fibres is unclear since TTX normally

blocks axonal conduction even in C fibres (Farrag et al. 2002). NaV1.8 is attributed

to a role in spike-frequency adaptation whereby the contribution of NaV1.8 to

repeated action potentials is diminished by accumulation of slow time-dependent

inactivation leading to a progressive reduction in excitability (Blair and Bean 2003)

and a similar process may be involved in frequency-dependent regulation of

conduction velocity in C fibre terminal axons (De Col et al. 2008).

The inactivation properties of NaV1.8 are relatively resistant to change when

the neurones are cooled compared with TTXS channel subtypes, which has led to

the interesting suggestion that NaV1.8 may help to maintain the excitability of

nociceptor terminals at low temperatures, allowing the continuance of the percep-

tion of pain sensation in such conditions (Zimmermann et al. 2007).

3 Modulation of VGSCs in Sensory Neurones by Receptor

Signalling Systems

VGSCs are subject to modulation by receptors coupled to intracellular signalling

systems which primarily act to phosphorylate specific residues on the a-subunit
through the action of cytoplasmic protein kinases. The functional effects of

phosphorylation appear to depend on both the subtype of channel that is phos-

phorylated and the cell type containing the channel. The two major protein

kinases that have been shown to target the VGSC are protein kinase A (PKA)

and protein kinase C (PKC), both of which are activated by G protein mediated

second messenger systems. The second messenger pathways involved are com-

mon to many G protein coupled receptors, implying that a wide range of

compounds, endogenous or otherwise, have the potential to cause phosphoryla-

tion of VGSCs via cell signalling systems. The specific amino acid residues that

are phosphorylated by PKA and PKC are located primarily on the linker between

domains 1 and 2. In rat brain VGSCs, PKA phosphorylates four serine residues

at positions 573, 610, 623 and 687 (rat brain nomenclature), whereas PKC

phosphorylates serines at positions 554, 573 and 576 as well as serine 1506 in

the linker between D3 and D4 which forms the inactivation gate (Murphy et al.

1993; Cantrell et al. 2002).
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Agents that activate PKA or PKC in sensory neurones have been shown to cause a

general enhancement of sodium channel activity. In acute cultures of DRG neurones,

application of hyperalgesic agents such as prostaglandin E2 (see Fig. 2a), adenosine,

and 5-hydroxytryptamine have been shown to increase TTXR current amplitude

in a cyclic AMP (cAMP) and PKA dependent manner (England et al. 1996;

Gold et al. 1996; Cardenas et al. 2001). Activation of PKA accelerates fast inacti-

vation of TTXR but delays entry into slow inactivated states (Docherty and Farrag

2006). The effect of these hyperalgesic agents on the TTXR current is likely to play

an important role in sensitizing nociceptive neurones during inflammatory pain

states. In these experiments the likely target for phosphorylation is NaV1.8, which

will most likely be responsible for carrying most of the TTXR current recorded.

Indeed specific cAMP-mediated phosphorylation of the NaV1.8 channel at amino

acid residues on the D1–D2 linker has been shown to produce a similar increase

in NaV1.8-mediated current amplitude (Fitzgerald et al. 1999). As well as acute

effects, channel expression is also upregulated by inflammatory mediators (Gould

et al. 1998). Interestingly, the NSAID ibuprofen has been shown to inhibit this,

implicating cyclo-oxygenase products in long-term as well as acute regulation of

channel activity (Gould et al. 2004).

As with PKA, activation of PKC in isolated DRG neurones leads to an increase

in TTXR sodium current amplitude (Gold et al. 1998). In particular, PKC has been

shown to cause an increase in activity of the NaV1.9 VGSC subtype which produces

control control

PGE2 1 mM PGE2 1 mM 

TTX 0.5 mM 

0.5 nA

10 ms

0.5 nA

10 ms

TTXRa b TTXS

Fig. 2 The effect of prostaglandin E2 (PGE2) on VGSC current in voltage-clamped rat dorsal root

ganglion neurones. Currents are evoked during 30-ms voltage steps to �10 mV from a holding

potential of �90 mV. The recording method is as described in Docherty and Farrag (2006). The

increase in current amplitude that occurs about 6 min after application of 1 mM PGE2 is shown in

(a) and that which occurs about 3 min after application of 1 mM PGE2 is shown in b. In a the

currents were recorded in the presence of 0.5 mM tetrodotoxin (TTX) throughout so this is a TTX-

resistant current. In (b) the currents were identified as TTX-sensitive by their characteristic rapid

kinetics and this was confirmed by applying 0.5 mM TTX to the current after it had been enhanced

by application of PGE2
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a persistent TTXR current (Baker 2005) that is G protein regulated (Ostman et al.

2008). The actions of these two protein kinases on sensory neuronal VGSCs appear

to be somewhat cooperative as an inhibition of PKC activity has been shown to

significantly reduce the enhancing effect of PKA on TTXR current in the DRG

(Gold et al. 1998). Similarly, in nodose neurones, potentiation of NaV1.8 currents

by PKC activation is inhibited by PKA inhibitors and 8-bromo-cAMP appears to

act through both PKA and PKC (Matsumoto et al. 2007).

In CNS neurones, phosphorylation by either PKC or PKA inhibits VGSCs

(Chahine et al. 2005) perhaps by modulating slow inactivated states (Chen et al.

2006b). These studies imply that the peripheral TTXR and CNS TTXS subtypes are

modulated in opposing ways by channel phosphorylation. One might expect

that TTXS currents in peripheral sensory neurones would be inhibited by phosphor-

ylation also. Interestingly, 5-hydroxytryptamine , which is an inflammatory media-

tor, enhances TTXS currents as well as TTXR currents in sensory neurones

(Cardenas et al. 2001) and the same is true for prostaglandin E2 (Fig. 2b). Not

only TTXR current (see above) but also TTXS current in DRG neurones is

increased by PKA activation and the overall rate of development of slow inactiva-

tion is slowed (Docherty and Farrag 2006). Vijayaragavan et al. (2004) have shown

that NaV1.7, which is probably the predominant TTXS subtype in small DRG

neurones, is inhibited by phosphorylation when heterologously expressed in Xenopus
oocytes, but NaV1.8 is enhanced in the same expression system, which suggests that

modulation is subtype-specific. Conceivably the PKA-mediated enhancement of

TTXS currents in DRG is due to a different VGSC subtype. NaV1.1 and NaV1.2 are

inhibited by PKA (Li et al. 1992; Smith and Goldin 1996, 1998) and NaV1.4 is not

expressed in DRG, so if the PKA effect is subtype-specific presumably NaV1.3

and NaV1.6 are the most likely candidates. On the other hand, Smith and Goldin

(2000) have shown that although PKA can inhibit VGSCs by phosphorylating

consensus sites in the D1–D2 linker, additional PKA activity (when these sites

are already phosphorylated) causes enhancement of activity which has been attrib-

uted to an indirect mechanism, i.e. due to phosphorylation of another protein, a

mechanism that also occurs in cardiac NaV1.5 channels (Frohnwieser et al. 1995). It

is possible that the enhancing effects of phosphorylation on DRG VGSCs are

indirect via a similar unidentified protein in DRG (e.g. cytoskeletal proteins or

another kinase, see below) that is itself activated by PKA phosphorylation. Several

potential protein interactions with NaV1.8 have been identified and discussed

(Wood et al. 2004).

Although most research to date has focused on sodium channel phosphorylation

by PKA and PKC, other signalling pathways may also be able to acutely modulate

sodium channel function. Recent attention has focused on the p38 mitogen acti-

vated protein kinase (MAPK) signalling pathway and its acute modulation

of sodium channel activity. Activation of p38 MAPK has been shown to phosphor-

ylate the TTXS NaV1.6 channel at a site in the domain 1–2 linker, and this produces

a reduction in sodium current density with no effect on the voltage-dependence of

activation or inactivation (Wittmack et al. 2005). The p38 MAPK pathway is a

common intracellular pathway for many inflammatory cytokines and interestingly
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application of tumour necrosis factor a onto DRG neurones produced an increase in

TTXR sodium currents by a p38 MAPK-dependent mechanism (Jin and Gereau

2006). This sodium channel modulation by tumour necrosis factor-a appears to

contribute to hyperexcitability of primary sensory neurones and production of

hyperalgesia. Signalling via p38 has been identified as a downstream path for

PKC and PKA signalling mechanisms in adipose fibroblasts (Chen et al. 2007),

so it may be a good candidate for an indirect mediator of increases of VGSC

activity produced by PKA activation in DRG neurones, although this hypothesis

is as yet untested.

4 Drugs and Toxins Acting at VGSCs in Sensory Neurones

4.1 Local Anaesthetics

Local anaesthetics, at sufficiently high concentration, block completely the generation

and conduction of action potentials in all nerve cells and their axons. When

injected close to a nerve of interest they eliminate sensation arising from the

territory that the sensory fibres innervate. They do so by binding to and blocking

VGSCs in the nerve axons and terminals. To achieve this kind of nerve block, or

to anaesthetize an area of skin by infiltration of local anaesthetic into the area,

high concentrations are injected locally – about 10–100 mM for lidocaine, which

is one of the most widely used drugs. At lower systemic concentrations, about

1–100 mM, lidocaine produces much more subtle effects on excitability and

conduction of action potentials. This is especially important in the heart, where

local anaesthetics are administered systemically and used clinically to control (but

not block) action potential generation and conduction in cardiac tissues to regu-

larize heart rate and rhythm in pathological cardiac arrhythmias. By analogy,

relatively low doses of local anaesthetics (or antiarrhythmics, see later) adminis-

tered systemically have the potential to be used to reduce excitability of peripheral

nociceptive sensory neurones, without completely blocking them. Clinical studies

have shown that local anaesthetics can be used in this way as an effective treatment

for intractable neuropathic pain and although this therapeutic application has

considerable merit (McLeane 2007), it is controversial (Carroll 2007). Strangely,

although lidocaine has a fairly short plasma half-life, the analgesic effect produced

by an intravenous infusion of lidocaine can last for several weeks (McLeane 2007).

Lidocaine is used as a local anaesthetic and antiarrhythmic and can also be used

as an anticonvulsant (Sugai 2007), although its use in this application is uncommon.

Indeed, it has proconvulsant effects at high systemic concentrations (DeToledo

2000). It has been used widely to study the mechanism of block of VGSCs by local

anaesthetics in a variety of tissues. The mechanism has been studied in considerable

detail and is complex. It is difficult to analyse the dose-dependence of the effects

of lidocaine by conventional pharmacological analyses because of the phenomenon
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of ‘‘use-dependence’’ (Courtney 1975) whereby the effectiveness of a given

concentration of local anaesthetic increases the more the tissue is stimulated

(i.e. ‘‘used’’). This means that lidocaine yields a range of EC50 values for block

of sodium currents from about 10 mM to 1 mM depending on whether the system is

highly active or relatively inactive, respectively. To explain the phenomenon of

‘‘use-dependence’’, Hille (1977) took the concept of ‘‘state-dependent’’ binding that

had been developed for potassium channel blockers by Armstrong (1971) and

applied it to VGSCs to create an ingenious model that has been widely accepted

called the ‘‘modulated receptor hypothesis’’. This model has been tested and

reviewed extensively and a good discussion of the details can be found in Hille

(2001), and in the recent review by Nau and Wang (2004). Essentially, the model

suggests that VGSCs exhibit a specific binding site for local anaesthetics that has an

affinity that depends on the state of the channel. As VGSCs cycle through their

resting, open and inactivated states during the upstroke of an action potential, the

affinity of the local anaesthetic binding site changes such that lidocaine binds more

avidly to open and inactivated states. If this cycle is repeated frequently relative to

the rate at which lidocaine dissociates from its binding site, there will be an

accumulation of blocked channels that manifests itself as a use-dependent blocking

action. The binding site for local anaesthetics has been located to the inner mouth of

the channel pore (Ragsdale et al. 1994). Here, two key amino acids have been

identified, a phenylalanine and a tyrosine, in a highly conserved region of the D4S6

region of the VGSC (F1711 and Y1718 in rat NaV1.8), that are critical for

local anaesthetic binding. These are present in equivalent positions in all of the

mammalian VGSCs, so the site of local anaesthetic block is likely to be similar in

all subtypes, although fine details of the mechanism of block may differ. Apart from

these, several other residues have been identified that contribute to the local

anaesthetic binding site (for a comprehensive discussion and references see

Nau and Wang 2004).

Lidocaine is a weak base (pKa = 7.9) and at physiological pH of 7.4 it exists as a

mixture of a predominantly (about 70%) protonated form and a neutral form. It is

thought that the neutral form of the local anaesthetics can access the binding site via

a hydrophobic pathway, i.e. by passing through the lipid membrane from outside

the cell, but the charged form must negotiate a hydrophilic pathway by entering

the inner vestibule of the channel pore from the cytosol. Experiments using

benzocaine – a hydrophobic analogue of lidocaine that is uncharged – suggest

that the binding of the neutral form of lidocaine is of relatively low affinity and

probably accounts for the ‘‘tonic’’ block of VGSCs in their resting state. Benzocaine

does not show the use-dependent blocking action that is characteristic of lidocaine

or similar local anaesthetics that are weak bases (Starmer et al. 1984). By contrast,

experiments with QX314 and QX222, where the basic amine group has been

quaternized to produce permanently charged analogues of lidocaine, have shown

that these compounds must be applied to the cytosolic surface of most VGSCs to be

effective and exert virtually no resting or tonic block but they are strongly use-

dependent (Narahashi et al. 1972; Strichartz 1973; Hille 1991). Presumably, the

intramolecular juxtaposition of the residues involved in binding changes when the
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channel opens and inactivates in such a way that high affinity binding of the charged

form is favoured. QX314 requires channels to be opened and not inactivated to

access the local anaesthetic binding site, so it seems that the binding site is also

‘‘guarded’’ by the channel gates, at least for charged local anaesthetics. A ‘‘guarded-

receptor’’ hypothesis that complements the modulated-receptor hypothesis but

favours the view that access to the receptor rather than an affinity change is the

major determinant of state-dependent binding was developed by Starmer et al.

(1984). To further complicate matters, if the channel gates close after the drug

has bound, the bound drug molecule can become trapped inside the channel

(Strichartz 1973). With respect to access to the local anaesthetic binding, site

NaV1.5 is an exception to this pattern since QX314 can block this channel – the

cardiac subtype – from either side of the membrane (Alpert et al. 1989). Interest-

ingly, a critical residue in the outer mouth of the channel that protects NaV1.5 from

block by TTX (C374 in rat NaV1.5, see below) is required to enable the extracellu-

lar block of NaV1.5 by QX314 (Sunami et al. 2000), but the equivalent residue in

NaV1.8 (S356 in rat) that confers TTX resistance in this channel isoform (see

below) does not render the channel sensitive to extracellular QX314 (Leffler et al.

2005; Binshtok et al. 2007). This is important because even though not all the

VGSC isoforms have been tested systematically for sensitivity to extracellular

QX314, the result implies that the cardiac channel alone exhibits this property.

Apart from the obvious complexity of the binding of local anaesthetics to

VGSCs, it remains unclear how conductance block is actually achieved when the

local anaesthetic is bound. The local anaesthetic molecule may occlude the channel

pore physically or by electrostatic effects or it may stabilize the channel in a non-

conducting (inactivated) state or both. Local anaesthetics can change profoundly

the voltage-dependence of inactivation and slow the rate of recovery from inacti-

vated states, so it seems certain that this mechanism at least contributes to the

reduced conductance (Hille 1991; Nau and Wang 2004). Both fast inactivation

(Hille 1991; Nau andWang 2004) and slower closed-state inactivation (Balser et al.

1996) conformations have been implicated. There is evidence that local anaesthetic

block is severely compromised in mutant channels that have been made

inactivation-deficient by mutation of the IFM motif of the D3–D4 linker region

of the molecule that is responsible for fast inactivation (Bennett et al. 1995).

In these mutant channels the lack of fast inactivation has been used to reveal an

open-channel blocking mechanism (Wang et al. 1987, 2004; Grant et al. 2000).

This open-channel block may involve an electrostatic repulsion of Na+ ions

(Lipkind and Fozzard 2005; McNulty et al. 2007; Ahern et al. 2008). Recently,

Armstrong (2007) proposed a model of VGSC function that suggests that closed-

state inactivation requires that the S4 voltage sensor regions of D3 and D4 are in the

‘‘activated’’ position (with additional movement of D1S4 and D2S4 being required

for opening), the conformations of which are stabilized by lidocaine (Sheets and

Hanck 2007), thus linking conformational changes associated with activation

to closed-state inactivation and lidocaine binding. The rates of association and

dissociation of individual compounds to the local anaesthetic binding site relative

to the kinetics of state transitions in the channel may have an impact on the details
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of the blocking mechanism for a given compound (Grant et al. 2000), e.g. whether

stabilization of fast or slow inactivated states or open- or closed-channel block

dominates. Thus, despite the emergence of a common molecular model it may

not be possible to generalize across all local anaesthetic compounds and channel

isoforms with respect to the fine details of channel block.

There is some evidence that selectivity of action of drugs acting at the local

anaesthetic binding site is possible between sodium channel isoforms in sensory

neurones. A range of EC50 values for lidocaine from about 100 to 1,300 mM has

been reported for TTXR (potentially comprising NaV1.8 and NaV1.9) currents (Roy

and Narahashi 1992; Brau and Elliott 1998; Brau et al. 2001; Scholz et al. 1998;

Gold and Thut 2001; Weiser 2006; Docherty and Farrag 2006). An even wider

range of EC50 values from about 10 to 1,000 mM are reported for the sensitivity of

TTXS currents (potentially comprising NaV1.1, NaV1.2, NaV1.3, NaV1.6 and

NaV1.7) to lidocaine (Brau et al. 2001; Roy and Narahashi 1992; Brau and Elliott

1998; Scholz et al. 1998; Gold and Thut 2001; Weiser 2006; Docherty and Farrag

2006). There is also evidence for a persistent current in large sensory neurones that

is relatively sensitive to lidocaine (Baker 2000). Since both TTXS and TTXR

VGSCs show plasticity of expression in sensory neurones (Lai et al. 2004; Rush

et al. 2007) it could be that cell preparation and culture conditions in different

laboratories, which necessarily involve damage to the tissue, have resulted in

different ‘‘mixes’’ of channel isoforms in their preparations and this underlies the

differences in sensitivity of currents to lidocaine (and presumably to other local

anaesthetics). Despite the reported differences in lidocaine sensitivity of some

isoforms (Chevrier et al. 2004), this is probably an optimistic view. It is more

likely that the differences are due to differences in experimental recording condi-

tions. For example, lidocaine sensitivity is proportional to extracellular Na+ con-

centration, which is often reduced in voltage-clamp experiments to a variable extent

(see the discussion by Weiser 2006) and, although bound lidocaine cannot be

protonated from the cytoplasm (Hille 2001), the intracellular pH will nevertheless

affect the relative proportion of neutral to protonated lidocaine in the cytoplasm,

and this too varies. Even quite small changes in holding potential may change the

level of resting closed state inactivation, which will have a profound effect on

lidocaine sensitivity – especially for TTXS currents, which have a more negative

voltage-dependence for closed-state inactivation (Docherty and Farrag 2006).

