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Glossary

action potential A characteristic pattern of neu-

ronal depolarization and hyperpolarization that

mediates transmission of information along the

length of the neuron and triggers communication

with synaptically connected neurons.
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afterpotential The change in membrane potential

that follows the action potential.

cable properties Passive electrophysiological

properties of a neuron that influence the movement

of charge, and therefore the spread of a change in
43
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membrane potential, along a neuron. These prop-

erties include internal resistance (influenced by the

diameter of the neural process), membrane resis-

tance (influenced by the number of open ion

channels in the membrane), and membrane capa-

citance (determined by the total membrane surface

area).

generator potential Membrane depolarization

resulting from the transduction of environmental

stimuli (i.e., thermal, mechanical, or chemical). This

transduction results in a change in membrane

conductance that underlies the change in mem-

brane potential.

G-protein-coupled receptors A diverse family of

membrane proteins that trigger changes in cell

function by signaling through intracellular guanine

nucleotide-binding proteins.

hyperalgesia A state in which the sensitivity of

nociceptive signaling pathways to environmental

stimuli is enhanced.

inflammatory pain Spontaneous pain or hyper-

sensitivity to environmental stimuli arising from

inflammation in areas innervated by nociceptive

neurons.

length constant A measure of the distance over

which a current injected at a point source will

spread within a neuron.
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neurotrophins A diverse family of soluble signal-

ing molecules that promote the differentiation,

survival, and/or function of neurons.

nociceptor Specialized sensory neuron whose

activation signals the presence of noxious, or

potentially damaging stimuli. These neurons are

selectively activated by noxious stimuli, under nor-

mal circumstances, or by molecules released once

tissue damage has already occurred.

neuropathic pain Spontaneous pain or hyper-

sensitivity to environmental stimuli arising from

damage to neural tissue.

receptive field The area in or on the body within

which adequate stimuli are capable of generating

activity in a given neuron.

polymodality The ability of a molecule or neuron

to be activated by more than one type (modality) of

stimulus (e.g., mechanical and chemical).

tranduction A process in which environmental sti-

muli evoke conformational changes in the structure of

specific proteins located on nociceptor terminals that

directly or indirectly (i.e., via cellular signaling cas-

cades) trigger the opening or closing of ion channels.

transient receptor potential A historically based

name for a family of related iron channels that are

prevalent in nociceptive neurons and other sensory

neuron subtypes.
5.04.1 Introduction

The perception of pain is usually triggered when

mechanical, chemical, or thermal stimuli of high

intensity or a particular quality are detected by a

specialized subpopulation of sensory neurons

referred to as nociceptors. Although the term noci-

ceptor has probably outlived its utility, we will use it

here as a means of distinguishing afferents capable

of responding to tissue damage from those that

normally only encode innocuous stimuli.

Nociceptor activation typically begins with trans-

duction, a process in which environmental stimuli

evoke conformational changes in the structure of

specific proteins located on nociceptor terminals

that directly or indirectly (i.e., via cellular signaling

cascades) trigger the opening or closing of ion chan-

nels. The resulting changes in ionic flow across the

plasma membrane produce a change in membrane

potential, referred to as a generator potential. If the
 

generator potential reaches a critical threshold,

action potential firing ensues. In order for these

action potentials to trigger a perception of pain,

however, they must be propagated to the central

terminal of the sensory neuron and subsequently

evoke neurotransmitter release in sufficient quanti-

ties to activate postsynaptic spinal cord neurons.

Thus, there are multiple critical steps in the afferent

transmission of nociceptive information, each of

which involves a unique compilation of specialized

proteins. We will begin this chapter by describing

several important but sometimes overlooked anato-

mical and physiological features of nociceptive

neurons. We will then introduce some of the major

protein classes that contribute to transduction and,

to a more limited extent, the ensuing neurophysio-

logical processes that result in the transmission of

nociceptive information to the spinal cord.