PKA-induced phosphorylation causes a modest increase in lidocaine sensitivity of

TTXR in situ (Docherty et al. 2006), which may also introduce a variable. Leffler

et al. (2007) have shown that differences in the sensitivity to lidocaine between

TTXS currents and the NaV1.8 TTXR isoform are largely due to differences in

state-dependent binding rather than due to differences in the local anaesthetic

binding site per se. Interestingly, Sheets and Hanck (2007) have shown that muta-

tions of human NaV1.7 associated with erythromelalgia leads to a reduced sensitiv-

ity to lidocaine when the mutation occurs within the local anaesthetic binding

region, but not otherwise, predicting genotype-specific lidocaine resistance.

At first sight, QX314 and other charged analogues of lidocaine cannot be used to

target sensory neurones since they cannot access the local anaesthetic binding site
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from the extracellular space (except in the heart, see earlier). This view has been

overturned recently. Lim et al. (2007) demonstrated very convincingly that QX314

provoked a long-lasting local anaesthetic effect in vivo using a range of animal

models of pain. Binshtok et al. (2007) also demonstrated analgesic effects of QX314

but they took a different approach by using capsaicin to provide a nociceptor-

specific portal for entry of QX314 into the cytosol of sensory neurones. TRPV1, the

capsaicin-activated non-specific cation channel has a pore that can accommodate a

molecule as large as QX314 and allow it to enter cells. Binshtok et al. (2007) showed

that a combination of capsaicin with QX314 provokes a nociceptor-specific block

of VGSCs that results in analgesia. Since TRPV1 activity is implicated in the cause

of some chronic inflammatory and neuropathic pain syndromes (Szallasi et al.

2006), it may even be possible to use QX314 or similar analogues to treat such

conditions, as Lim et al. (2007) have done, without the need for concomitant

application of a TRPV1 agonist since TRPV1 channels would presumably be

spontaneously active. This opens a whole new approach to the use of local anaes-

thetics to treat chronic pain. Weak bases such as lidocaine are predominantly

charged at low pH and they are thought to be ineffective in inflammatory conditions

where extracellular pH is low because the charged protonated species cannot enter

the cell and reach the high-affinity binding site via the cytosol (see above). Where

TRPV1 is active, as is the case in some forms of chronic pain, this restriction

may no longer apply and this could explain why low systemic concentrations of

lidocaine are effective in some forms of chronic pain. If charged lidocaine (or

QX314) becomes trapped in the cells, it may also explain why the effect of

lidocaine in these cases outlasts its availability in the plasma (McLeane 2007).

4.2 Antiarrhythmic Drugs

Antiarrhythmic drugs are used clinically for the treatment of cardiac arrhythmias

which are caused by abnormal electrical activity in the heart. Class I antiarrhyth-

mics target the TTXR cardiac VGSC (NaV1.5), where they produce inhibition of

the channel. This typically acts to slow the rate of depolarization during the initial

upstroke of the action potential in the cardiac muscle cell, which has the effect of

reducing excitability in the heart. The drugs found in this class of antiarrhythmics

all display state-dependent binding, a phenomenon described earlier for the actions

of local anaesthetics, where drugs bind preferentially to a particular functional state

of the sodium channel, usually the open or inactivated state. As a result of this, class

I antiarrhythmics display use-dependent inhibition of VGSCs whereby drug bind-

ing accumulates during high-frequency activity such as that which occurs during

tachyarrhythmias, but normal heart activity is relatively unaffected. Paradoxically,

because class I drugs affect conduction pathways in the heart, they and other VGSC

blockers all have the potential to provoke arrhythmias in normal cardiac tissue,

which is a significant problem for drug development in other applications such as

anticonvulsant therapy or analgesia. Class I antiarrhythmics are further classified
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into three subclasses – Ia, Ib and Ic – depending on the speed of their binding

kinetics. The rate of binding to the sodium channel, and subsequently dissociating

from it, is fast for class Ib drugs, slow for class Ic drugs and intermediate for class Ia

drugs.

4.2.1 Class Ia

Quinidine, procainamide and disopyramide are examples of class Ia antiarrhythmics.

These drugs all inhibit sodium channels through an open-channel block whereby

they bind to the channel pore whilst it is in the open, activated state and prevent the

passage of sodium ions through the channel.

4.2.2 Class Ib

The prototypical class Ib antiarrhythmic is lidocaine, but other common drugs in

this class include mexiletine and tocainide, which have longer-lasting effects and

are orally available. The molecular mechanism is essentially the same as for

lidocaine discussed earlier.

4.2.3 Class Ic

The most common class Ic antiarrhythmic is flecainide, but this group also includes

propafenone. These drugs act in a manner similar to the class Ia drugs, inhibiting the

sodium channel through an open-channel block. Class Ic drugs have a particular

propensity to provoke proarrhythmic effects, which restricts their usefulness

(Pratt and Moye 1990).

For all subclasses of class I antiarrhythmics the binding site on the sodium

channel is located on the intracellular side of the pore, and, similarly to local

anaesthetics, the drugs must access it through either a hydrophilic pathway, e.g.

the channel pore, or a hydrophobic membrane-delimited pathway (see earlier).

Although the class Ib drugs bind to the local anaesthetic receptor described previ-

ously, it is likely that the binding site for the class Ia and Ic drugs overlaps with this

(Ragsdale et al. 1996). Indeed the two amino acid residues that are critical for

lidocaine binding (see earlier) have been shown to be important for block by several

class I antiarrhythmic agents of different subclasses. Additionally, residues in

the sodium channel selectivity filter located on the extracellular side of the pore

are thought to be important in controlling access of antiarrhythmic drugs to the

intracellular binding site of NaV1.5 (Sasaki et al. 2004).

Owing to their known blockade of cardiac sodium channels, and the high level of

homology between sodium channel a-subunits, it is not surprising that class I

antiarrhythmics also target VGSCs in sensory neurones. Consequently, some of

the class I agents apart from lidocaine may be useful as treatments for peripheral
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neuropathic pain syndromes (Chabal et al. 1989; Challapalli et al. 2005). The

use-dependence of the drugs is likely to be especially important when treating

neuropathic pain, as it should allow them to potently inhibit the hyperexcitability of

sensory neurones that underlies the pain while sparing normal sensation. Mexiletine

and flecainide are probably the best-studied examples in this context and are

discussed in the following sections. In addition, a recent study by Tzeng et al.

(2007) has shown a local-anaesthetic-type action of quinidine, mexiletine and

flecainide following localized injections.

4.2.4 Mexiletine

In small DRG neurones, application of the VGSC opener veratridine causes

depolarization and subsequent release of substance P. Mexiletine has been shown

to prevent this release of substance P, suggesting it will block sodium channels in

the DRG (Akada et al. 2006). More specifically, mexiletine has been shown to

block TTXR sodium currents recorded in small rat DRG neurones in a tonic and

use-dependent manner (Brau et al. 2001; Weiser 2006), and will also block TTXR

current passing through human NaV1.8 channels expressed in a neuroblastoma cell

line (Dekker et al. 2005). However, it should be noted that blockade is not restricted

to TTXR channels, as blockade of TTXS channels has also been shown (Weiser

2006; Ragsdale et al. 1996).

The efficacy of mexiletine has been tested in several animal models of neuro-

pathic pain where it can reduce behavioural hyperalgesia and allodynia. Following

a chronic constriction injury in the rat, systemic mexiletine has been shown to

suppress spontaneous firing and burst firing in peripheral sensory nerve without

affecting normal conduction (Nakamura and Atsuta 2005). Mexiletine can also

inhibit sensory neuronal-mediated reflex responses to noxious bladder distension in

the rat (Su et al. 2007). In humans, mexiletine has been useful clinically as a

treatment for painful diabetic neuropathy, usually when standard treatments such

as tricyclic antidepressants have proved ineffective or to be poorly tolerated

(Jarvis and Coukell 1998). Painful diabetic neuropathy is a complication of diabetes

where peripheral nerves can become damaged, leading to symptoms of sensory

dysfunction including neuropathic pain. The sodium channel blocking ability of

mexiletine can provide relief by suppressing pathological spontaneous firing and

elevated neuronal excitability in peripheral sensory neurones. However, mexiletine

is a CNS penetrant drug and it is probable that effects on sodium channels in both

the CNS and the peripheral nervous system contribute to its analgesic effect.

4.2.5 Flecainide

The class Ic agent flecainide has also been shown to block sensory neuronal sodium

channels. Recent clinical trials support its use as an analgesic (Von Gunten et al.

2007). When applied to small DRG neurones, flecainide produced a tonic and
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use-dependent inhibition of TTXR sodium currents (Osawa et al. 2004). Work in

our laboratory has also shown that flecainide will produce a tonic and use-dependent

block of peripheral sensory nerve compound action potentials in both large

myelinated mechanosensory A fibres and small unmyelinated nociceptive C fibres

(Fig. 3). The sodium channels underlying the A fibre action potentials will be of the

TTXS subtype and so it is clear that flecainide can inhibit both TTXR and TTXS

sodium channel subtypes in sensory neurones. Animal and human clinical studies

have also suggested a potential analgesic effect of flecainide in neuropathic pain

syndromes (Dunlop et al. 1988; Ichimata et al. 2001a, b). For example, intravenous

administration of flecainide to rats following a chronic constriction injury of the

sciatic nerve suppressed ectopic firing in peripheral neurones and also reduced

behavioural signs of neuropathic pain (Ichimata et al. 2001a). However, the use of

class Ic antiarrhythmics in humans carries additional clinical issues as a conse-

quence of results obtained from the cardiac arrhythmia suppression trial. This

10 100 1000
−20

0

20

40

60

80

100

A
m

pl
itu

de
 o

f A
-f

ib
re

 C
A

P
 (

%
 b

lo
ck

)

Flecainide (¥M) Flecainide (¥M)

Unconditioned
1 Hz
10 Hz

Unconditioned
1 Hz
10 Hz

10 100

0

20

40

60

80

100

%
 b

lo
ck

 o
f s

ap
he

no
us

 C
-f

ib
re

 C
A

P

control

a

control
300ì M flecainide

100ì M flecainide

A fibre CAPs b

dc

C fibre CAPs

5 mV

0.5 mV

1 ms

20 ms

Fig. 3 The effect of flecainide on sensory nerve compound action potential conduction in the rat.

The effect of extracellular application of flecainide on the conduction of saphenous nerve

compound action potentials in the rat was measured using an in vitro grease-gap recording method

(Docherty et al. 2005). Flecainide produced a tonic block of both (a) the A fibre and (b) the C fibre

compound action potentials. The graphs show dose-response curves for the inhibitory effect of

flecainide in (c) A fibres and (d) C fibres with the unconditioned data set representing tonic

inhibition. After trains of impulses had been applied to the nerve at 1 and 10 Hz, the potency of

flecainide inhibition was increased, as shown by the leftward shift in the dose response curves in c

and d. The data clearly highlight the use-dependent action of the open-channel blocker flecainide
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clinical trial revealed a fatally proarrhythmic effect of encainide and flecainide in

humans compared with a placebo (Pratt and Moye 1990).

4.3 Anticonvulsants

Blockade of VGSCs is an effective method of suppressing the abnormal neuronal

activity underlying epileptic seizures, making sodium channel blockers a useful

therapeutic tool in many forms of epilepsy. Commonly used anticonvulsants

include phenytoin, carbamazepine, lamotrigine and valproate, and these drugs

typically display potent voltage- and use-dependent activities at the VGSC which

allow them to target the high frequency activity or long depolarizations that are

associated with seizures, without affecting normal brain function. However, these

drugs have increasingly been used in the treatment of other pathological condi-

tions where suppression of neuronal excitability is beneficial, most notably in

neuropathic pain which arises from injury to sensory nerves (Rogawski and

Löscher 2004). Indeed carbamazepine, one of the most commonly used antic-

onvulsants, was originally developed to treat the neuropathic pain condition tri-

geminal neuralgia, and still remains the first line treatment for the condition (Spina

and Perugi 2004).

The target for several of these anticonvulsant drugs was shown to be the VGSC

by the use of batrachotoxin (BTX)-displacement assays (Willow and Catterall

1982; Willow et al. 1985; Cheung et al. 1992). The effective displacement of

BTX suggested that the anticonvulsant binding site was likely to be at, or very

close to, the ‘‘site 2’’ toxin binding site (see later). It is now known that anticonvul-

sant drugs target a common receptor site on the VGSC (Kuo 1998) and they bind to

the channel in a manner similar to local anaesthetics, which themselves bind with

some overlap to the ‘‘site 2’’ receptor (Nau and Wang 2004). Anticonvulsants show

state-dependent binding whereby they preferentially bind to the inactivated state of

the sodium channel and this feature contributes towards their voltage- and use-

dependent activities. Amino acid residues in the S6 segments of domains 3 and 4

that have been proven to be important for local anaesthetic binding are also required

for anticonvulsant binding (Ragsdale et al. 1996; Yarov-Yarovoy et al. 2001), and

Liu et al. (2003) further identified residues in D4S6 which seem to be required for

the binding of lamotrigine.

Binding of anticonvulsant drugs stabilizes the VGSC in the inactivated state and

subsequently reduces the number of channels that are available for activation.

Electrophysiologically, VGSCs blocked by anticonvulsants show reduced current

sizes, a hyperpolarizing shift in the voltage-dependence of inactivation and a

slowed recovery from inactivation (Lang et al. 1993; Kuo and Lu 1997; Ragsdale

et al. 1991; Matsuki et al. 1984). However, compared with local anaesthetics,

anticonvulsants tend to show slower onset rates of binding and this is particularly

true for phenytoin (Kuo and Bean 1994). A slow binding rate means that long

depolarizations (that can be observed during seizure activity) will be selectively
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targeted by anticonvulsants, as depolarizations associated with normal brain func-

tion are likely to be too brief to allow significant drug binding. The slow rate of

antiepileptic unbinding relative to the recovery of the VGSC from inactivation

underlies their use-dependent activity.

4.3.1 Anticonvulsants and Neuropathic Pain

It may be unsurprising that anticonvulsant drugs are also effective in the treatment of

neuropathic pain as characteristic features of neuropathic pain are hyperexcitable

neurones and the production of spontaneous ectopic firing –electrical events not

dissimilar to those occurring in the brain in epilepsy. In addition, sufferers of

neuropathic pain frequently respond poorly to conventional opioid or NSAID treat-

ments, making the use of anticonvulsants particularly valuable. As mentioned previ-

ously, one of the primary uses of anticonvulsants is in the treatment of trigeminal

neuralgia, where carbamazepine has been used since the 1960s, although other

anticonvulsants also show some efficacy in this condition (Rogawski and Löscher

2004). A comprehensive review of the effects of anticonvulsants in the treatment of

neuropathic pain has recently been provided by Eisenberg et al. (2007); however,

the clinical usefulness of lamotrigine in neuropathic pain conditions has also

recently been challenged (Wiffen and Rees 2007). It is worth considering that,

although suppression of ectopic firing is a valuable mechanism for the treatment of

both epilepsy and neuropathic pain, an important downstream effect of the sodium

channel blockade caused by anticonvulsants may be suppression of excitatory

neurotransmitter release, which would help to further dampen transmission of

electrical impulses.

It is likely that the analgesic properties of anticonvulsants arise from actions at

both central and peripheral sites. Given their efficacy in epilepsy, the drugs are

obviously CNS-penetrant and can act on the TTXS VGSC subtypes found centrally.

Indeed lamotrigine has been shown to act at the level of the dorsal horn to suppress

nociceptive signalling (Blackburn-Munro and Fleetwood-Walker 1997). However,

anticonvulsants can also act directly on the cell bodies and axons of primary sensory

neurones. Phenytoin and carbamazepine will block both TTXS and TTXR currents in

DRG neurones (Song et al. 1996; Rush and Elliott 1997; Cardenas et al. 2006),

although it has been suggested that TTXR blockade by carbamazepine only occurs

at concentrations that are higher than those clinically effective (Brau et al. 2001). A

new analogue of phenytoin – a-hydroxyphenylamide – has been shown to block

TTXS and TTXR sodium currents in small DRG neurones from the rat with a

higher potency than phenytoin itself. This compound also produced an antihyper-

algesic action following a chronic constriction injury to the sciatic nerve in the rat

with a marked reduction in side effects when compared with phenytoin (Ko et al.

2006). Action potentials recorded in peripheral sensory neurones can also be

inhibited by anticonvulsants – both electrically stimulated impulses and ectopic

firing as a result of nerve injury (Schwarz and Grigat 1989; Guven et al. 2006; Ritter

et al. 2007). Ectopic firing is commonly observed in neuropathic pain syndromes
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and significantly contributes to the production of pain (Devor 2006) and conse-

quently it is an important pharmacological target. Anticonvulsants can also act as

local analgesic agents at the peripheral terminals of nociceptive neurones. Direct

injection of phenytoin or carbamazepine into the paw of a rat has been shown to

increase the length of time a noxious thermal insult can be applied to the paw,

interestingly at doses that are several orders of magnitude lower than that of the

local anaesthetic agent lidocaine (Todorovic et al. 2003).

4.3.2 Anticonvulsants and Persistent Sodium Current

In addition to effects on transient sodium currents, anticonvulsants have also been

shown to block persistent sodium currents in CNS neurones at therapeutic concentra-

tions, and may selectively target the persistent current fraction (Segal and Douglas

1997; Gebhardt et al. 2001; Taverna et al. 1998; Sun et al. 2007). Although this is

thought to provide benefit in epilepsy by suppressing repetitive firing, it could

potentially be a beneficial property in the treatment of neuropathic pain. The

sodium channel subtype NaV1.9 is localized to nociceptive neurones and produces

a non-inactivating TTXR sodium current (Dib-Hajj et al. 2002) which could be a

target for antiepileptic drugs. In addition, carbamazepine and topiramate have been

shown to inhibit the persistent sodium current observed following expression of

NaV1.3 sodium channels in human embryonic kidney cells (Sun et al. 2007). The

NaV1.3 subtype is particularly of interest as it is upregulated in peripheral sensory

neurones in several different animal models of nerve injury that produce neuro-

pathic pain (Black et al. 1999; Kim et al. 2001; Lindia et al. 2005). At present an

increased persistent current in peripheral sensory neurones attributable to NaV1.3

has not been reported in these models but, interestingly, following spinal cord

injury a non-inactivating current is observed in second-order nociceptive neurones

in the dorsal horn that is postulated to be due to increasedNaV1.3 expression (Lampert

et al. 2006).

4.4 Toxins and Related Drugs

Catterall has produced a classification of six toxin binding sites on VGSCs that has

provided an invaluable framework for studying the pharmacological properties of

the channels in relation to their structure and function (Cestele and Catterall 2000).

The TTX binding site ‘‘site 1’’ and the BTX binding site ‘‘site 2’’ are the most

extensively studied. Other major classes of toxins that have been shown to associate

with distinct binding sites on VGSCs are the a-toxins of scorpion venom, some sea

anemone toxins and spider toxins (peptides acting at ‘‘site 3’’), the b-scorpion
toxins (peptides acting at ‘‘site 4’’), brevetoxins and ciguatoxins (‘‘site 5’’) and

d-conotoxins (‘‘site 6’’). An extended classification has been suggested (Zlotkin 1999;
Anger et al. 2001) to include the natural pyrethroid insecticides and DDT analogues
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(‘‘site 7’’), Conus striatus toxin and Goniopora coral toxin (peptides acting at

‘‘site 8’’) and the local anaesthetic binding site (‘‘site 9’’). Many other natural

toxins and synthetic compounds are known to affect VGSC activity, but their

binding sites in relation to this scheme have not yet been established definitively.