Subsequently, we will provide a glimpse at how

such variables as molecular heterogeneity,
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intermolecular interactions, posttranslational mod-
ifications, and ion channel distribution can vastly
expand the sensory versatility of the nociceptive
neurons. Finally, we will describe in greater detail
a few of the changes that underlie nociceptor signal-
ing plasticity in the context of inflammation and
nerve injury. Although neurotransmission within
the spinal cord dorsal horn represents another
important function of nociceptors, we will defer a
description of this process to other chapters of this
volume.
5.04.1.1 Structure Dictates Function:
The Anatomy of the Nociceptor

Sensory neurons are referred to as pseudounipolar
neurons because they start out during development
as bipolar neurons with a central process extending
into the spinal or trigeminal dorsal horn and a per-
ipheral process extending out to peripheral targets.
During development, the initial segment of these two
Schematic of cell bod
terminals in rough proNormal

To spinal
cord

Up to
1 m

Cell body/ganglion:
1. Import of neurotrophin
receptor signalling complexes
2. Ca2+ binding, store handling
3. Synthesis of transducers and
neuropeptides
4. Transport towards spinal cord
and/or periphery

Axon:
1. Ion channels spaced
appropriately for action potential
propagation
2. Ortho- and anterograde
transport

Peripheral Terminal:
1. Multiple sites of transduction
2. Proximity of transducers to
spike initiators
3. Modality specificity
4. Polymodality of transducers
5. Efferent function – peripheral
release of SP, CGRP

Figure 1 Schematic diagram of three major peripheral comp

axon (middle), and peripheral terminal arbor (bottom). Blowup
compartments under normal conditions. Blowups at right: cha

inflammation.
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processes merges to form a T junction, leaving the
cell body attached to peripheral and central processes

via a single short length of axon (Fitzgerald, M., 2005)

(Figure 1). Both central and peripheral processes
terminate in a branching pattern referred to as a

terminal arbor (Figure 1). The extent of the periph-
eral arbor depends on the afferent type and site of

innervation. For example, afferents innervating the

fingertips may innervate a square millimeter or less
of skin, and therefore appear to have relatively few

terminal branches (Darian-Smith, I. et al., 1980;
Andrew, D. and Greenspan, J. D., 1999). In contrast,

afferents innervating a visceral structure such as the

colon may have an extensive terminal arborization
that extends over many centimeters of tissue

(Berthoud, H. R. et al., 2004). Afferents responsible
for the transduction of low-threshold mechanical

stimuli such as brush or vibration terminate in spe-

cialized structures such as Rufinni endings or Merkel
discs that are critical for mediating the appropriate

response to these stimuli (Mearow, K. M. and
y axon and
portion Pathological

Cell body/ganglion:
1. ↑ Excitatory transducer, spike initiator
synthesis
2. ↓ K+ channel, inhibitory GPCR synthesis
3. Changes in Ca2+ binding proteins, store
handling
4. Changes in gene transcription/translation
5. ↑ Intraganglionic transmitter release and
cross-talk
6. ↑ Local immune cells, cytokines
7. Sympathetic sprouting

Axon:
Cut axon
1. Proximal accumulation of transducers,
channels
2. ↓ neurotrophin and neuropeptide transport
3. ↑ Local immune cells, cytokines
Neighboring “Uninjured” axon
1. ↑ channel density
2. ↑ neurotrophin transport

Peripheral terminal:
1. ↑ Excitatory transducer and spike initiator
number
2. Change in transducer subtype composition
3. ↑ Transducer phosphorylation
4. ↓ K+ channel, inhibitory GPCR number
5. Changes in modality specificity
6. Anatomical changes (terminal
sprouting/branching)
7. ↓ pH, ↑ inflammatory mediators

actments of a nociceptive neuron: the cell body (top),

s at left: functional and anatomical properties of these
racteristic changes associated with nerve injury or
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Diamond, J., 1988; Johnson, K. O., 2001). In contrast,
nociceptors are said to have free nerve endings,
because peripheral terminals of these afferents do
not appear to be associated with any specific cell
type (Kruger, L. et al., 2003a). Further description of
this anatomical arrangment can be found in the chap-
ter by Mense in this volume (Chapter Anatomy of
Nociceptors).

There are at least three important implications of
the observation that peripheral terminals of noci-
ceptors are free. First, while recent evidence
suggests that transduction may occur in cells sur-
rounding nociceptive terminals (i.e., urothelial cells
(Birder, L. A., 2005) or keratinocytes (Guler, A. D.
et al., 2002; Peier, A. M. et al., 2002b; Khodorova, A.
et al., 2003; Wu, G. et al., 2004a) (see below)), the fact
that nociceptive terminals are generally not asso-
ciated with specialized cells suggests that these
neurons themselves possess the machinery neces-
sary for transduction. Consistent with this
suggestion, the isolated cell bodies of putative noci-
ceptors in vitro have been show to respond to
thermal (Cesare, P. and McNaughton, P., 1996;
Reichling, D. B. and Levine, J. D., 1997; Reid, G.
and Flonta, M., 2001; Thut, P. D. et al., 2003),
mechanical (McCarter, G. C. et al., 1999), and var-
ious chemical (Baccaglini, P. I. and Hogan, P. G.,
1983) stimuli. Second, if transduction machinery is
present in nociceptive terminals, transduction may
occur whenever and wherever a transducer is prop-
erly positioned in the cell membrane. The result is
that transduction can and probably does occur at
multiple sites in a peripheral arbor (Gover, T. D.
et al., 2003; Zhao, J. et al., 2006). This has important
implications for spike initiation and integration of
stimuli applied throughout a receptive field
(Darian-Smith, I. et al., 1980). It also has important
implications for the generation of ectopic activity in
the presence of injury as there is evidence that the
cut ends of axons may rapidly develop mechanical,
thermal, and chemical sensitivity (Michaelis, M.
et al., 1999) and that spontaneous activity may arise
from within sensory ganglia following nerve injury
(Kajander, K. C. et al., 1992). Third, because nerve
endings are not only free of an association with a
specific cell type, but free of even perineurial
encapsulation (Devor, M., 1999), these endings are
not only accessible to the chemical milieu of the
tissue, but may be accessible to therapeutic
interventions.

Both light and electron micrographic analyses of
nociceptive terminals reveal complex anatomical
The Senses: A Comprehensive 
structures. As suggested above, the structure of

the terminal arbor varies with target of innovation.

There is also evidence that subpopulations of

nociceptive afferents have distinct terminal arbor

patterns within the same structure. For example, the

terminal arbor morphology of cutaneous C fibers

varies according to whether the C fiber is peptidergic

(i.e., expresses substance P or calcitonin gene-related

peptide (CGRP)) or expresses the mas-related gene

(mrg), MrgD (Zylka, M. J. et al., 2005). Furthermore,

in the cornea, the terminal arbor of C-fiber afferents

is distinct from that of A� fibers (MacIver, M. B. and

Tanelian, D. L., 1993). At an ultrastructural level,

nociceptive terminals appear to have beaded endings

with clusters of organelles such as mitochondria at

sites of swelling (Kruger, L. et al., 2003b). While the

functional implications of this beaded structure

remain to be determined, it has been suggested that

swellings may be sites for transduction and/or the

peripheral release of transmitter.
Finally, it is clear that active membrane proper-

ties, and therefore the nature of the afferent signal,

are influenced by an interaction between the distri-

bution, density, and biophysical properties of ion

channels and transducers present in afferent term-

inals and the morphological features of the terminal

arbor. Cable theory describes the impact of leak

channels, terminal branch points, and irregularities

in membrane shape such as those associated with the

beaded pattern described above. As a first pass, all of

these features, in addition to the relatively large sur-

face-to-volume ratio associated with fine terminals

suggest that the length constant, a measure of the

distance over which a current injected at a point

source will spread within the terminal, is quite

small in nociceptive terminals. This implies that

there are likely to be multiple sites of spike initiation

throughout the terminal arbor. Importantly, it is

likely that the cable properties, and therefore length

constant, of nociceptive terminals are dynamically

regulated. This notion is based on the observation

that potassium leak currents, which determine mem-

brane resistance, may be regulated by a number of

factors such as transmitters and second messengers

(Maingret, F. et al., 2000). Furthermore, evidence

from dorsal horn neurons (Mantyh, P. W. et al.,

1995) suggests that terminal morphology may be

rapidly altered. Importantly, a change in a length

constant may influence active membrane properties

such as action potential threshold and spike

accommodation.
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5.04.1.2 Nociceptor Inputs and Outputs:
More than Meets the Eye

The major focus of this chapter is on molecules
involved in the initiation of fast orthograde electrical
signaling by nociceptors to the central nervous sys-
tem. However, several physiological features of
nociceptors fall outside this conventional framework
but are important within the larger context of sensory
transduction. Therefore, before we dissect the
mechanisms of nociceptor stimulus transduction,
action potential generation, and action potential pro-
pagation in any detail, it is worth considering a few of
these features.
5.04.1.2.1 The onset of nociceptor

excitation: hyperpolarization versus

depolarization

Sensory transduction in the mammalian nervous
system can arise from either membrane hyper-polar-
ization or membrane depolarization. The visual
system utilizes the former while the somatosensory
system utilizes the latter. Consequently, in the absence
of stimuli, the resting membrane potential of nocicep-
tive afferents is relatively hyperpolarized, with little, if
any spontaneous activity (Rose, R. D. et al., 1986;
Ritter, A. M. and Mendell, L. M., 1992). This resting
membrane potential appears to reflect a relatively
large Kþ conductance through both voltage-insensi-
tive (Baumann, T. K. et al., 2004) and voltage-gated Kþ