4.4.1 ‘‘Site 1’’ Toxins: TTX and Saxitoxin

The neurotoxins that bind to ‘‘site 1’’ are the structurally related compounds TTX

and saxitoxin (STX), as well as the peptide m-conotoxins. These toxins produce a

highly specific block of VGSCs.

TTX has been used widely as an experimental tool for the classification of

VGSCs, particularly those found in sensory neurones (see earlier). TTX is produced

by bacteria that are symbiotic partners to a wide variety of organisms but is found

most famously in fish of the Tetraodon family (puffer fish), where it is concentrated

in the liver, ovaries, intestines and skin. STX is produced by certain marine

dinoflagellates (algae) but is often found concentrated in shellfish which feed on

the algae and, as a consequence, it is the primary toxin responsible for paralytic

shellfish poisoning. TTX and STX are structurally distinct molecules (Anger et al.

2001) but produce a remarkably similar inhibition of sodium channels as they

share some common features known to be important for binding to the VGSC.

Specifically, they both contain at least one guanidinium group (three nitrogens

surrounding a central carbon), which is positively charged at physiological pH and

they both also contain several hydroxyl (–OH) groups.

The neurotoxin binding ‘‘site 1’’ is located within the extracellular pore of the

VGSC and is composed of two rings of predominantly negatively charged amino

acids. The positively charged guanidinium ions of the toxins are attracted to

these negative residues and form an electrostatic interaction with them which

has the effect of ‘‘plugging’’ the channel. The toxin can be stabilized by

formation of hydrogen bonds between its hydroxyl groups and oxygens found

in the pore of the channel (Hille 1975; Lipkind and Fozzard 1994; Choudhary

et al. 2003; Scheib et al. 2006). In contrast to the local anaesthetics, antiarrhythmics

and anticonvulsants described earlier, TTX or STX can access its binding site on the

VGSC directly from the extracellular side and binding is less dependent on channel

gating, thus it can block resting, open and inactivated sodium channels. However, in

a manner similar to state-dependent drugs, a use-dependent mechanism of action of

TTX and STX has been demonstrated (Lönnendonker 1994). Two separate theories

exist as to the mechanism underlying this feature of the neurotoxins. Firstly, the

presence of a low-affinity and a high-affinity TTX binding site has been postulated,

with the increased affinity arising through a conformational change associated with

channel activation (Patton and Goldin 1991). The second theory, which can report-

edly also account for all the biophysical properties of the first theory, is the trapped

ion mechanism (Salgado et al. 1986; Conti et al. 1996). Under this scheme, cations

present in the extracellular solution can enter the pore of the resting channel

and become trapped, which has the effect of inhibiting toxin binding through
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electrostatic repulsion. The opening of channels allows the cations to escape into the

intracellular space, and therefore permits stronger toxin binding, which can then

accumulate over successive channel openings. Thus, in this model the affinity of the

binding site is not altered with channel gating.

The specific residues that form the two rings of the binding site were identified

by mutagenesis studies (Terlau et al. 1991) and shown to reside in the SS2 regions

of the four sodium channel domains. Within each SS2 linker there were two critical

residues, located at the same position in each domain and mainly negatively

charged, which were proposed to form an inner and an outer ring in the channel

pore. For the rat brain sodium channel (NaV1.2) the inner ring comprises residues

D384 in domain 1, E942 in domain 2, K1422 in domain 3 and A1714 in domain 4

(DEKA motif). The respective residues making up the outer ring are E387, E945,

D1426 and D1717. Interestingly, reducing the negative charge of these rings

not only affected toxin binding but also produced a reduction in single-channel

conductance, thus suggesting that cation selectivity of the channel was also affected

(Terlau et al. 1991). Indeed it is now well established that these two rings of amino

acids comprise the ion selectivity filter of the VGSC, and TTX has been a vital tool

in probing this region of the channel.

Although TTX and STX are highly specific sodium channel blockers, the

concentration required for block differs across the various VGSC subtypes. As

described, the nine VGSC subtypes can be classified into two groups by their

sensitivity to TTX, with blocking concentrations being in the nanomolar range

for the TTXS channels (NaV1.1, NaV1.2, NaV1.3, NaV1.4, NaV1.6 and NaV1.7) and

in the micromolar range for the TTXR channels (NaV1.5, NaV1.8 and NaV1.9). The

structural determinant of TTX resistance has been located as a single amino acid

residue found directly adjacent to the inner-ring residue in domain I. In TTXS

channels this residue is a tyrosine or phenylalanine, but in TTXR channels it is a

cysteine or serine (Sivilotti et al. 1997; Heinemann et al. 1992; Satin et al. 1992).

However, it is unclear at present how this residue interacts with TTX to determine

its blocking ability. One distinguishing structural feature between the two classes is

that tyrosine and phenylalanine residues contain aromatic ring structures in their

side chains which are not present in serine or cysteine residues. Various interactions

between TTX and these residues have been proposed which include the formation

of hydrogen bonds between the guanidinium group and tyrosine in NaV1.4

(Satin et al. 1992), hydrophobic interactions between tyrosine or phenylalanine

and a non-polar region of the TTX molecule (Lipkind and Fozzard 1994; Sivilotti

et al. 1997) or, more recently, steric interactions between the TTX guanidinium

group, the critical residue of domain 1 and a second residue in domain 2 (Scheib

et al. 2006).

These toxins are particularly useful for studying peripheral sensory neurones

which contain both TTXS and TTXR subtypes in specific distributions. The

neuronal TTXR subtypes (NaV1.8 and NaV1.9) are localized largely to nociceptive

C fibres and their associated small-diameter cell bodies in the DRG, trigeminal and

nodose ganglia and consequently they play an important role in the transmission of

nociceptive signals (Cummins et al. 2007). The activity of these channels can be
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studied in isolation from the TTXS subtypes that are coexpressed in nociceptive

neurones by application of concentrations of TTX which block TTXS channels but

not TTXR channels. Axonal conduction in the purely TTXS-containing Ab fibres,

which transmit mechanosensory information, can be inhibited at low concentrations

of TTX, whereas conduction in C fibres is more resistant (Farrag et al. 2002).

Owing to their role in pain processing, the TTXR channels are an attractive target

for novel analgesic therapies, and much effort is being employed to try and discover

clinically effective TTXR-specific pharmacological agents (see later).

4.4.2 ‘‘Site 1’’ Toxins: m-Conotoxins

m-Conotoxins are short peptides, around 22 amino acids in length, which have been

isolated from the venom of various types of cone snail (Ekberg et al. 2008). They

contain several residues that are positively charged at physiological pH and which

are important for the attraction of the peptide to the negatively charged residues of

the selectivity filter. In particular, they have a conserved arginine at position 13 or

14 which provides a guanidinium group, and it is this residue which appears to be

most critical for channel block (Sato et al. 1991; Becker et al. 1992; Shon et al.

1998; Hui et al. 2002; Keizer et al. 2003). Blockade of sodium current through the

channel is thought to be achieved by a combination of physical occlusion of the

pore with electrostatic repulsion of the cation by the positive charges of the toxin

molecule (Hui et al. 2002). These toxins are much larger than TTX and STX and

while they interact at binding site 1, they are also likely to interact at other positions

in the sodium channel. Residues that are important for TTX resistance in the VGSC

appear not to be involved in the action of the m-conotoxins, suggesting their site of

action overlaps with that of TTX, rather than matching it exactly (Stephan et al.

1994).

At least 12 different m-conotoxins have been described to date, but as cone

snail venoms contain hundreds of different peptides it is likely that more will be

identified. They appear to show some subtype selectivity towards VGSCs that does

not follow that seen with TTX and STX. For example, one group of m-conotoxins,
which includes GIIIA, GIIIB and GIIIC, are highly effective blockers of the skeletal

muscle sodium channel NaV1.4 (Ekberg et al. 2008). However, and of particular

interest to this review, several of the m-conotoxins, including SmIIIA, SIIIA and

KIIIA, are selective inhibitors of TTXR VGSCs. To date, most of these studies on

isoform-specificity of m-conotoxins have been performed in amphibious prepara-

tions (mainly frog tissue); however, Wang et al. (2006) have shown that the

m-conotoxin SIIIA is able to block TTXR sodium currents in rat DRG neurones with

little effect on TTXS currents. The actions of KIIIA were examined in a mammalian

system by Zhang et al. (2007), who found that, contrary to the results observed in the

frog, KIIIA inhibited TTXS VGSCs to a greater extent than TTXR VGSCs in

mouse DRG neurones. Administration of KIIIA also provided analgesic properties

in the formalin model of inflammatory pain, presumably as a result of its VGSC

inhibition (Zhang et al. 2007). At the amino acid level, the basis of the isoform-

specificity of m-conotoxins is thought to be related to specific residues in the S5–S6
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linker in D2 of the VGSC as well as differences in toxin structure and composition

(Li et al. 2003). The actions of m-conotoxins on mammalian sodium channels are of

current interest and could become clinically useful, particularly if non-toxic sub-

type-specific blockers of TTXR sodium channels could be identified.

4.4.3 ‘‘Site 2’’ Toxins

The ‘‘site 2’’ toxins are characterized by a common binding locus on VGSCs

(Cestele and Catterall 2000). They are a chemically diverse group of compounds

that include BTX from the poison dart frog and grayanotoxin, veratridine and

aconitine, which are derived from various plants. All of the compounds are reputed

to increase activity of VGSCs and they are often described as sodium channel

‘‘agonists’’. Estimates of potency vary widely according to the species, preparation

and assay, but in general BTX is by far the most potent, having an EC50 or Kd in the

submicromolar range, with grayanotoxin, veratridine and aconitine having EC50 or

Kd usually in the 10–100-mM range (Ulbricht 1998). Concoctions that contain type

II toxins have been used as poisons for millennia but they may also have medicinal

uses. Extracts of Liliaceae (false hellebore) and aconite (wolfsbane, monkshood)

containing, respectively, veratridine and aconitine are described in nineteenth

century materia medica texts as anodynes for use in neuralgia – aconitine in

particular is credited with powerful analgesic properties (Craig 1887). Topically

applied BTX provokes numbness that has been attributed to a depolarizing block of

action potential conduction in peripheral sensory neurones (Bosmans et al. 2004)

and veratridine has been shown to cause a use-dependent block of action potential

conduction that is moderately selective for C fibres (Schneider et al. 1991).

Whatever the mechanism, the therapeutic use of the compounds has fallen into

decline, presumably because they have many dangerous side effects, including

cardiotoxicity. In recent, more enlightened, times the ‘‘site 2’’ toxins have been

exploited as molecular probes for studying VGSCs (Ulbricht 1998; Cestele and

Catterall 2000; Wang and Wang 2003). As for the local anaesthetics described

above, most of the detailed information concerning the molecular biology of the

binding determinants for the type II toxins and the biophysics of their functional

interaction with the receptor comes from studies on VGSCs in excitable cells other

than sensory neurones (Hille 2001; Wang and Wang 2003). The ‘‘site 2’’ toxins

share a binding locus in the inner vestibule of VGSCs that overlaps partly with the

local anaesthetic binding site (Wang and Wang 2003; Wang et al. 2007) and might

also overlap with the receptor for the IFM motif of the inactivation particle of the

D3–D4 linker (Narahashi 1986; Ghatpande et al. 1997). The site of this inactivation

docking receptor probably incorporates residues at the intracellular extremes of

D1S6, D2S6 and D4S6 (Yarov-Yarovoy et al. 2002). Since the compounds are

lipophilic, they would be expected to approach their binding locus via the lipid

phase (Hille 1991), but there is evidence that they approach the channel via a

cytosolic pathway analogous to the ‘‘hydrophilic’’ local anaesthetic route (Li et al.

2002). Nevertheless, where there are residues in common with binding sites for

The Pharmacology of Voltage-Gated Sodium Channels in Sensory Neurones 543



other chemicals, e.g. local anaesthetics, the toxins may interact with a different

aspect of the residues (Wang and Wang 2003), so it remains unclear whether local

anaesthetics compete directly with ‘‘site 2’’ toxins for binding or whether their

interaction is allosteric. Similarly to local anaesthetics, binding of the ‘‘site 2’’

toxins is state-dependent, such that the channel must be in the open conformation

and not inactivated for binding (Hille 2001). The mechanisms for BTX and

veratridine are probably very similar. When bound, the toxin changes the volt-

age-dependence of opening to more negative potentials so that the channels do not

deactivate (return to the closed state) except at very negative potentials and nor do

they inactivate – presumably because the toxin prevents the docking of the D3–D4

linker inactivation particle. The channels therefore remain open and conducting

until the drug dissociates and allows the channel to inactivate and deactivate or

both. A compelling picture of BTX binding and its consequential effects on gating

is provided in Wang and Wang (2003). The drug-bound open channels also lose

their selectivity for Na+ ions and behave like non-selective cation channels and,

importantly, channel conductance is reduced. The degree to which net sodium

conductance is reduced differs between the toxins, with BTX having least

conductance block, veratridine having more and aconitine having the most.

Differences between the effects of ‘‘site 2’’ toxins on sodium channel subtypes in

sensory neurones have not been explored systematically, but given the chemical

diversity of the compounds such differences would not be surprising and subtype-

selective differences have been noted elsewhere, at least for aconitine (Wright

2002). BTX has qualitatively similar effects on the sensory neurone NaV1.8

VGSC (Bosmans et al. 2004) as it does in other tissues. In sensory neurones the

TTXS currents respond to veratridine in a way that looks very similar to that

previously reported for skeletal muscle or brain channels, but the extent of the

negative shift of the activation of the VGSCs may be somewhat less in sensory

neurones (Farrag et al. 2008). The effect of veratridine on TTXR VGSCs in sensory

neurones is qualitatively similar but much less impressive than the effect on TTXS

(Campos et al. 2004), the difference having been attributed to a more rapid drug

dissociation of veratridine from the TTXR channels that allows slow inactivation of

channels to accumulate during prolonged depolarization (Farrag et al. 2008). This

explains why veratridine does not provoke a TTX-resistant response in sensory

neurones or other cells that are not voltage-clamped despite the presence of TTXR

VGSCs (Vickery et al. 2004; Benjamin et al. 2006; Liu et al. 2006). BTXmay prove

to be a better chemical probe for the ‘‘site 2’’ binding locus of TTXR channels

in mammalian sensory neurones (Bosmans et al. 2004) that could be used in

non-electrophysiological cell-based assays. In frog DRG neurones, grayanotoxin

has been shown to be selective for TTXR channels (Yakehiro et al. 2000) but it is

not known whether the compound can discriminate equally well between TTXR

and TTXS channels in mammalian neurones. There is little published information

available on the effects of aconitine on sodium channels in sensory neurones, but

data from our laboratory suggest aconitine acts more like a simple blocker of

VGSCs in DRG, at least for TTXR. The effect of aconitine is quite distinct from

that of veratridine. We have found in rat DRG that at 100 mM the dominant effect of
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aconitine is inhibitory in both TTXR and TTXS currents (Fig. 4). There is a very

small negative shift in the threshold for activation of TTXS currents but no

significant difference in the voltage-dependence of TTXR and no effect on inacti-

vation rates or persistence of current for either TTXS or TTXR (K.J. Farrag and

R.J. Docherty, unpublished observations).

Ralfinamide (NW-1029), a compound identified from aBTXbinding displacement

assay, binds presumably to ‘‘site 2’’ and has promising analgesic properties (Veneroni

et al. 2003). It has been shown to be a blocker of both TTXS and TTXR VGSCs in

DRG neurones (Stummann et al. 2005) but has a preferential effect on excitability

of nociceptive (capsaicin-sensitive) sensory neurones (Yamane et al. 2007).

4.4.4 ‘‘Sites 3–9’’ Toxins and Drugs

Experiments with toxins acting at ‘‘site 3’’ have been important for establishing a

link between the conformational changes that occur in VGSCs during activation

and inactivation. The extracellular loop linking D4S3 and D4S4 is a critical

component of ‘‘site 3’’ binding (Cestele and Catterall 2000). The actions of scorpion

toxins, including the a-toxins that act at ‘‘site 3’’, have been reviewed recently

(Bosmans and Tytgat 2007). In general, toxins acting at ‘‘site 3’’ enhance VGSC

activity by slowing or reducing inactivation. Chen et al. (2002) showed that the

scorpion a-toxin Lqh-3 was 100-fold more potent as an enhancer of NaV1.7 over

control
control

aconitine 100 mM TTX 0.5 mM

aconitine 100 mM

0.5 nA

10 ms

0.5 nA

10 ms

TTXRa b TTXS

Fig. 4 The effect of aconitine on VGSC current in voltage-clamped rat dorsal root ganglion

neurones. Currents are evoked during 30-ms voltage steps to �10 mV from a holding potential of

�90 mV. The recording methods are as described in Farrag et al. (2005). The decrease in current

amplitude that occurs following rapid application of 100 mM aconitine is shown. In (a) the currents

were recorded in the presence of 0.5 mM TTX throughout, so this is a TTX-resistant current. In

(b) the currents were identified as TTX-sensitive by their characteristic rapid kinetics and this was

confirmed by applying 0.5 mM TTX to the residual current after it had been depressed by

application of aconitine
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NaV1.2, whereas Lqh-2, another peptide from the same venom, had a 20-fold

preference the other way round. NaV1.8 is resistant to Lqh toxin, which is attributed

to a four amino acid extension in the D4S3–D4S4 linker region of NaV1.8 (Saab

et al. 2002). Maertens et al. (2006) showed that another scorpion toxin, OD1, is 250-

fold more potent as an enhancer of NaV1.7 over NaV1.3 and is relatively inactive

against NaV1.8. They also showed that a classic a-toxin (AahII) and an a-like toxin
(BmK M1 or BmK I) have a similar, albeit less dramatic, preference for NaV1.7

over other sensory neurone TTXS channels and are inactive against NaV1.8. Chen

et al. (2005) have also demonstrated selective effects of BmK I on TTXS and TTXR

VGSCs in rat DRG neurones. Given the recent evidence that NaV1.7 is a

major mediator of pain signalling (see earlier), these results point to the a-toxin
component of scorpion, sea anemone (Ständker et al. 2006) and spider venoms

(Xiao et al. 2005) as having a major contribution to the production of pain

associated with stings or bites.

Another component of scorpion venom, the b-toxins, are distinguished from

a-toxins by binding to a different site, ‘‘site 4’’, located in the D2S4 region (Cestele
and Catterall 2000; Campos et al. 2007). The scorpion b-toxins shift sodium

channel activation to more negative values but reduce overall conductance (Cestele

and Catterall 2000). It is difficult to predict what would be the net effect of b-toxins
on excitability in neurones and little information is available concerning their

effects on sensory neurones or the sodium channel subtypes that are expressed in

sensory neurones. A b-like toxin from the Asian scorpion Buthus martensi Karsch
(Goudet et al. 2002), BmK abT, has been shown to prolong action potential duration

and increase VGSC currents in rat DRG neurones, but details of the mechanism are

not known (Ye et al. 2000). Recently a scorpion b-toxin from Tityus zulianus
was shown to select for NaV1.4 (skeletal muscle) over NaV1.5 (cardiac) and

was inactive against NaV1.7 (Leipold et al. 2006). The extent to which b-toxins
contribute to pain and other sensory symptoms of scorpion toxins is therefore

unclear. Another toxin from Buthus – BmK AS-1 – has been shown to be an

analgesic and an inhibitor of sensory neurone VGSCs (Tan et al. 2001). Though

not structurally related to either the a-toxin or the b-toxin group, BmK AS-1 has

b-toxin-like effects on DRG VGSCs, but the emphasis of the effect is on inhibition

(Chen et al. 2006a, b). Two toxins from tarantula venom – ProTxI and ProTxII –

that are non-selective inhibitors of VGSCs (Middleton et al. 2002) have been

suggested to act at ‘‘site 4’’ (but see Smith et al. 2007). In contrast to most other

peptide toxins from a variety of sources, ProTxI and ProTxII are distinguished by

their ability to block TTXR isoforms, including sensory neurone NaV1.8 (Priest

et al. 2007).

The ‘‘site 5’’ toxins, ciguatoxin in particular, provoke a range of effects in

humans, including pain and paresthesia (Cameron et al. 1991), that are consistent

with enhancement or activation of VGSCs in sensory nerves (Pearn 2001).

Brevetoxin has been shown to have effects on TTXS VGSCs in sensory neurones

from nodose ganglion (Jeglitsch et al. 1998) that are quite similar to those of the

‘‘type 2’’ toxins, including a shift in activation to more negative potentials and

inhibition of inactivation. But the binding site, which is probably the same as that
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for ciguatoxin (Lombet et al. 1987), is at an intramembrane site involving residues

on the extracellular ends of D1S6 and D4S5 (Trainer et al. 1994; Cestele and

Catterall 2000). In DRG, ciguatoxin has distinct effects on TTXS and TTXR

currents. TTXS currents are affected as expected and adopt a continuously con-

ducting state at near resting membrane potentials, but the voltage-dependence of

TTXR is unaffected. The main effect on TTXR is an acceleration of repriming from

an inactivated state (Strachan et al. 1999).

Apart from the m-conotoxins that act at ‘‘site 1’’ discussed already, Conus
species produce many other classes of toxins, including the d-conus toxin, which
slows inactivation of NaV1.4 by binding to ‘‘site 6’’, which is in the D4S4 region,

probably partly overlapping ‘‘site 3’’ (Leipold et al. 2005; Ekberg et al. 2008), but

these have not been tested on mammalian sensory neurones so far as we are aware.

Other Conus toxins may bind to ‘‘site 8’’, which is relatively poorly defined at

present.

The natural pyrethroid insecticides and synthetic analogues such as DDT are

said to bind to ‘‘site 7’’ (Zlotkin 1999). Pyrethroids differentially modulate TTXS

and TTXR sodium currents in sensory neurones, having a preferential action on

TTXR. Their effects are quite similar to those of BTX and veratridine in that they

slow inactivation and shift activation to more hyperpolarized potentials (Tatebayashi

and Narahashi 1994; Tabarean and Narahashi 2001). They do so by binding to a

distinct site incorporating residues in D2S5, D3S6 and the D2S4–D2S5 linker

regions (O’Reilly et al. 2006). Structure-activity studies suggest subtle differences

occur in the ways in which a range of commercial pyrethroids interact with NaV1.8

channels (Choi and Soderlund 2006). It has been suggested that enhancement of

activity of NaV1.8 by pyrethroids may underlie the paresthesia that can occur when

skin is exposed to commercial compounds (Choi and Soderlund 2006).

4.5 Other Drugs

Many new or known drugs of other classes have been found to block VGSCs and

have been attributed with analgesic properties. For example, the NK1 receptor

antagonist (+/�) CP96345 was shown to provoke a use-dependent block of

VGSCs in rat brain that was not associated with any change in voltage-dependence

of activation or inactivation and was attributed to an open channel blocking

mechanism (Caeser et al. 1993). Other drugs include crobenetine (BIII 890 CL),

a use-dependent VGSC blocker developed for the treatment of stroke (Dekker et al.

2005); vinpocetine, a nootropic derivative of a Vinca alkaloid (Zhou et al. 2003);

fluphenazine, a neuroleptic (Zhou et al. 2006; Dong et al. 2008); ifenprodil, an

NMDA antagonist (Tanahashi et al. 2007); ambroxol, a mucolytic agent and

expectorant (Weiser 2006); and several antidepressant agents (Dick et al. 2007).

Several other analgesic compounds have appeared from drug discovery pro-

grammes that have VGSC blocking activity as their primary screen. Ralfinamide

(NW-1029) was mentioned earlier as a possible ‘‘site 2’’ binding agent that has
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marked frequency-dependent blocking properties (Stummann et al. 2005; Yamane

et al. 2007) but whether this compound binds at ‘‘site 2’’ or influences BTX binding

by an allosteric effect is not known. Several other drugs with an action qualitatively

similar to that of ralfinamide have appeared recently. PPPA, is an analogue of the

anticonvulsant V102862 (Ilyin et al. 2006) and is relatively potent but not very

selective. A series of cyclopentane dicarboxamides (Shao et al. 2005), including

CDA54 (Brochu et al. 2006), have been discovered using a high-throughput

fluorescence resonant energy transfer assay. They are VGSC blockers and are

selective for neuropathic pain and discriminate to a small extent between VGSC

subtypes in DRG. Butyl 2-(4-[1.10-biphenyl]-4-yl-1H-imidazol-2-yl)ethylcarba-

mate, a structurally distinct compound identified from BTX binding displacement

assays and veratridine-induced cytotoxicity screening is, like CDA54, an antihy-

peralgesic rather than an analgesic, but electrophysiological analysis and informa-

tion on channel selectivity is not yet available (Liberatore et al. 2007). M58373 was

identified in a veratridine-induced substance P release assay and has been shown to

possess analgesic properties attributed to block of VGSCs, but further development

was abandoned owing to unwanted cardiac side effects (Akada et al. 2006). These

discoveries reflect the emergence of new classes of VGSC blockers that are targeted

at pathological pain states.

A series of benzazepinone compounds, also discovered using a fluorescence

resonant energy transfer based assay system, have been described as frequency-

dependent blockers of NaV1.7 and have oral analgesic activity in neuropathic pain

models. It is claimed that compounds with some selectivity for NaV1.7 have been

discovered within this series and there exists the potential for achieving further

subtype selectivity using compounds of the same class (Williams et al. 2007).

Finally, A-803567 is an especially interesting compound since this shows a

strong preference for blocking TTXR NaV1.8, including the human isoforms,

over a range of other subtypes, including NaV1.2, NaV1.3, NaV1.5 and NaV1.7.

This compound is the most convincing candidate produced so far of a small-

molecule inhibitor that is selective for TTXR channels. It causes a negative

shift in the inactivation voltage dependence of channels without affecting their

voltage-dependence of activation but, interestingly, the compound has no apparent

use-dependence when tested in excitability studies. This compound is a potent

analgesic in animal models and a promising candidate for clinical development as

an analgesic for chronic pain syndromes.

5 Conclusion

Clearly, there are a great many potential binding sites for drugs on VGSCs that may

be discrete, overlap or interact by allosteric mechanisms. Drugs and toxins that

interact with VGSCs are legion and are structurally diverse (Anger et al. 2001; Kyle

and Ilyin 2006). Amongst this diversity, the prospects are good for the eventual

development of blockers that can select for sensory neurone VGSCs by activity-
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dependent mechanisms or by subtype selectivity or both; both would probably be

best. Potentially, VGSC blockers could be used to treat any peripherally generated

paresthesias, but chronic pain syndromes represent the greatest unmet medical need

in sensory dysfunction and are probably the most attractive target from a clinical or

a commercial point of view. Recent discoveries include novel compounds with

selectivity for sensory neurone sodium channels and for either NaV1.7, the principal

component of TTXS currents in nociceptive neurones, or for NaV1.8, the principal

component of TTXR currents. Other targets such as NaV1.3 and NaV1.9 are inviting

prospects. At the very least the development of these novel compounds will provide

much needed tools to better define the roles of VGSC in sensation and they

would furnish clinicians with much needed, improved, better-targeted and safer

pharmaceuticals to alleviate pain.
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century elapsed before it was proven that Ca2+ regulated the excitability of primary

sensory neurons. In this chapter we review the sites and mechanisms whereby

internal and external Ca2+ can directly or indirectly alter the excitability of primary

sensory neurons: excitability changes being manifested typically by variations in

shape of the action potential or the pattern of its discharge.

Keywords Voltage-dependent calcium channels, BK channels, IK channels, SK

channels, Calcium-dependent currents, Extracellular calcium sensor, Intracellular

calcium stores, Calcium ATPase, Sodium/calcium exchanger, Ryanodine receptor,

Inositol triphosphate receptor, Spike frequency accommodation, Spike broadening

1 Introduction

The first direct demonstration that calcium ions (Ca2+) can regulate excitability in

mammalian primary sensory neurons was the observation of Ca2+-dependent

regenerative responses in rodent nodose ganglion neurons (NGNs) and dorsal root

ganglion (DRG) neurons recorded in the absence of extracellular sodium (Na+;

Matsuda et al. 1976; Ransom and Holz 1977; Gallego and Eyzaguirre 1978). We

now know that Ca2+ can influence the excitability of primary sensory neurons

through a variety of distinct mechanisms. It can serve as a charge carrier through

voltage-dependent Ca2+ channels (VDCC), leading to changes in membrane poten-

tial and alterations in the action potential waveform. Ca2+ influx via VDCC, or

ligand-gated channels, or Ca2+ release from intracellular stores can activate cationic

or anionic channels, leading to excitatory or inhibitory effects. Finally, Ca2+ can bind

to Ca2+-sensing proteins on the extracellular plasma membrane of primary sensory

neurons to increase cationic currents (Conigrave et al. 2000; Undem et al. 2002).

Primary sensory neurons, like many other excitable cells, have evolved elaborate

mechanisms tomaintain intracellular Ca2+ concentration at nanomolar levels. These

processes include Ca2+-buffering proteins, Ca2+ exchangers and transport proteins

in the endoplasmic reticulum (ER), mitochondria, and plasma membranes (Thayer

et al. 2002). It has been demonstrated that interference with these systems can result

in elevated cytoplasmic intracellular Ca2+ concentration, which in turn can lead to

excitability changes via the Ca2+-dependent mechanisms described above.

In this review, we examine the sites and mechanisms where internal and external

Ca2+ alters the excitability of primary sensory neurons. Increases or decreases in

excitability of primary sensory neurons can be brought about by direct and indirect

actions of Ca2+. Direct effects would include alterations in the resting membrane

potential or resting membrane conductance. Ca2+ can indirectly affect excitability

by modifying the conductance of K+ and Cl� ions. Such effects often result in

changes to the shape of the action potential and the pattern of firing, which in turn
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can alter the amount of neurotransmitter secreted from central and peripheral nerve

terminals of the primary afferent neuron.

2 Morphology of Sensory Neurons

Primary sensory neurons are pseudo-unipolar cells consisting of a spheroidal cell body

(somata), which produces a single axon (stem process) that extends from the cell body

to a site of bifurcation (a distance ranging from a fewmicrons to hundreds ofmicrons),

and peripherally and centrally projecting processes (Bird and Lieberman 1976).

The somata of primary sensory neurons are housed in one of several ganglia present

throughout the body: DRG and trigeminal ganglia (TG) in the case of somatosen-

sory and some visceral sensory afferents and in vagal ganglia for primarily visceral

sensory afferents. In this review, information about the role of Ca2+ and primary

sensory neuron excitability will be drawn from literature studies on vagal primary

afferents whose somata are located in the superior vagal ganglion or jugular

ganglion and inferior vagal ganglion or nodose ganglion, and to a lesser degree

from literature studies on DRG and TG neurons.

3 Biophysical and Pharmacological Properties

of Voltage-Gated Calcium Channels

Most primary sensory neurons express at least three biophysical and pharmacolo-

gically distinct types of VDCC. VDCCs are transmembrane proteins that change

their conformations in response to alterations in membrane voltage (Hille 2001).

Upon membrane depolarization, VDCCs make a transition from a closed state to an

open state that subsequently allows an influx of Ca2+. In primary sensory neurons,

and other neurons, VDCCs can be divided into two main groups on the basis of their

voltage sensitivity: high voltage activated (HVA) and low voltage activated (LVA).

As their names suggest, LVA VDCCs have gating thresholds in the range from�60

to�50 mV, while HVA VDCCs have thresholds in the range from�30 to�20 mV.

LVA and HVA VDCCs can also be distinguished from one another by their sensi-

tivity to drugs and toxins (Table 1).

VDCCs are formed by a1 subunits that bestow all the channel’s biophysical pro-

perties plus accessory subunits, a2, b, d, and g, that serve to modulate the properties

of the channel complex. Mimicking the nomenclature defining voltage-gated po-

tassium channels, different VDCCs are classified by a letter-based nomenclature

(Ertel et al. 2000). Cav represents the permeable ion with the subscript v denoting
the principle physiological regulator, voltage. The numerical identifier denotes the

Cav channel a1 superfamily (1–3 at present) and the order of discovery of the a1
subunit within the gene superfamily.
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The different complement ofVDCCs expressed by primary sensory neurons proba-

bly reflects the diverse sensory modalities transmitted by these cells (Scroggs and Fox

1992). For example, many primary afferent neurons with a nociceptive function

have a hump on the falling phase of their action potential that is produced by a Ca2+

current (Fig. 1). The Ca2+ component of the action potential contributes to the

primary sensory neuron excitability by prolonging the action potential duration and

thus the time the neuron is depolarized. It also promotes more Ca2+ influx to trigger

the activation of Ca2+-dependent excitability changes (Scroggs and Fox 1992).

4 Calcium-Activated Currents

A rise in intracellular Ca2+ produced by an opening of VDCCs, release from

intracellular Ca2+ stores, or Ca2+ influx through ligand-activated channels can

activate K+ or Cl� currents on the plasma membrane. Ca2+-activated K+ currents

(IK(Ca)) can alter the excitability of primary sensory neurons by hyperpolarizing

the membrane potential, altering the shape of the action potential, and by influen-

cing the frequency and pattern of firing activity (Hille 2001). Ca2+-activated

Cl� currents (ICl(Ca)) in primary sensory neurons can change neuronal excitability

by depolarizing the membrane potential and by activating slow, depolarizing

afterpotentials (Mayer 1985). In this section we describe how Ca2+-activated

currents affect the excitability of primary sensory neurons.

Three classes of Ca2+-activated K+ channels can be distinguished by their

kinetics, single channel conductance, and pharmacological properties (for a review

see, Sah and Faber 2002; Vogalis et al. 2003). These include large conductance

Ca2+-activated K+ channels (BK, or maxi-K, channels, more than 200 pS), interme-

Fig. 1 Effect of Ca2+ on the duration of the action potential in a sensory neuron. The action

potential on the left was recorded in normal physiological solution. The action potential on the

right was recorded in a physiological solution containing nominally zero Ca2+. Note the duration

of the falling phase is substantially shortened in zero Ca2+, indicating that the ‘‘hump’’ on the

falling phase of the control action potential was due to a Ca2+ current
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diate conductance Ca2+-activated K+ channels (IK channels, 10–60 pS), and small

conductance Ca2+-activated K+ channels (SK channels, 2–20 pS). BK channels are

voltage- and Ca2+-sensitive, while IK and SK channels are only sensitive to

increases in intracellular Ca2+. Currents produced by BK, IK, and SK channels

underlie various components of the action potential afterhyperpolarization (AHP;

Figs. 2, 3). By controlling the magnitude and duration of the AHP, these channels

play a fundamental role in controlling the pattern of action potential activity of

primary sensory neurons (Fig. 3).

4.1 BK Channels

BK channels are activated by a synergistic rise in both cytoplasmic Ca2+ and

membrane depolarization. BK, or KCa1.1, channels have been cloned (Adelman

et al. 1992; Atkinson et al. 1992; see Salkoff et al. 2006 for a review). Interest in the

role of BK channels in primary sensory neurons arises, in part, from the observations

that BK channels have been shown to be located in small-diameter cells that are

associated with nociceptive function (Li et al. 2007; Zhang et al. 2003). BK

channels underlie a fast activating current that contributes to action potential

repolarization and to a fast AHP in primary sensory neurons and many other

types of neurons (Fowler et al. 1985; Christian et al. 1994; Zhang et al. 2003).

Thus, by sculpting the action potential duration and the fast AHP duration and

magnitude, BK channels can dramatically affect the excitability of sensory neurons.

Blockade of BK channels by low-nanomolar concentrations of iberiotoxin or

charybdotoxin, scorpion-derived neurotoxins, can increase action potential firing

rates (Li et al. 2007), while opening of BK channels with NS1619 leads to reduced

action potential firing (Zhang et al. 2003; Fox et al. 1997)

4.2 IK Channel

IK channels are present in both nociceptive and nonnociceptive primary sensory

neurons (Hay and Kunze 1994; Mongan et al. 2005). IK channels are blocked by

clotrimazole (10 mM), and are insensitive to apamin and low concentrations of

tetraethylammonium chloride (5 mM). They display voltage-independence, exhibit

single-channel conductance of 30–40 pS, and are 42–44% identical (amino acid

substitutions) to channels of the SK family (Ishii et al. 1997; Vogalis et al. 2003).

The IK1/SK4/KCNN4 gene encodes IK channel KCa 3.1 (a.k.a IKCa1). Although

these channels are present in primary sensory neurons, their role in controlling

excitability remains to be determined. By contrast, there is evidence that IK

channels can modulate excitability of intrinsic primary afferent enteric neurons

(Neylon et al. 2004).
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4.3 SK Channels

Four SK channel family genes have been cloned, SK1, SK2, SK3, and SK4

(Bond et al. 2004). SK2 channels can mediate a medium-duration AHP (mAHP;

decay time constant ranging between 100 and 200 ms) that controls the postspike

Fig. 2 Distinct types of action potential evoked after hyperpolarizations and their Ca2+ depen-

dency recorded in primary sensory neurons. A single action potential can evoke three temporally

distinct types of afterhyperpolarizations (AHP) in vagal sensory neurons of the rabbit. Top trace:
A neuron with a single-component AHP lasting about 30 ms. This AHP is designated AHPfast. All

neurons have this short-duration AHP; it is usually Ca2+-independent. Middle trace: Example of

a neuron with a two-component AHP, an AHPfast followed by a longer-lasting AHP (about 300 ms),

the AHPmedium. In approximately half of the neurons, the AHPmedium is Ca2+-dependent. Bottom
trace: In a subset of C-fiber-type neurons, a slowly developing (hundreds of milliseconds) and

long-lasting (2–15-s) AHP is observed. This slow AHP (AHPslow) is always Ca
2+-dependent. The

AHPslow is preceded by an AHPfast (downward deflection) and by an AHPmedium; it is noteworthy

that the AHPslow only begins many hundreds of milliseconds after the action potential (see

Cordoba-Rodriquez et al. 1999 for details). Data were recorded at room temperature from adult

neurons acutely isolated from rabbit vagal sensory ganglia. The values depicted near the horizon-
tal lines are resting membrane potentials. The calibration bar near thetop trace also applies to the
middle trace. Similar results have been recorded in guinea pig and ferret vagal ganglion neurons
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Fig. 3 The effects of blocking the AHPslow on the excitability of a primary sensory neuron.

Chelating intracellular Ca2+ with BAPTA abolishes the action potential evoked AHPslow and

increases the excitability of a primary vagal sensory neuron. (A) Bath-applied 1,2-bis(O-amino-

phenoxy)ethane-N,N,N0,N0-tetraacetic acid (BAPTA)/acetomethylester (10 mM) blocks the

AHPslow within 5 min without changing the resting membrane potential or membrane input

resistance. Action potentials were evoked by transmembrane depolarizing current pulses (4 nA,

1.5 ms, 10 Hz) and are truncated. (B) Responses recorded at a faster sweep speed to illustrate the

kinetics of the AHPfast and AHPmedium, which precede the AHPslow. The AHPfast is unaffected by

10 mM BAPTA (compare a with b). The Ca2+ dependence of the AHPmedium is illustrated in Bc,

where the neuron is superfused with 100 mM CdCl2 for 30 s, which blocks most of the AHPmedium.

The residual component of the AHP recorded in CdCl2, a nonspecific antagonist of voltage-

dependent Ca2+ channels (VDCCs), is the AHPfast, which is mediated by delayed rectifier K+

channels. (C) Depression of the AHPslow markedly increases neuronal excitability. The average

action potential firing frequency induced by a current ramp protocol (1 nA, 2 s) increased from 1 to

5.5 Hz when the AHPslow was blocked. Similar increase in excitability can be observed in the

presence of bradykinin, prostaglandin D2, histamine, or many other inflammatory autacoids. The

scale bar represents 3 mV, 2 s in A, 15 mV, 0.25 s in B, and 15 mV, 0.5 s in C. The dashed line
indicates the resting membrane potential (�60 mV). Resting membrane input resistance was 70

MO. All recordings were made in the same sensory neurons
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refractory period and thus neuronal firing rate. In CNS neurons, the mAHP is

blocked by subnanomolar concentrations of apamin (IC50 < 0.1 nM), a bee

neurotoxin (Faber and Sah 2003). In vagal primary sensory neurons, the mAHP

appears to be mediated by BK channels rather than SK channels because the mAHP

is voltage-dependent, blocked by 5 mM tetraethylammonium, and it is unaffected

by micromolar concentrations of apamin (Cordoba-Rodriquez et al. 1999).

SK channels were thought to underline a slow AHP (sAHP) that has a slow

rise time (hundreds of milliseconds) and can persist for many seconds (Vogalis

et al. 2003). Because the sAHP and the SK1 channels were apamin-insensitive,

voltage-insensitive, and required Ca2+ influx via VDCCs, it was initially suggested

that SK1 channels mediate the currents producing the sAHP (Marrion and Tavalin

1998). Subsequent observations revealed that SK1 channels are apamin-sensitive in

mammalian cell lines and the sAHP is unaffected in mice lacking any of the SK

channels (Shah and Haylett 2000; Bond et al. 2004).

In vagal primary sensory neurons, the sAHP rises to a peak over hundreds of

milliseconds and can last up to 15 s following a single action potential (reviewed by

Cordoba-Rodriguez et al. 1999). The slow kinetics of the sAHP is probably due to

its dependence on Ca2+ release from ryanodine-sensitive ER Ca2+ pools (Cohen

et al. 1997). When examined in different species of vagal afferents, the sAHP is

distributed exclusively in C-type sensory neurons, including nociceptors (Undem

et al. 1993; Cordoba-Rodriguez et al. 1999). The sAHP influences the excitability

of primary afferents and controls action potential firing frequency over the physio-

logical range 0.1–10 Hz (Fig. 3; Weinreich and Wonderlin 1987). The sAHP is also

a major substrate for inflammatorymediator-mediated increases in afferent excit-

ability. The excitatory affects of inflammatory mediators such as histamine (Jafri

et al. 1997), serotonin (Christian et al. 1989), and prostaglandins (Undem et al.

1993; Gold et al. 1996) are mediated, in part, by inhibition of the sAHP.

4.4 Other Ca2+-Activated Potassium Currents

A slow Ca2+-dependent K+ current that is distinct from the Ca2+-activated K+

currents associated with the sAHP has been characterized in primary vagal afferent

neurons of the rabbit (Hoesch et al. 2004). This K+ current is not activated by Ca2+

released from ryanodine-sensitive ER Ca2+ pools; rather, it is activated by Ca2+

released from inositol trisphosphate (IP3)-sensitive ER Ca2+ pools. This current

(IIP3) is insensitive to apamin, iberiotoxin, and 8-bromoadenosine 30,50-cyclic
monophosphate, common antagonists of known IK(Ca) responsible for the sAHP

in primary sensory neurons. IIP3 is triggered by extracellular ATP through P2Y

receptor activation (Hoesch et al. 2002). Because many other metabotropic recep-

tors capable of triggering IP3 formation are present in primary sensory neurons (Lee

et al. 2004), it is likely that IIP3 may represent a pivotal Ca2+-dependent mechanism
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for controlling membrane excitability in sensory neurons. However, a direct

demonstration of the role of IIP3 in neuronal excitability has not yet been described.

4.5 Calcium-Dependent Chloride Currents

Many primary sensory neurons express Ca2+-activated Cl� currents (ICl(Ca)), includ-

ing DRG neurons (Mayer 1985) and TG neurons (Bader et al. 1987; Schlichter et al.

1989) (reviewed by Scott et al. 1995; Frings et al. 2000; Hartzell et al. 2005). This

current is responsible for a spike afterdepolarization (ADP). ICl(Ca) is expressed in

vagotomized NGNs (Lancaster et al. 2002) but its existence in normal NGNs has

not been reported. In most adult primary sensory neurons, the Cl� equilibrium

potential is substantially more positive (about �30 mV) than the resting membrane

potential (Deschenes et al. 1976; Gallagher et al. 1978; Sung et al. 2000). Conse-

quently, when Cl� channels open, Cl� ions exit primary sensory neurons, produc-

ing an inward depolarizing current. Thus, activation of ICl(Ca) in primary sensory

neurons enhances neuronal excitability.

ICl(Ca) is activated by a rise in intracellular Ca2+ in the range 0.2–5 mM. The rise

in intracellular Ca2+ and subsequent activation of ICl(Ca) can be evoked by Ca2+

influx via VDCCs (Scott et al. 1988), release of Ca2+ from intracellular stores

(Currie and Scott 1992), and after activation of ionotrophic and metabotrophic

receptors (Sung et al. 2000; Oh and Weinreich 2004). A physiological conse-

quences of activation of ICl(Ca) is the development of feed-forward excitation.

Membrane depolarization results in a rise in intracellular Ca2+, which in turn

activates ICl(Ca), resulting in further depolarization and an additional opening of

VDCCs. Feed-forward excitation is limited by Ca2+-activated K+ channels. The

development of a depolarizing afterpotential following one or a few action poten-

tials observed in some DRG neurons represents an example feed-forward excitation

(Mayer 1985). Currently, there is no evidence that Ca2+ influx through a particular

subtype of VDCC selectively activates ICl(Ca).

5 Extracellular Calcium Sensor

It is well documented that increases in intracellular Ca2+ can excite or depress

sensory neuronal excitability by activating different types of Ca2+-dependent cur-

rents (see earlier). Changes in extracellular Ca2+ concentrations can also result in

excitability changes in primary sensory neurons. A modest reduction in extracellular

Ca2+ can induce an excitatory inward current in chick DRG neurons (Hablitz et al.

1986). In guinea pig vagal afferents, reducing extracellular Ca2+selectively

increases the excitability of airway nociceptors as manifested by a substantive

increase in action potential discharge in response to mechanical stimulation.
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Subsequent whole-cell patch recordings from airway-identified vagal primary af-

ferent cell bodies revealed that extracellular Ca2+ can regulate a nonselective cation

conductance (Undem et al. 2003). These studies indicate that some primary sensory

neurons contain extracellular-Ca2+-sensing receptors similar to those characterized

in endocrine glands and other mammalian tissues (Conigrave et al. 2000).

With normal concentrations of extracellular Ca2+, the nonselective cation channels

responsible for the inward current are tonically inhibited, but upon reduction in the

concentration of extracellular Ca2+ this block is removed, leading to an inward

cation current. It remains to be determined whether the increased afferent nerve

excitability following a reduction in the concentrations of extracellular Ca2+ reflects

a physiological or a pathophysiological process.

6 Calcium Regulation and Excitability

As described already, intracellular Ca2+ directly or indirectly activates several ionic

conductances. It is therefore critical to understand the regulation of Ca2+ and the

regulation of those proteins responsible for handling intracellular Ca2+to fully

appreciate the complexity of the role of Ca2+ in excitability. Changes in the

cytosolic Ca2+ concentrations and the activities of Ca2+ regulatory proteins have

been shown to lead directly to changes in primary sensory neuron ionic currents and

excitability (Ayar et al. 1999; Usachev et al. 2002). Indeed, diseases that alter

sensory neuronal excitability, such as in diabetes, have been correlated with

abnormalities in the expression and/or function of Ca2+-regulating proteins and

organelles (Kostyuk et al. 1999; Kruglikov et al. 2004; Yusaf et al. 2001).

In sensory neurons, the baseline concentration of intracellular Ca2+ and the shape

of the Ca2+ transients during electrical, chemical, thermal, or mechanical stimula-

tion are controlled by numerous proteins and organelles. These include, on the

plasma membrane, the plasma membrane calcium ATPase (PMCA) and the sodium–

calcium exchanger (NCX); on the ER membrane, the ryanodine receptor (RyR), the

IP3 receptor (IP3R), and the sarcoplasmic reticulum/ER calcium ATPase (SERCA);

in the cytosol, various calcium binding proteins (CBP) and mitochondria. The

overall effect these proteins and organelles will have on Ca2+ regulation is depen-

dent on their location, density, and functional state.

Depolarization of the plasma membrane of nerves cells results in Ca2+ influx via

the opening of numerous VDCCs. This Ca2+ influx raises the intracellular concen-

tration of Ca2+ from its normal resting concentration of about 50 nM (Fig. 4; Gover

et al. 2007a). In addition to Ca2+ influx across the plasma membrane, primary

sensory neurons have effective mechanisms for amplifying Ca2+ signals, including

calcium-induced calcium release (CICR) from intracellular stores through RyRs

(Cohen et al. 1997; Hoesch et al. 2004). Ca2+ can also be released from intracellular

stores through IP3Rs (Thayer et al. 1988). CBPs act to transduce calcium signals

574 T.D. Gover et al.



into molecular signaling pathways and to buffer intracellular Ca2+ in the cytosol

(Bainbridge et al. 1992; Chard et al. 1993; Honda, 1995). To terminate Ca2+

transients, efficient Ca2+ clearance mechanisms must also exist. These include

transport of Ca2+ across the plasma membrane by the PMCA, and by the NCX

(Usachev et al. 2002; Verdru et al. 1997). Calcium may also be transported from the

cytosol into Ca2+-sequestering intracellular organelles, the most prominent of

which are the ER and mitochondria (Fig. 5). Both of these organelles have been

shown to take up Ca2+ from the cytoplasm of primary sensory neurons (Shishkin

et al. 2002). The Ca2+ regulatory proteins are controlled by multiple signal tranduc-

tion pathways as well as transcriptional regulation. Unfortunately, currently there is

a lack of data on the transcriptional regulation of these calcium regulatory proteins

in primary sensory neurons.

6.1 Plasma Membrane Calcium ATPase

The PMCA is the predominant protein that moves Ca2+ across the plasma mem-

brane in primary sensory neurons (Werth et al. 1996; Gover et al. 2007a). The

PMCA uses the energy of ATP hydrolysis to remove Ca2+ ions across the plasma

membrane from the cytosol. Four genes encode for the PMCAs (PMCA1–4).

In addition, as a result of splice variants there are over 20 isoforms. The most

dominant isoforms in sensory neurons are PMCA2a and PMCA4b, with only small

amounts of PMCA1 present and no detectable PMCA3 (Usachev et al. 2002).

CBPs, such as calmodulin, interact with PMCAs, regulating its activity. PMCA’s

affinity for Ca2+ increases over 30-fold (Km of 30 to 1 mM) and its enzyme velocity

increases over tenfold after binding to calmodulin (for a review see Carafoli 1991).

Pottorf and Thayer (2002) demonstrated that previous Ca2+ transients would result

Fig. 4 Depolarization of the plasma

membrane of sensory nerves cells results in

reproducible Ca2+ influx via the opening of

numerous VDCCs. The trace represents

Ca2+ transients recorded from an acutely

dissociated trigeminal ganglion cell that

was stimulated by local (puffer) application

of 50 mM KCl for 500 ms (first arrow).
After 6-min superfusion with normal

physiological solution, the cell was again

stimulated with a 50 mM KCl puff (second
arrow), producing a Ca2+ transient that was
similar in amplitude (p = 0.446, n = 18) and

time to decay (p = 0.165, n = 18) to the first

transient
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in increased PMCA Ca2+ extrusion activity for up to 1 h owing to the slow

dissociation of calmodulin from the PMCA. The activity of the PMCA also depends

on its state of phosphorylation.

Direct phosphorylation of the PMCA by protein kinase C (PKC) and protein kinase

A (PKA) has been shown to increase the activity of PMCA (Zylinska et al. 1998).

Tyrosine phosphorylation of the PMCA has been shown to be inhibitory (Dean

et al. 1997). In DRG neurons, application of bradykinin and ATP leads to increased

PKC activity. Subsequently, the PMCA’s activity in DRG neurons is increased,

Fig. 5 Distribution of endoplasmic reticulum (ER) and mitochondria in trigeminal ganglion

neurons (TGNs). (a) Confocal image showing the distribution of ER in a TGN as revealed by

labeling with ERtracker Blue–White DPX (1 mM). (b) Distribution of mitochondria revealed by

labeling with Mitotracker Deep Red (0.1 mM). (c) The nucleus, with its higher aqueous volume,

was visualized by loading the TGN the cell permeable calcium indicator, fluo-3 acetoxymethyl

ester (1 mM) a Ca2+indicator dye. (d) Overlay of images from (a–c): Scale bar 5 mm. Yellow
arrows on the composite image represent the location where a 5-pixel-wide intensity profile was

measured for each image. An intensity profile for each dye is shown in the bottom-left corner of
each image. The neurons were incubated with the dyes for 1 h at room temperature
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resulting in shorter Ca2+ transients (Usachev et al. 2002). Usachev et al. (2002)

demonstrated that increased PMCA activity leads to greater neuronal excitability

owing to a decrease in Ca2+-activated K+ currents after an action potential.

6.2 Sodium–Calcium Exchanger

The NCX, like the PMCA, is a protein responsible for removing Ca2+ from the

cytosol of neurons. The NCX uses the favorable electrochemical gradient of three

Na+ ions to remove a single Ca2+ ion. This exchanger is therefore electrogenic and

its activity is dependent not only on the relative concentrations of Na+ and Ca2+ions

but also on the neuron’s membrane potential. Multiple regulatory domains have

been identified on the NCX, including phosphorylation sites and Ca2+ binding

domains (for a review see Philipson and Nicoll 2000). However, in sensory somata,

peripheral axons, and sensory nerve terminals, blocking the NCX has little, if any,

effect on evoked Ca2+ transients (Thayer and Miller 1990; Wächtler et al. 1998;

Gover et al. 2007a, b; see, however, Verdru et al. 1997).

6.3 Ryanodine Receptors

Owing to the fact that Ca2+ concentrations in the ER are typically in the millimolar

range and ER membranes have significantly larger surface area than plasma

membranes, release of Ca2+ from the ER may result in substantial cytoplasmic

Ca2+ transients. At least two Ca2+ release channels are responsible for ER Ca2+

release in peripheral sensory neurons: they are the IP3R and the RyR. (Moore et al.

1998; Shmigol et al. 1995; Gover et al. 2007a). Most primary sensory neurons have

robust CICR. CICR is mediated through the activation of RyRs residing on the

membrane of the ER. There are three isoforms of the RyRs in mammals (RYR1–3)

that form homomeric tetramers (for a review see McPherson and Campbell 1993).

Primary sensory neurons possess RyR3 with no detectable levels of RyR1, and

RaR2, as demonstrated through western blot analysis (Lokuta et al. 2002). RyRs are

activated by Ca2+ between concentrations of 1 and 10 mM. At higher concentrations

of Ca2+ (1–10 mM), the RyRs become inhibited. The RyRs have numerous regu-

latory domains, including phosphorylation sites for PKA, PKC, protein kinase G,

Ca2+/calmodulin-dependent protein kinase II, and protein tyrosine kinases, and

sites for binding several regulatory proteins such as calmodulin, calsequestrin,

and FK-506. Ooashi et al. (2005) demonstrated that the activation of PKA facil-

itates the RyR3 activation in DRG neurons. Activation of the RyR and CICR may

lead to the direct activation of several different calcium-activated ionic conduc-

tances on the plasma membrane (see above). For example, both glutamate and

bradykinin have been shown to excite DRG neurons by activation of Ca2+-activated

inward currents (McGuirk and Dolphin 1992; Crawford et al. 1997). Both of these

inward currents were abolished by depletion of ER calcium stores or by the addition
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of the RyR antagonist ryanodine. In addition, CICR has been demonstrated to

mediate the sAHP in nodose neurons that results in spike frequency accommodation

(Moore et al. 1998; see Sect. 4.3). CICR has also been demonstrated to participate

in the activation of depolarizing membrane potentials in injured NGNs and cultured

DRG neurons (Ayar et al. 1999; Lancaster et al. 2002).

6.4 Inositol Triphosphate Receptor

Like the RyR, the IP3R is a Ca2+ release channel that resides on the ER membrane.

There are three isoforms of the IP3R (IP3R1–3). At least types 1 and 3 have been

shown to be present in primary sensory neurons (Dent et al. 1996; Blackshaw et al.

2000). Activation of several metabotropic plasma membrane receptors can lead to

the activation of phosphoinositide phospholipase C. Phospholipase C subsequently

cleaves phosphatidylinositol bisphosphate producing diacylglycerol and IP3. Dia-

cylglycerol may than activate PKC and IP3 may bind to and activate the IP3R,

releasing Ca2+ from ER stores. As with the RyR, there are numerous regulatory

domains on the IP3R. They include several binding domains for regulatory proteins

such as calmodulin, FKBP12, and CBP1, and multiple phosphorylation sites and

Ca2+ binding sites (for a review see Mikoshiba 2007). The physiological role of

these regulatory domains in primary sensory neurons is not yet known. Hoesch et al.

(2004) demonstrated using caged IP3 that nodose ganglion neurones posses a K+

current that is activated by Ca2+ released following activation of the IP3R that is

pharmacologically distinct from other Ca2+-activated K+ channels.

6.5 Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase

ER Ca2+ stores in sensory cell bodies are replenished by the activity of SERCA.

Vertebrates have three different genes that encode for SERCA (ATP2A1–3). With

multiple splice variants, there are a total of nine different isoforms (for a review see

Wuytack et al. 2002). The identity of the SERCA protein(s) present in primary

sensory neurons has yet to be determined. SERCA uses the energy from the

hydrolysis of a single ATP molecule for the removal of two Ca2+ ions from the

cytosol to the ER (for a review see Wuytack et al. 2002). Pharmacological inhibi-

tion of SERCA has demonstrated that this protein has a role in removing Ca2+ from

the cytosol of primary sensory neurons after a Ca2+ transient (Usachev et al. 2006;

Gover et al. 2007a). This protein appears to be solely responsible for replenishing

the ER Ca2+ store, as inhibition of SERCA results in a completely depleted Ca2+

pool (Cohen et al. 1997). SERCA interacts with several regulatory proteins, includ-

ing phospholambam, sarcolipin, calreticulin, and calnexin (Wuytack et al. 2002).

In addition, direct phosphorylation of SERCA may lead to an increase in its activity
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(Xu et al. 1993). Indeed, Usachev et al. (2006) have demonstrated that the activity

of SERCA in DRG neurons is increased after the activation of PKC. The increased

activation of SERCA leads in these neurons to a more rapid decrease in cytoplasmic

Ca2+ and possibly increases in excitability resulting from decreased Ca2+-activated

K+ channels.

6.6 Mitochondria

In addition to the ER, the mitochondria play a significant role in Ca2+ regulation and

sensory neuronal excitability. Calcium is passively transported down a favorable

electrochemical gradient into the mitochondria through a calcium uniporter. Calci-

um leaves the mitochondria through a NCX. It has been demonstrated that mito-

chondria in DRG and TG neurons buffer Ca2+ transients under normal

Fig. 6 Mitochondria buffer entry of extracellular Ca2+ but not release of Ca2+ from internal stores

in TGNs. A 30-s application of 10 mM caffeine in a nominally free Ca2+ solution evoked a Ca2+

transient in an acutely dissociated TGN. After incubation with carbonyl cyanide p-(trifluoro-

methoxy) phenylhydrazone (FCCP; 5 mM), an uncoupler of mitochondrial oxidative phosphoryla-

tion, for 2.5 min, a second 30-s application of 10 mM caffeine evoked a Ca2+ transient that was

not significantly different in amplitude relative to the control. Inset: A 500-ms pulse of 50 mM

KCl ( first arrow) evoked a Ca2+ transient in an acutely dissociated TGN. After incubation with

the mitochondrial proton motive force inhibitor, carbonyl cyanide-m-chlorophenylhydrazone

(CCCP; 5 mM) for 3 min, a KCl pulse (second arrow) evoked a Ca2+ transient that had a

significantly larger amplitude relative to the control. Proton ionophores such as p-trifluorometh-

oxyphenylhydrazone (FCCP) or carbonyl cyanide 3-chloro-phenylhydrazone (CCCP) inhibit

mitochondrial Ca2+ uptake
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physiological conditions (Werth and Thayer 1994; Gover et al. 2007a). Indeed, the

disruption of the ability of the mitochondria to buffer Ca2+ leads to the activation of

Ca2+-activated potassium conductances and possible quiescence of the neuron

(Duchen 1990). Interestingly, mitochondria appear to preferentially take up Ca2+

entering the cell across the plasma membrane and not from intracellular Ca2+

release in DRG and TG sensory neurons (Svichar et al. 1997; unpublished observa-

tions; Fig. 6).

7 Altered Excitability and Ca2+ Regulation as a Result

of Peripheral Neuropathies

There are numerous peripheral sensory neuronal diseases and neuropathies that

alter sensory nerve excitability. Many of these conditions have been correlated

with changes in Ca2+ regulation. Whether these Ca2+ alterations are the result of

compensatory mechanisms associated with changes in excitability or whether the

Ca2+ alterations directly change sensory nerve excitability requires more investiga-

tion. In the following sections a few examples of diseases and neuropathies that are

associated with changes in the handling of sensory nerve Ca2+ are described.

7.1 Chemotherapy-Induced Neuropathies

Antineoplastic agents, particularly those derived from plant alkaloids, often produce

severe peripheral neuropathic side effects, which become dose-limiting (Wiernik

et al. 1987). Paclitaxel is one of the most commonly used chemotherapeutic agents

for the treatment of ovarian, breast, and small-cell lung cancers. Neuropathies

associated with the administration of paclitaxel are mostly sensory in nature,

producing symptoms such as tingling, numbness, and burning pain usually mani-

festing first in the distal extremities (for a review see Mielke et al. 2006). Paclitax-

el’s antineoplastic effects are thought to be due to its ability to bind ß-tubulin and

promote microtubule polymerization. There is evidence that paclitaxel (at clinically

relevant doses) induced sensory neuropathies are not the result of microtubule

disruption in sensory axons (Polomano et al. 2001). We would predict from several

recent reports a disruption in Ca2+ signaling in sensory neurons after administration

of paclitaxel (Wang et al. 2004; Boehmerle et al. 2006; Matsumoto et al. 2006).

Disruption of Ca2+ signaling may lead to direct increases in sensory nerve excit-

ability or changes in metabolic/enzymatic processes that ultimately would lead to

increases in excitability. Matsumoto et al. (2006), for example, reported an increase

in the expression of the Caa2d-1 Ca
2+ channel subunit in rat DRG after administra-

tion of a single clinically relevant dose of paclitaxel. The Caa2d-1 subunit is an

associated subunit of an L-type Ca2+ channel, the dominant voltage-operated Ca2+
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current contributor in sensory nerve terminals (Gover et al. 2003). In another study,

Boehmerle et al. (2006) demonstrated that paclitaxel can directly bind to and

activate the neuronal Ca2+ sensor-1, leading to Ca2+ oscillations via activation of

the IP3 pathway in human neuroblastoma cells. In addition, several in vivo studies

have demonstrated that selective Ca2+ channel blockers, such as ethosuximide and

gabapentin, and Ca2+ chelators reduce the neuropathic side effects of paclitaxel and

vincristine (Siau et al. 2006; Flatters and Bennett 2004; Xiao et al. 2007). However,

to date, no studies have examined Ca2+ homeostasis during neuropathies in periph-

eral sensory nerve terminals.

7.2 Diabetic-Induced Neuropathies

Diabetic-induced peripheral neuropathies are extremely complex. A common

complicating symptom of diabetes is the onset of chronic pain (Boulton et al.

1985). Numerous studies implicate mishandling of Ca2+ as a major cause for

changes in excitability in diabetic neuropathies. Ca2+ transients elicited in small

DRG neurons (18–25 mm in diameter) by depolarization are significantly prolonged

in mice with induced diabetes (Kostyuk et al. 1995). This prolongation of the Ca2+

transient may be the result of disruption of mitochondrial or ER Ca2+ uptake

mechanisms (Svichar et al. 1998; Kruglikov et al. 2004). In addition, primary

sensory neurons in animals with experimentally induced diabetes have altered

VDCC expression (Yusaf et al. 2001). Jagodic et al. (2007) demonstrated that the

T-type Ca2+ currents are upregulated in DRG neurons after induction of diabetes.

This lead to more prominent ADP and lower action potential threshold for burst

firing, making the DRG neurons from diabetic animals more excitable.

8 Nerve Injury

Traumatic peripheral nerve injury, such as axotomy, may produce chronic pain

owing to increased nerve excitability (Devor et al. 1994; Nordin et al. 1984).

Several ionic conductances have been reported to change after nerve injury

(Lancaster et al. 2001). Both HVA and LVA Ca2+ currents are downregulated in

DRG neurons after nerve ligation, resulting in reduced intracellular Ca2+ transients

(Fuchs et al. 2007). Subsequently, AHPs are reduced, resulting in increased mem-

brane excitability (McCallum et al. 2006). Surprisingly, in a subpopulation of

NGNs, unlike DRG neurons, Ca2+ currents are increased after axotomy (Lancaster

et al. 2002). In this same subpopulation, there is an appearance of an ADP not

normally found in NGNs. However, unlike DRG neurons, all axotomized NGNs are

less excitable than controls (Lancaster et al. 2001). In addition to ionic conductance

changes, the expression of Ca2+ regulatory proteins is modified. PMCA4 is upre-

gulated in DRG neurons after spinal ligation. While PMCA1-3 are downregulated
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(Ogura et al. 2007). The effect of this modification in expression on excitability is

not yet known.
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Abstract The prevalence of people suffering from chronic pain is extremely high

and pain affects millions of people worldwide. As such, persistent pain represents a

major health problem and an unmet clinical need. The reason for the high incidence

of chronic pain patients is in a large part due to a paucity of effective pain control.

An important reason for poor pain control is undoubtedly a deficit in our under-

standing of the underlying causes of chronic pain and as a consequence our arsenal

of analgesic therapies is limited. However, there is considerable hope for the

development of new classes of analgesic drugs by targeting novel processes con-

tributing to clinically relevant pain. In this chapter we highlight a number of

molecular species which are potential therapeutic targets for future neuropathic
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pain treatments. In particular, the roles of voltage-gated ion channels, neuroinflam-

mation, protein kinases and neurotrophins are discussed in relation to the generation

of neuropathic pain and how by targeting these molecules it may be possible to

provide better pain control than is currently available.

Keywords Neuropathic pain, Sodium channels, Neuropeptides, Cannabinoids

1 Introduction

Neuropathic pain (NP), which the International Association for the Study of Pain

defines as pain ‘‘initiated or caused by a primary lesion or dysfunction in the

nervous system’’ (Treede et al. 2008), is estimated to afflict millions of people

worldwide. It can be caused by either peripheral nervous system or central nervous

system (CNS) injury (peripheral vs. central neuropathy) and while peripheral

neuropathy is by far the more common, central neuropathy is probably the more

difficult to treat. The underlying causes of NP are numerous and diverse and can be

genetic in origin (Charcot–Marie–Tooth disease) or caused by injury to nerves

either directly (amputation, spinal cord injury, nerve root avulsion) or indirectly by

metabolic stress (diabetes mellitus type 1 or 2), inappropriate immune responses

(Guillain–Barré syndrome) or iatrogenically (HIV neuropathy). NP is characterized

by numerous different symptoms that include spontaneous pain, paraesthesia (such

as burning pain or tingling), dysesthesia, and exaggerated responses to innocuous

and noxious mechanical and/or thermal stimuli (allodynia and hyperalgesia,

respectively), and although an individual with NP may exhibit only one of the

above-mentioned symptoms, it is more common for NP patients to exhibit a

combination of symptoms. Furthermore, although NP symptoms are common,

it is unfortunate that current treatments of NP are still unsatisfactory, with only

40–60% of patients responding to treatment with mild pain relief (around 50%

improvement) (Sindrup and Jensen 1999; McQuay et al. 1996). Therefore, it is of

no surprise that NP represents a clear unmet clinical need. This was highlighted at

a recent consensus meeting during which evidence-based recommendations of

current therapies for pharmacological management of NP were proposed (Dworkin

et al. 2007). At this meeting three different lines of treatment for NP were sug-

gested. Tricyclic antidepressants, selective serotonin and norepinephrine reuptake

inhibitors, gabapentin and in specific circumstances topically applied 5% lidocaine

were all recommended as first-line treatments. Opioid analgesics, certain antiepi-

leptics, N-methyl-D-aspartate (NMDA) antagonists and topically applied capsaicin

were recommended as second- and third-line treatments. However, although all

these have analgesic actions, with the first-line treatments having in general

greater efficacy than second- and third-line treatments, it is accepted that their

use is restricted by dose-limiting side effects and none of the medications to date

successfully ameliorate all NP symptoms in all patients.
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It is clear from the above discussion that despite there being a range of existing

drugs to treat NP, they have limited efficacy at attenuating and preventing the

debilitating symptoms that NP patients experience. This is highlighted by the

limited numbers of patients responding to these therapies, a consequence of their

limited therapeutic indices. It is also evident that there is an urgent need for new,

more effective treatments for NP. In particular, novel treatments based on our

knowledge of the underlying mechanisms of NP have the potential to provide NP

patients with effective therapies which at present are desperately needed. In the

following, a number of these potential future treatments are discussed.

2 Future Treatment Strategies for NP

2.1 Voltage-Gated Ion Channel Blockers

Evidence from preclinical NP studies indicates that ectopic activity in damaged/

dysfunctional peripheral primary sensory neurons may play an active role in the

generation and maintenance of NP. Therefore, modulation/attenuation of this

ectopic activity seems an attractive strategy for future treatments of NP, especially

as there are a number of molecular targets (which include sodium, potassium and

calcium channels) which are already known to play a role in generating and

propagating action potentials and thus control neuronal firing. In fact, some analge-

sics (such as lidocaine) that block these channels have already been shown to have

appreciable clinical efficacy (Wood 2006). However, unfortunately many of these

existing agents are likely to be of limited use owing to the intolerable side effects

that are associated with their activity within the CNS.

Nevertheless, ion channels explicitly linked to neuronal activity are credible and

exciting potential targets for future NP treatments, and sodium channels are one

prime example. In particular, the voltage-gated sodium channels Nav1.3, Nav1.7

and Nav1.8, have been shown to be involved in the manifestation of NP in several

preclinical models as well as in humans (for a review see Cummins et al. 2007;

Wood and Boorman 2005; Amir et al. 2006). Of these three channels, Nav1.7 is

probably the most exciting target as congenital mutation of this particular channel

confers the inability to experience pain in humans (Cox et al. 2006; Ahmad et al.

2007). However, preclinical data from mice in which the Nav1.7 gene was selec-

tively knocked out in nociceptive dorsal root ganglia (DRG) neurons show that they

develop mechanical allodynia after nerve injury similar to that developed by wild-

type controls (Nassar et al. 2005), indicating at least in mice that Nav1.7 may not be

pivotally involved in the generation of NP. However, it is interesting to note that

humans lacking functional Nav1.7, while insensitive to pain, are generally healthy,

while mice with a global Nav1.7 gene knockout die just after birth, thus suggesting a

different role for Nav1.7 in mice than in humans, where its role may be exclusively

pain related.
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Unlike Nav1.7, which is expressed in all unmyelinated axons, Nav1.3 expression

is limited in the adult DRG. However, this tetrodotoxin (TTX)-sensitive channel is

markedly upregulated in peripheral sensory nerve fibres in several NP models,

including axotomy, spinal nerve ligation, chronic constriction injury and diabetic

neuropathy (Amir et al. 2006), where it is thought to contribute to neuronal

hyperexcitability. In addition, treatment with glial cell line derived neurotrophic

factor (GDNF), after initiation of NP, has been shown to normalize Nav1.3 expres-

sion, reduce ectopic activity in A-fibres and also reduce pain, suggesting that

Nav1.3 maybe an important mediator in the expression of NP. Further preclinical

studies using antisense and transgenic strategies to specifically downregulate

functional Nav1.3 channels have also achieved modest success in reducing pain

behaviour (Hains et al. 2003, 2004; Lindia et al. 2005; Nassar et al. 2006). Thus,

these observations suggest that Nav1.3 could be an important contributor to

neuronal hyperexcitability in NP. However, the role that Nav1.3 plays in NP is

still controversial and the benefits to NP patients of future pain therapies designed

to antagonize Nav1.3 function will not be clear until specific pharmacological

agents that block Nav1.3 are available.

Nav1.8, unlike Nav1.3 and 1.7, is a TTX-resistant voltage-gated sodium channel

that is almost exclusively expressed in nociceptive neurons, a feature which makes

it a plausible potential target for novel pain therapies. To test this hypothesis, a

number of different strategies (including antisense and gene deletion studies) have

previously been used to block functional Nav1.8 activity and investigate an

involvement of this channel in inflammatory pain and NP (Cummins et al. 2007).

While a role for Nav1.8 in inflammatory pain could clearly be assigned, an

involvement of Nav1.8 in NP could not be positively identified (Cummins et al.

2007). The reason for this ambiguity is not readily apparent. However, genetic

manipulations such as those performed in these studies can induce compensatory

changes in other related ion channels, and these compensatory changes could

potentially confound the interpretation of the resulting data. Selective Nav1.8

inhibitors have the potential to overcome these experimental drawbacks and to

provide evidence that Nav1.8 may play a role in NP. However, until recently,

selective Nav1.8 inhibitors have not been available. Fortunately, a mO-conotoxin
peptide from marine cone snails has now been identified which has a sixfold to

tenfold higher potency at blocking Nav1.8 currents than neuronal TTX-sensitive

currents and this peptide has been shown to attenuate NP behaviour when injected

intrathecally in rats (Ekberg et al. 2006; Bulaj et al. 2006). Furthermore, a small-

molecule inhibitor of Nav1.8 channels, A-8033467, has also been recently identified

and shows promising results in numerous pain models, including models of inflam-

matory pain and NP, whereby it exhibits a better therapeutic index than existing

therapies (Jarvis et al. 2007). These latest data thus suggest that novel selective

Nav1.8 inhibitors have the potential to be efficacious treatments for NP and indicate

that further research in selective Nav1.8 inhibitors is a worthwhile avenue to pursue

in the development of effective NP therapies.

Voltage-gated potassium channels, like voltage-gated sodium channels, are

critical mediators of nerve impulse conduction. They provide inhibitory control
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of neuronal excitability and under normal conditions could be a major factor

preventing ectopic activity. As such they are also potential NP therapy targets

and numerous studies examining the role of potassium channels in NP have

reported a reduction in the expression of specific potassium channels (including

Kv1 and Kv2 family subunits) in DRG neurons after axotomy and/or peripheral

nerve injury (Rasband et al. 2001; Chien et al. 2007). In particular, substantial

evidence indicates that Kv7 (KCNQ) channels may be intimately involved in the

generation and maintenance of NP (Munro and Dalby-Brown 2007). Importantly,

they are expressed on various DRG cells, including small-diameter DRG cells, and

by blocking these channels it is possible to reduce the threshold for action potential

firing. Conversely, Kv7 openers hyperpolarize the resting membrane potential and

thus make it less likely that action potentials are generated by increasing the

threshold for firing in these neurons. Therefore, Kv7 openers through their ability

to reduce neuronal excitability could be highly efficacious NP treatments. In fact,

retigabine, a Kv7 opener, has already been shown to diminish pain hypersensitivity

to mechanical and cold stimuli in chronic constriction injury and spared nerve

injury models of NP. Importantly these antinociceptive affects can be reversed by

the specific Kv7 inhibitor (linopirdine), indicating that the pain-relieving effects of

retigabine are a consequence of its actions on Kv7 channels and not through some

other non-specific actions (Blackburn-Munro and Jensen 2003; Dost et al. 2004).

Unfortunately, like most other current efficacious pharmacological interventions,

retigabine does have its drawbacks. In rats and mice it has a relatively poor

neurotoxicity profile, while in humans it can evoke dose-limiting side effects

including ataxia and somnolence, which probably reflect its activity at other ion

channels. Therefore, while potassium channels are interesting novel targets for

future NP treatments, development of new more selective pharmacological tools

will be required before effective NP treatments targeting potassium channels are

realized. Like the voltage-gated ion channels already mentioned, the importance of

voltage-dependent calcium channels in the modulation and control of neuronal

excitability has been known for some time and as such these channels have been

extensively studied. The voltage dependent calcium channel family consists of a

diverse array of ion channels which most likely reflects the diverse functions that

calcium plays in normal cellular processes. In the nervous system in particular,

voltage dependent calcium channels (and calcium influx) are intrinsically involved

in mediating neurotransmitter release and the activation of intracellular cascades

which, in turn, can modulate membrane excitability either directly or indirectly via

the initiation of protein transcription. It is the ability of these channels to affect

neuronal excitability so profoundly that makes them obvious targets for the devel-

opment of novel NP treatments. Consequently, the role of voltage dependent

calcium channels as therapeutic targets in NP has been succinctly documented in

a timely review by Yaksh (2006). The diverse voltage dependent calcium channels

have different structural subunit compositions (Cav1, Cav2, Cav3) and can be

defined by their activation characteristics (they are either high or low voltage

activated channels), or their pharmacological properties (voltage dependent calcium

channels are classed as either L-, P/Q-, N-, R- or T-type). While a number of these
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channels seem to be expressed within the pain pathway, e.g. by putative nocicep-

tors, it is the N-type channel in particular which looks the most promising molecular

target for treating NP, in part because pharmacological block of the other voltage-

dependent calcium channels does not seem to markedly attenuate NP behaviour in

preclinical studies. Importantly, the N-type channel is also expressed in DRG cells

and in the superficial dorsal horn as well. However, in direct contrast to the other

voltage dependent calcium channels, blockers of the N-type channel attenuate pain

behaviour in numerous NP models. Specifically, N-type-channel blockers (i.e. o-
conopeptides) exert a direct inhibitory effect on ectopic activity observed in injured

fibres (Liu et al. 2001), and possibly owing to this effect intrathecal administration

of specific N-type blockers have been shown to reverse NP behaviours in several

animal models (Matthews and Dickenson 2001). Additionally, ziconotide, another

specific N-type blocker, has been demonstrated to have antiallodynic effects in

humans with diverse neuropathological conditions, but again only after spinal

delivery (Cox 2000; Doggrell 2004). Interestingly, the structural subunits are not

the only components of functional calcium channels which may play a role in NP.

In fact, the auxiliary a2-d1 subunit, which characterizes the L- and N-type channel,
may be the most likely of all the Ca2+ channel family subunits to generate an

efficacious new generation NP therapy. The reason for this is due to the fact that the

regulation of this subunit is particularly responsive to NP conditions and is upre-

gulated significantly after nerve injury in both the DRG and the spinal cord, where it

facilitates the functional expression of a1 channels as well as enhancing the peak

current amplitude. Blocking the activity of this subunit would therefore seem an

effective means of treating NP and this does seem to be the case as this subunit is

the putative target of gabapentin (and its congeners, e.g. pregabalin), which has

wide-ranging antinociceptive activity in numerous NP models. While gabapentin is

generally regarded as the current gold standard for NP treatment, it does have it

limitations as its use is linked with unwanted side effects such as dizziness, fatigue

and somnolence. Therefore, there has also been considerable interest in the use of

other anticonvulsants, such as levitiracetam and lamotrigine, as NP treatments, as

they can also inhibit calcium channels. However, they also present complex

pharmacological profiles and as a consequence their use is also linked to dose-

limiting side effects. Therefore, it seems clear that there is considerable potential

for more specific antagonists of calcium channels being developed, and by particu-

larly targeting the a2-d1 subunit, they could offer promising new treatments of NP

with an improved efficacy when compared with the present ones.

2.2 Immune Cells and Their Released Factors
in Neuropathic Pain

During the last decade the ‘‘neurocentric’’ concept of NP has been challenged by

several demonstrations of a critical role of the immune system in the generation and

maintenance of NP (Watkins and Maier 2003: Marchand et al. 2005; Thacker et al.
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2007). Here we consider the types of immune cells involved as well as the factors

they release that contribute to NP.

2.2.1 Periphery

Several types of immune cells have been implicated in NP, but their relative

contributions and the timing of their effects has not been fully elucidated. Here, we

only focus on the pain-producing effects of peripheral immune cells; potential

analgesic actions are discussed elsewhere (see the chapter by Stein and Zöllner,

this volume). For example, following a partial ligation of the sciatic nerve, the

resident population of mast cells are activated and release several proinflammatory

mediators such as histamine, serotonin, cytokines and proteases (Galli et al. 2005;

Zuo et al. 2003; Metcalfe et al. 1997). As neuronal histamine receptors are upre-

gulated in specific NP states and treatment with antagonists of these receptors

attenuates mechanical allodynia in neuropathic rats (Zuo et al. 2003; Kashiba

et al. 1999), it seems plausible that peripheral antihistamine treatment could be an

effective therapy for NP states where a peripheral component is evident. In fact, the

antiallodynic effect of these agents was shown to be less efficacious than sodium

cromoglycate treatment (a mast cell stabilizer), suggesting that other mast cell

derived mediators may also be involved in the generation of NP either directly by

acting on peripheral nociceptors or indirectly via the recruitment of other key

immune cell types which in turn could generate pain by releasing other pronoci-

ceptive mediators.

The role of neutrophils in the production of inflammatory pain is well docu-

mented (Levine et al. 1985; Bennett et al. 1998b) and while neutrophils are almost

absent in the intact nerve, significant infiltration of these cells has been observed at

the site of injury in a number of rodent NP models (Zuo et al. 2003; Perry et al.

1987; Clatworthy et al. 1995). Interestingly, Perkins and Tracey (2000) demon-

strated that pre-emptive rather than postlesional depletion of circulating neutrophils

attenuated thermal hyperalgesia after partial transection of the sciatic nerve. Thus,

neutrophils may be important during the early stages of NP development. However,

this hypothesis is still controversial as several authors have reported an extremely

limited neutrophil response which also seems to be rather transient following nerve

injury. Nonetheless, neutrophils do release mediators such as chemokines that

initiate macrophage infiltration and activation (Scapini et al. 2000) and there are

now several lines of evidence showing the importance of macrophages in a variety

of NP models (Myers et al. 1996; Sommer and Schafers 1998; Liu et al. 2000; Cui

et al. 2000; Rutkowski et al. 2000). In particular, most of these studies have found a

temporal correlation between resident macrophage activation and haematogenously

derived macrophage invasion and development of allodynia/hyperalgesia. Some

authors (Rutkowski et al. 2000; Heumann et al. 1987) have also reported a lack of

thermal hyperalgesia in a neuropathic model in the Wld mouse which shows

delayed recruitment of non-resident macrophages. Depletion of circulating mono-

cytes/macrophages with intravenous administration of liposome-encapsulated clo-
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dronate was also shown to reduce the number of macrophages in the injured nerve,

and alleviated thermal hyperalgesia following nerve injury (Liu et al. 2000).

However, Rutkowski et al. (2000) failed to relieve mechanical allodynia after

clodronate administration. These discrepancies may reflect differences in the role

of macrophages in the mechanisms of hyperalgesia versus allodynia, or discrepancy

between the study methods.

2.2.2 Central

Peripheral as well as central nerve injuries leading to NP states may cause not only

changes at the periphery, but also centrally in the processing of sensory information

at the spinal level. It is notable that these central changes also include alterations of

immune cell function.

Two types of immune cells have been extensively studied in the context of

NP: haematogenous leucocytes and resident microglia. The specific role of the

infiltrating cells (macrophages and/or T cells) remains unclear; they could have

either neuroprotective or hyperalgesic functions, or both (Rutkowski et al. 2004).

In addition, it has also been recently suggested that the haematogenous macro-

phages could infiltrate the spinal cord and differentiate into activated microglia

cells (Zhang et al. 2007). Microglia, the resident macrophages of the CNS, express

surface markers identical to those expressed by macrophages/monocytes and are

quiescent under normal circumstances. However, a number of events, including

CNS injury, microbial invasion and some pain states, lead to their activation, with a

concomitant release of inflammatory cytokines, chemokines and other potentially

pain-producing substances (see the next section). A number of studies have shown

that specific microglial inhibitors and/or modulators can block and sometimes

reverse NP states (Meller et al. 1994; Milligan et al. 2000, 2003; Aumeerally

et al. 2004; Raghavendra et al. 2003; Ledeboer et al. 2005). In particular, mino-

cycline, a tetracyclic antibiotic, and the immunosuppressants propentofylline,

methotrexate and thalidomide have all been found to be effective in alleviating

NP syndromes (Sommer et al. 1998; Hashizume et al. 2000; George et al. 2000;

Sweitzer et al. 2001). However, for most of these drugs, only pre-emptive treatment

is reported to potently block development of NP after peripheral injury, suggesting

that microglia might be important in the initial phase of peripheral NP. However,

some recent studies have demonstrated a reversal effect of intrathecal treatment

with minocycline on pain behaviours and neuronal hyperresponsiveness following

thoracic spinal cord contusion injury. This suggests that activated microglia may

also be involved in the maintenance of pain following spinal cord injury.

Owing to the evidence given above, it is now widely accepted that microglia

activation is a crucial factor in the development of NP and that microglia may

participate along with other cell types (e.g. astrocytes) in the maintenance of NP.

However, how microglia are involved in generating pain and which mediators are

responsible are still questions which have to be thoroughly elucidated and the

current evidence is discussed in the following.
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2.2.3 Which Factors Released from Immune Cells Modulate

Pain Processing?

The factors that lead to spinal microglial activation in peripheral NP states have

already been extensively reviewed (Marchand et al. 2005; Watkins and Maier

2003). As these factors supposedly act at early time points after injury, the effective

time window to target them is rather narrow and thus the use of novel therapies

that target these factors would be of limited practical use. Instead, it is envisaged

that therapies which act to negate the effects of the factors released from activated

microglia will be more clinically relevant. Here, we focus on recent evidence that

indicates how factors released from immune cells and microglia can modulate the

nociceptive system in NP states.

Among the family of proinflammatory cytokines tumour necrosis factor (TNF)-a
and interleukin (IL)-1b have been studied the most and both are known to initiate a

cascade of events including the activation and secretion of cytokines and growth

factors. Several studies have demonstrated that intraneurial, epineurial and intra-

thecal injections of TNF-a or IL-1b can all elicit NP like behaviours (Reeve et al.

2000; Zelenka et al. 2005), and a correlation between increased TNF-a/IL-1b
expression and TNF receptor 1 and 2 expression and the development of allody-

nia/hyperalgesia in different NP models has also been documented (Wagner

and Myers 1996; Sommer and Schafers 1998; George et al. 1999; Schafers et al.

2003a–c; George et al. 2005). Furthermore, preventing the upregulation of TNFa/
IL-1b after nerve injury significantly attenuates the resulting pain behaviour

(Wagner et al. 1998; Lindenlaub et al. 2000; Sommer et al. 2001a, b; Schafers

et al. 2001; Clark et al. 2006). However, only pre-emptive (but not delayed)

treatment with etanercept (a TNF-a sequestering drug) or thalidomide inhibited

mechanical allodynia in NP models, which suggests that TNF-a is particularly

important in the initiation of NP (Schafers et al. 2003a–c; Sommer et al. 2001a, b).

Other studies have also reported an involvement of IL-6 and the chemokine

CCL2 in NP (Flatters et al. 2004; Tanaka et al. 2004; White et al. 2005). CCL2 is

upregulated within the nerve, DRG neurons and also the spinal cord; therefore, it

has the potential to act at several levels of the pain pathway by attracting and

activating macrophages and microglia and by also acting directly on DRG and

spinal cord neurons. Furthermore, Abbadie et al. (2003) have demonstrated that NP

behaviours fail to develop in null mutant CCR2 mice after partial nerve ligature,

indicating that this chemokine is a key mediator and critically involved in the

manifestation of NP in this model. Unfortunately, despite clear evidence of a role

for CCL2 in the generation of NP, the therapeutic opportunities of blocking CCL2

are small as it seems to act only at the early stages of NP. Nevertheless, it is evident

that cytokines can modulate pain processing in several ways and a selective

upregulation of pronociceptive or proinflammatory cytokines would therefore be

envisaged to cause a pain phenotype.

Interestingly, recent human studies have found that such a change in the

balance between pro- and anti-inflammatory cytokines in NP patients may actually

occur. They observed an increase of proinflammatory cytokines (IL-2, TNF-a)
and a decrease of anti-inflammatory cytokines (IL-4 and IL-10) in patients with
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painful neuropathy compared with patients with painless neuropathy (Lindenlaub

and Sommer 2003; Uceyler et al. 2007). Therefore, blocking proinflammatory

cytokines and/or increasing or supplying anti-inflammatory cytokine could re-

equilibrate the cytokine balance and may be a potential effective treatment for

NP. In fact, some studies have already demonstrated that anti-inflammatory

treatment, using mainly viral vectors overexpressing IL-10, could block NP

(Milligan et al. 2005), indicating that this treatment regime could be of benefit to

NP patients.

2.3 Protein Kinases

Protein kinases belong to a very large family of proteins (the human genome

encodes some 518 protein kinases) involved in a plethora of intracellular mechan-

isms; therefore, it is perhaps not surprising that these proteins were not particularly

favoured as targets for analgesics. However, recent studies have demonstrated that

kinases play important roles in regulating neuronal plasticity and pain sensitization

(for a review see Ji et al. 2007; Ji and Suter 2007; Ma and Quirion 2005; Velazquez

et al. 2007). Previous studies have established a role for protein kinase C (PKC) and

protein kinase A in central sensitization. Specifically, the PKC isoforms PKC-e
and PKC-a appear to be involved in peripheral nociception, while PKC-g is

important in central sensitization (Velazquez et al. 2007), and many more PKC

isoforms as well as other kinase proteins may also be intimately involved in

the generation of pain behaviours. Therefore, isoform-specific agents might be

attractive candidates for analgesic drug development.

Among the many kinases, the mitogen-activated protein kinases (MAPKs),

consisting of p38, extracellular-signal-regulated kinase (ERK) and c-Jun N-terminal

kinase (JNK), seem the most promising (Ji et al. 2007; Ji and Suter 2007; Ma and

Quirion 2007). They are downstream of many other kinases and can be activated by

a variety of factors (e.g. growth factors and inflammatory mediators) and they are

expressed in neurons as well as in glial cells.

In NP models, multiple studies have observed that p38 MAPK is specifically

activated in hyperactive microglia in the spinal cord and also in DRG neurons (Kim

et al. 2002; Schafers et al. 2003a–c; Jin et al. 2003; Tsuda et al. 2004; Sweitzer et al.

2004; Daulhac et al. 2006; Clark et al. 2007). Moreover, pretreatment and to a more

limited extent posttreatment with inhibitors of p38 MAPK (SB203580, FR167653,

SD-282 and CNI-1493) reduced NP behaviours in some of these studies. Together,

these findings strongly suggest that p38 phosphorylation is a key intracellular

signal, at least in microglia, that regulates their algogenic actions. However, the

literature is not entirely consistent, most notably in the reported time course of p38

activation; for example, while some groups have found that in the DRG p38 is

activated transiently hours after injury, others report a delayed (more than 3 days)

activation of p38 after injury (Kim et al. 2002; Jin et al. 2003; Tsuda et al. 2004;

Schafers et al. 2003a–c). The effects of p38 inhibitors are also somewhat difficult to
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interpret since p38 is activated at multiple sites in the pain pathway, e.g. in sensory

neurons as well as microglia in the same NP models (Kim et al. 2002; Schafers et al.

2003a–c; Jin et al. 2003). It seems the simplest explanation for these findings is that

peripheral nerve injuries associated with NP states lead to a p38-dependent activa-

tion of spinal microglia which is followed subsequently by p38 activation in DRG

neurons. Furthermore, the activation of p38 in DRG neurons appears to be crucial

for the full emergence of NP behaviour. As a result, the development of more

specific p38 isoform inhibitors or the development of activation status specific

inhibitors could offer some interesting and potentially therapeutic advances in

NP therapies.

A similar case to p38 MAPK can be made for ERK. Zhuang et al. (2005) demon-

strated sequential activation of ERK in neurons, followed by microglia and astro-

cytes. Inhibitors of ERK also block mechanical allodynia following peripheral

nerve injury, suggesting that specific inhibitors of ERK could exhibit some efficacy

in the treatment of NP. JNK also seems an emerging target for new and novel

NP therapies; however, at present there is less evidence supporting a role for JNK in

NP than for the other members of the protein kinase family previously mentioned

(Zhuang et al. 2006).

Other protein kinases such as phosphatidylinositol 3-kinase (PI3K), protein

kinase B/Akt and Src-family kinases have also recently emerged as potential targets

for new NP drug treatments (Katsura et al. 2006; Xu et al. 2007). PI3K and protein

kinase B/Akt kinases are upregulated in the DRG and the spinal cord in a model of

spinal nerve ligation, but their expression peaked at 3 days, returning to basal levels

at 7 and 14 days, respectively. In addition, only early treatment with inhibitors of

these kinases following injury blocks pain behaviour, suggesting an involvement in

the development rather than the maintenance of NP. In contrast, phospho-Src-family

kinases are upregulated mainly in microglia in the spinal cord, up to 14 days

following nerve injury, and a wide spectrum inhibitor, 4-amino-5-(4-chlorophenyl)-

7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) of these kinases administered intrathe-

cally reduced both the development and the maintenance of some NP behaviours

(Katsura et al. 2006).

As we review here, protein kinases represent a number of potential therapeutic

targets for the treatment of NP and a variety of kinase inhibitors are available or

currently under development by various pharmaceutical companies. However, as

protein kinases are integral components in many normal cellular functions, kinase

inhibitors have the potential to cause a plethora of unwanted side effects. Therefore,

development of more specific protein kinase inhibitors or activated-state-dependent

inhibitors seems amore likely beneficial treatment strategy for themanagement ofNP.

2.4 Gene Therapy

While pharmacological approaches are the conventional and probably first choice

treatment strategy for NP and a wide-range of other diseases, they are not without

Future Treatment Strategies for Neuropathic Pain 599



their disadvantages. In particular, it is extremely difficult to target discrete organs

and tissues (e.g. the DRG or a specific nerve) with drugs and as a result effective

systemic doses are often associated with side effects. In contrast, in vivo gene

therapy offers exciting opportunities to circumvent these issues (for a review see

Goss 2007) by introducing and expressing therapeutic DNA or RNA sequences into

specific tissues or cells of interest. This is achieved using two main delivery

systems: viral and non-viral vectors. Non-viral vectors usually consist of DNA

for genes of interest expressed in a plasmid and encapsulated in a liposome;

however, while they are relatively simple to construct, getting them into the desired

cell in sufficient amounts has proved problematic. Fortunately, conjugating the

liposomes with specific targeting antibodies has been shown to be a particularly

promising development. Furthermore, when this technique is employed, no inflam-

matory response is likely to occur because of the absence of viral proteins and the

use of humanized targeting antibodies (Shi and Pardridge 2000). In fact, in a

number of examples intramuscular gene transfer of vascular endothelial growth

factor (VEGF)-expressing plasmids has been successfully used to treat ischaemia

and prevent ischaemia-induced sensory nerve loss associated with diabetic neurop-

athy in animal models (Goss 2007). These experiments were so successful that the

technique has recently been tested in phase I/II clinical trials. However, this

particular method of gene therapy has one major disadvantage, which is that even

though a number of techniques have been devised to maximize gene delivery it still

is not very efficient. As a consequence, viral vectors may actually represent better

future gene therapy strategies.

The reason for this is because by taking advantage of the innate ability of viruses

to infect cells, viral vectors are able to efficiently incorporate their desired gene

into the targeted cell. Several types of viral vectors are now known and all have

advantages and disadvantages. For example, retroviral vectors are a group of

viruses that reverse-transcribe their RNA into double-stranded DNA which is

integrated into the genome of the host and is thus expressed relatively stably.

However, worryingly, the incorporation of target genes into the host genome can

potentially result in the development of malignancies as the DNA is inserted

randomly; thus, other potential viral vectors have been explored. Lentiviral vectors

have shown promise as like retroviruses they have the ability to integrate both

dividing and non-dividing cells. It is also known that the transgenes can escape

‘‘gene silencing’’ and can remain stably expressed in the host genome for a long

period of time in vivo. Another advantage of lentiviral vectors is that they can also

accommodate transgenes up to about 9,000 bases (Blits and Bunge 2006), which is

beneficial if your gene of interest is large. Adenoviral vectors, on the other hand,

have the ability to express a transgene as soon as 24 h after the initial infection.

This, of course, can be seen as a beneficial trait for potential viral vector therapies.

However, unfortunately, expression typically declines dramatically after a few

weeks. Prolonged expression of the transgene would be required for the viral vector

to be an efficacious NP therapy (Blits and Bunge 2006). Finally, herpes simplex

viral vectors are neurotropic double-stranded DNA viruses. They are particularly

good potential therapeutic viral vectors as like adenoviruses they are capable
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of retrograde transport. Furthermore, they have the capability of permanently

transducing cells when the vector is in a latent state (Glorioso and Fink 2004).

Already, a number of these different viruses have been used in a variety of models

of NP, mainly to overexpress neurotrophic factors such as nerve growth factor

(NGF), neurotrophin-3, GDNF and VEGF, but also to block or overexpress pro- and

anti-inflammatory cytokines, respectively (Goss 2007).

Most of the studies using neurotrophic factors expressing viruses have demon-

strated electrophysiological improvements and some prevention of nerve fibre

loss and/or regeneration. Importantly, some of these studies have also demonstrated

an effect on pain behaviours and inhibition of some neurochemical markers of

neuronal damage such as ATF3 (for a review see Goss 2007). Others studies have

also used viral vectors to express endogenous opioids (enkephalins) and observed a

sustained antiallodynic effect and an enhanced effect of morphine without tolerance

(Wolfe et al. 2007). Finally, herpes simplex virus has been successfully used to

block the proinflammatory cytokine TNF-a and reverse pain behaviour as well

as p38 microglia activation in models of peripheral and central neuropathy

(Peng et al. 2006; Hao et al. 2007). Alternatively, viruses can be utilized to supply

anti-inflammatory cytokines (IL-4 or IL-10), for example, in the spinal cord after

nerve injury, and injection of these viruses has been shown to prevent and reverse

established pain behaviour (Hao et al. 2006; Milligan et al. 2005).

Owing to the points discussed above, non-viral and viral vectors appear

attractive strategies to treat NP. However, questions remain regarding their

potential immunogenicity, transduction efficiency, cellular targeting, long-term

expression and, most importantly, their safety. All of these factors will have to be

addressed before they become viable effective NP treatments.

2.5 Neurotrophic Factors

There is good preclinical evidence that two members of the neurotrophin family,

NGF and brain-derived neurotrophic factor (BDNF), play important roles as

peripheral and central mediators of pain, respectively. Blocking their biological

activity may subsequently provide desperately needed analgesia for individuals

with NP. In fact, for the former (NGF), clinical trials have commenced using a

neutralizing antibody designed to prevent its bioavailability and positive phase II

data in osteoarthritis pain have been reported. The evidence for these neurotrophins

as pain mediators is presented in the following sections and their potential as novel

NP therapies is discussed.

2.5.1 NGF as a Peripheral Pain Mediator

Administration of small doses of NGF to adult animals, including humans, can

produce pain and hyperalgesia. In rodents, thermal hyperalgesia develops within
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tens of minutes of systemic NGF administration, and both thermal and mechanical

hyperalgesia are apparent after a few hours. In humans, intravenous injections of

very low doses of NGF produce widespread aching pains in deep tissues and

hyperalgesia at the injection site (Petty et al. 1994). The rapid onset of some of

these effects and their localization to the injection site strongly suggests that they

arise at least in part from a local effect on the peripheral terminals of nociceptors,

many of which express the high-affinity NGF receptor trkA. This has been sub-

stantiated by the observation that acute administration of NGF can sensitize noci-

ceptive afferents to thermal and chemical stimuli (Rueff and Mendell 1996).

Isolated DRG cells in culture and nociceptive terminals studied using a skin-

nerve preparation have been shown to become sensitized following acute exposure

to NGF (Shu and Mendell 1999). However, there is also evidence that some of the

sensitizing effects of NGF may be indirect via mast cells, sympathetic efferent

neurons and neutrophils (for a review see Bennett 2001). Cutaneous nociceptors

chronically exposed to elevated NGF levels (in an NGF overexpressing mouse)

show a marked heat sensitization (Stucky et al. 1999). Although the exact mecha-

nism of sensitization is not known in this case, the data nonetheless demonstrate

that persistent peripheral sensitization is possible. NGF is a potent regulator of gene

expression in sensory neurons. Some sensory neuropeptides, which are released

with activity from central nociceptors terminals, are strongly upregulated by NGF.

These include calcitonin gene-regulated peptide (CGRP) and substance P (Lindsay

and Harmar 1989). NGF has also been shown to produce a dramatic upregulation of

BDNF in trkA-expressing DRG cells (Michael et al. 1997), and there is now

growing evidence that BDNF may serve as a central regulator of excitability, as

discussed later. NGF also regulates the expression of some of the receptors

expressed by nociceptors. Capsaicin sensitivity is increased by NGF (Shu and

Mendell 1999), which results from NGF regulation of the heat transducer TRPV1

and specific members of the acid-sensing ion channel family are also strongly

regulated by NGF at a transcriptional level (Mamet et al. 2003). Finally, several

ion channels such as Nav1.8 are also regulated by NGF availability (Boucher et al.

2000).

The dramatic effects of exogenously administered NGF on pain signalling

systems do not reveal the role of endogenous NGF. To ascertain if any of the

‘‘pharmacological’’ effects of NGF truly reflect those of endogenous NGF, one must

perform experiments in which the biological actions of endogenous NGF are

somehow blocked. This has been achieved by two major experimental approaches:

targeted recombination in embryonic stem cells to selectively knock out either NGF

or its receptor trkA and the administration of proteins that inhibit the bioactivity of

NGF. Each of these techniques has advantages and disadvantages, but studies using

them largely confirm an important role for endogenous NGF in regulating pain

sensitivity. The knockout approach, in particular, has provided information regarding

the developmental role of NGF, and has confirmed that essentially all spinal nocicep-

tive afferents require this factor for survival in the perinatal period (Crowley

et al. 1994). However, because mice with NGF or trkA deletions rarely survive

past the first postnatal week, most of what we know about endogenous NGF
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function in the adult has been determined by the use of blocking agents. A number

of studies have used a synthetic chimeric protein consisting of the extracellular

domain of trkA fused to the Fc tail of human immunoglobulin G (trkA-IgG) to

investigate the actions of endogenous NGF in nociception (Koltzenburg et al. 1999;

Xu et al. 2001). Local infusion of trkA-IgG into the rat hind paw leads to thermal

hypoalgesia and a decrease in CGRP content in DRG neurons projecting to the

infused area (McMahon et al. 1995). These changes take several days to develop.

In addition, there is a decrease in chemical sensitivity of nociceptors projecting to

the area and a decrease in the epidermal innervation density (Bennett et al. 1998a,

b). These results provide strong evidence that NGF continues to play an important

role in regulating the function of the small peptidergic sensory neurons in the adult.

Finally, there is now compelling evidence that the biological actions of NGF

described above are particularly important in many forms of inflammation and may

also contribute to NP states (Woolf et al. 1994; Koltzenburg et al. 1999; Pezet and

McMahon 2006 for review). NGF is found in many cell types in tissues subject to

inflammatory insult, and a great deal of evidence now supports the hypothesis that

upregulation of NGF levels is a common component of the inflammatory response

that relates to hyperalgesia. Elevated NGF levels have been found in a variety of

inflammatory states in both humans and animal models (for a review see McMahon

and Bennett 1999) and there is now widespread agreement that blocking NGF

bioactivity (either systemically or locally) blocks a large component of the effects

of inflammation on sensory nerve function. For instance, intraplantar injection of

carrageenan produces an acute inflammatory reaction, which is widely used in

behavioural studies of pain mechanisms. When trkA-IgG was coadministered

with carrageenan, it could largely prevent the development of thermal hyperalgesia

and the sensitization of primary afferent nociceptors that normally develops

(McMahon et al. 1995) and there are nowmany other similar examples, as reviewed

in Pezet and McMahon (2006). Thus, from the above discussion it is clear that

owing to the wide-ranging effects of NGF on the nociceptive system there is

considerable promise for the development of anti-NGF drugs as novel therapeutic

agents for the treatment of NP. Other neurotrophic factors may also be good targets

for new NP therapies and the evidence for one in particular (BDNF) is discussed

next.

2.5.2 BDNF as a Central Pain Mediator

Neurotrophic factors are best known for their roles as secreted factors both during

development (as target-derived survival factors) and in the adult. But there is now a

growing body of evidence that at least one of the neurotrophins, BDNF, may act as

a neuromodulator (for a review see Pezet et al. 2002b). That is, in some neurons

BDNF does not enter the secretory pathway, but instead is packaged in synaptic

vesicles and is released with neuronal activity to modulate postsynaptic neurons.

Such a role has been suggested in hippocampus, cortex, cerebellum and spinal cord

(for reviews see McAllister et al. 1999; Malcangio and Lessmann 2003; Pezet and

Future Treatment Strategies for Neuropathic Pain 603



McMahon 2006). Here we consider the role of BDNF in nociceptive processing.

This protein is constitutively expressed in a significant minority of small

and medium-sized sensory neurons of the DRG (Barakat-Walter 1996; Zhou and

Rush 1996), where it is contained in dense-core vesicles. Moreover, it is dramati-

cally upregulated in many small-diameter nociceptive sensory neurons in

models of inflammatory pain and in larger neurons in some animal models of NP

(Michael et al. 1997, 1999; Zhou et al. 1999; Ha et al. 2001). One important trigger

for the increased synthesis of BDNF in nociceptive neurons is the peripheral

increase in NGF availability that is a common feature of inflammation (see earlier).

BDNF is known to be released from the central terminals of sensory neurons with

activity, and in a frequency-dependent manner (Balkowiec and Katz 2000).

In normal tissue, release is associated specifically with activity in nociceptors either

induced by chemical algogens such as capsaicin, or by electrical stimulation of, specifi-

cally, small-diameter sensory neurons. Interestingly, the patterns of electrical activity

necessary for BDNF release are different from those producing release of other sensory

neuron transmitters such as glutamate and substance P (Lever et al. 2001).

High-affinity receptors for BDNF (the tyrosine kinase receptor trkB) are widely

expressed on spinal neurons, including spinal projection neurons. We have previ-

ously shown that nociceptor activation in a variety of experimental preparations

leads to activation (phosphorylation) of dorsal horn trkB receptors, indicating that

BDNF can be released from nociceptors and activate postsynaptic neurons (Pezet

et al. 2002a). We have also shown that intrathecally injected BDNF can also induce

ERK phosphorylation in laminae I-II neurons of the spinal cord (Pezet et al. 2002a),

and this kinase is known to be an important second messenger in mediating some

changes in spinal nociceptive processing associated with persistent pain states (Ji

et al. 1999). In other experiments we showed that endogenous BDNF release from

nociceptors accounts for about a third of the activation of ERK (Pezet et al. 2002a).

Thus, there is a body of biochemical evidence implicating BDNF as a pain-related

central modulator. There are also functional studies demonstrating the neuromodu-

latory role of BDNF in the spinal cord. Exogenous BDNF selectively enhances

sensory-neuron-evoked spinal reflex activity and NMDA-induced depolarization of

in vitro preparation of rat spinal cord (Kerr et al. 1999; Thompson et al. 1999).

BDNF null mutant mice have been shown to display a selective deficit in the ventral

root potentials evoked by nociceptive primary afferents (Heppenstall and Lewin

2001). In adult rats, intrathecal injection of anti-BDNF antibodies or sequestering

fusion molecule trkB-IgG prevented the development of thermal hyperalgesia

associated with acute peripheral inflammation (Kerr et al. 1999) or NP (Fukuoka

et al. 2001), respectively. It is not clear what the intracellular mechanism is of

BDNF-induced modulation. One plausible mechanism is that synaptically released

BDNF activates the MAPK ERK in second-order cells, and this second messenger

produces a posttranslational change in NMDA receptor properties. Recently, how-

ever, Garraway et al. (2003) showed that the initial facilitation of lamina II neurons

by BDNF depends critically on activation of phospholipase C (PLC) and PKC.

Whatever the mechanism, there is a clearly documented pathway linking nociceptor

activity with BDNF-mediated central modulation of sensory transmission. It is not
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clear at present when this pathway is active. The data so far suggest that it is one

important mediator of central sensitization, and might therefore contribute to a

variety of hyperalgesic states. BDNF, therefore, joins a list of promising new targets

for analgesic drug development, although the relatively widespread expression of

BDNF may indicate that CNS side effects might be a problem.

2.6 Neuropeptides

Since the discovery of substance P, there has been a lot of interest in the role

that this and other neuropeptides play in the generation of pain. However,

despite promising preclinical results (e.g. substance P deficient mice demonstrate

attenuated responses to intense noxious stimuli), clinical trials using substance P

antagonists have been very disappointing (Rice and Hill 2006). So much so that it is

accepted that NK1 antagonists are not effective analgesics in humans. Another

peptide, CGRP, is also abundant in primary afferent fibres, plays an important role

in pain transmission and may be a better therapeutic target. Several antagonists of

CGRP receptors are now available and one in particular, BIBN4096BS, was

effective as an acute abortive treatment of migraine headache (Olesen et al. 2004)

and may also be effective in NP states (Ma and Quirion 2006). However, the

most promising anti-CGRP NP therapy to date may be cizolirtine, which has

antinociceptive effects in a variety of animal pain models, probably owing to an

inhibition of the spinal release of CGRP and substance P (Ballet et al. 2001).

Furthermore, results in NP patients suggest that it may attenuate allodynia, albeit

at high doses (Shembalkar et al. 2001).

As well as substance P and CGRP, other peptides and their receptors are also

good candidate therapeutic targets and one specific example is cholecystokinin.

The reason for this is because NP patients are often resistant to morphine treatment;

therefore, enhancement of morphine analgesia could be an effective treatment

strategy and the endogenous opioid system is known to be negatively modulated

by cholecystokinin. Antagonists of CCK1 and CCK2 have been developed and have

demonstrated marked success at enhancing morphine analgesia. Specifically, CCK1

selective blockers (e.g. MK-329 or devazepide) have been shown to enhance the

effects of morphine in persistent pain patients (McCleane 1998). Consequently, it is

feasible that they could be at least used as an adjunct in the treatment of NP by

opioids.

2.7 Cannabinoids

Cannabis has been used for medical purposes, including pain relief for millennia.

However, the identification of the two cannabinoid receptors (CB1 expressed on

neurons and CB2 expressed on immune cells) and several endogenous ligands has

only recently (within the last two decades) been ascertained and subsequently

renewed interest in the therapeutic potential of cannabinoids (Lever and Rice
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2007). This renewed interest has led to a number of synthetic cannabinoids and

inhibitors of endogenous cannabinoid metabolism being developed. Unfortunately,

despite these recent advances, data from randomized clinical trails examining the

efficacy of cannabinoids in NP treatment has been quite disappointing, with rela-

tively modest analgesic effects being demonstrated with cannabinoid treatment.

Better results have been observed in trials examining the analgesic effects of

cannabinoids in multiple sclerosis patients; however, all current cannabinoid treat-

ments seem limited by acute side effects associated with cannabinoid exposure.

More worrying still is the fact that recent epidemiological studies suggest that even

a modest use of cannabis by young people can lead to increased risk of serious

mental illness in later life, especially in individuals with pre-existing risk factors for

psychosis. These adverse events could potentially be avoided by targeting CB2

receptors or peripheral CB1 receptors only or by using non-psychotropic cannabi-

nomimetics (e.g. palmitoylethanolamide or CT-3). The use of inhibitors of the

metabolism of endogenous cannabinoids could also be a useful treatment strategy

and a combination of the two approaches may yield an effective future cannabinoid-

based NP treatment.

2.8 Neurostimulation

Despite concerted efforts to develop effective drug treatments for NP, pharmaco-

logical relief is often insufficient, with around 50% of patients being pharmaco-

resistant. Therefore, electrical neurostimulation could be an effective alternative

solution capable of addressing the analgesic needs of these NP patients. Currently,

there are several techniques which have demonstrable analgesic affects, including

transcutaneous electrical nerve stimulation (TENS), spinal cord stimulation,

motor cortex stimulation (MCS) and deep brain stimulation (Cruccu et al. 2007;

Garcia-Larrea and Peyron 2007).

TENS is probably the most popular and widespread neurostimulation technique

and involves using high-frequency and low-intensity electric stimuli to evoke strong

activation of Ab fibres; however, the inhibition is strictly homotopic and pain relief

rapidly declines after the stimulation stops. Consequently, the stimulation is usually

repeated several times during the day and its efficacy for attenuating pain is still to be

demonstrated conclusively (Cruccu et al. 2007).

Spinal cord stimulation consists of implanting electrodes into the epidural space

ipsilateral to the pain and at the appropriate spinal cord level. Using this technique,

there is good evidence for pain relief in failed back surgery syndrome and complex

regional syndrome and some evidence for pain relief in diabetic and peripheral

nerve injury (Cruccu et al. 2007). While it seems to be a more efficacious pain

therapy than TENS, it is of course a more invasive procedure and is subsequently

poorly tolerated by a subset of patients. Likewise, deep brain stimulation is also an

invasive procedure using electrical stimuli to target a variety of brain areas,

including the ventral posterior thalamus and periventricular grey matter. While

it has been shown to alleviate chronic pain, its mechanisms of action are mostly
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unknown and like spinal cord stimulation this analgesic technique can be poorly

tolerated, making the selection of patients a challenging task.

For to the reasons mentioned above, the relatively new treatment strategy, MCS,

is probably the most promising tool among the current neurostimulation techniques

to treat NP (Garcia-Larrea and Peyron 2007). MCS consists of electrically stimulat-

ing the motor cortex, representing the painful body area in question, using

implanted electrodes. While the exact mechanism of action of MCS is unknown,

it is hypothesized that MCS can alter the intensity of pain by the activation of

descending pain control pathways and possibly most interestingly by blunting the

emotional aspect of pain via activation of orbitofrontal-perigenual cingulate brain

areas. Furthermore, the delayed and long-lasting activation of several brain areas

after MCS discontinuation confers to MCS an effect that can last hours to days.

The techniques described above are all interesting options for NP treatment in

pharmacologically resistant patients. However, at present our current knowledge of

their mechanisms of action is generally inadequate. While the need to understand

the underlying modes of action of these techniques is evident, doing so could also

lead to a better understanding of supraspinal processing of NP and may thus have

an additional benefit of revealing other as yet unidentified drug targets for the

treatment of NP.

3 Conclusions

Despite the existence of numerous pharmacological and non-pharmacological

therapies to treat NP, their efficacy is overall unsatisfactory. It seems a better

understanding of the underlying mechanisms responsible for the clinical manifes-

tation of NP in patients is required if more effective pain therapies are to be

developed. As reviewed here, this strategy does seem to offer new hope for patients

struggling to manage debilitating NP symptoms and the number of new treatments

being tested in clinical trials is testament to this fact.

However, it should also be noted that while new treatments have the potential to

provide better pain relief, it is also much more likely that combination therapies will

prove to be more efficacious at providing pain relief than any one treatment alone.

Furthermore, it also seems likely that in the future personalized pain management

using pharmacogenetics, as well as targeted drug delivery (i.e. using viral and

non-viral vectors), will also play a significant role in targeting and preventing the

incidence of NP.
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