channels (Kirchhoff, C. et al., 1992). However, this Kþ

conductance appears to be working against a relatively
high membrane permeability to depolarizing cations
(i.e., Naþ and Ca2þ), at least in cutaneous afferents
(Kirchhoff, C. et al., 1992). Data from studies of the
isolated sensory neuron cell body in vitro suggest that a
significant depolarizing conductance may be present
in a relatively large percentage of putative nociceptive
afferents (Viana, F. et al., 2002).

There are at least two implications of a significant
depolarizing conductance in nociceptive afferents.
First, it suggests that a viable mode of transduction
may involve the closing of a Kþ channel. In the
absence of a depolarizing conductance, closing a Kþ

channel in a membrane in which Kþ conductance is
the only major conductance responsible for the
establishment of the resting membrane potential,
will result in little, if any change in membrane poten-
tial. Consistent with the suggestion that there is a
significant depolarizing conductance in putative
nociceptive afferents, there is evidence that some
forms of cold transduction reflect the closing of a
The Senses: A Comprehensive 
Kþ channel (Reid, G. and Flonta, M., 2001; Viana, F.
et al., 2002). Second, the presence of a significant
depolarizing conductance in nociceptive afferents
suggests that the resting membrane potential will be
relatively depolarized. This has been observed
repeatedly in studies on dissociated sensory neurons,
where the resting membrane potential of putative
nociceptive afferents is more depolarized than that
of putative non-nociceptive afferents (see Gold, M. S.
et al., 1996a). There is evidence that intact nocicep-
tive terminals in situ may be depolarized as well
(Brock, J. A. et al., 2001). As mentioned above, resting
membrane potential may influence not only trans-
duction, given the voltage dependence of several
transducers (see below), but also spike initiation.

5.04.1.2.2 Efferent function

It is clear that nociceptor afferent neurotransmission
contributes to the perception of pain associated with
tissue injury (Treede, R. D. et al., 1992). However, it is
also clear there are tissues distributed throughout the
body that are heavily innervated by nociceptive
afferents, but that will never give rise to the sensation
of pain in many of us. For example, even though
pericardial tissue receives nociceptive innervation
thought to be responsible for pain associated with
cardiac ischemia (Immke, D. C. and McCleskey, E. W.,
2001), the majority of us will never experience dis-
comfort arising from this structure. What might be
the function(s) of nociceptors in these locations? One
potential answer to this question stems from the
ability of many nociceptors to release bioactive sub-
stances with the potential to exert trophic and/or
inflammatory effects on targets of innervation. For
example, CGRP, which can be released by many
nociceptive neurons, has been shown to regulate
cellular activity underlying bone formation and
resorption, two processes critical to the maintenance
of healthy bone (Lerner, U. H., 2002). Such seemingly
paradoxical efferent nociceptor activity is particu-
larly important in tissues subjected to injury. Under
these circumstances, the release of transmitters from
the peripheral nociceptor terminals has been shown
to contribute to local hyperemia and plasma extra-
vasation (hallmarks of the so-called neurogenic
inflammation), to the orchestration of tissue repair,
and to the initiation and maintenance of pain and
hyperalgesia (Willis, W. D., 1999). Much of the focus
in this area has been on nociceptor release of CGRP
and another peptide transmitter, substance P
(Figure 1). However, it is now clear that glutamate
is also released into the periphery, where it appears
 vol. 5, pp. 43-73Reference,
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able to act in an autocrine fashion to further activate
and/or sensitize nociceptive afferents (deGroot, J.
et al., 2000). Appreciation of these efferent capabilities
has led to the suggestion that a better name for
nociceptive sensory neurons might be noceffector
afferents (Kruger, L., 1988).

Three mechanisms have been described that may
contribute to the injury-induced efferent release of
neurotransmitter. One is the axon reflex, thought to
be mediated by action potential spread from one branch
in a terminal arbor to other branches (Lewis, T.,
1935). A second, relatively rare, mechanism is axonal
coupling, in which axons traveling in the same bundle
may, as a result of injury, come into such close
proximity that activity in one axon is able to initiate
activity in a second axon (Meyer, R. A. et al., 1985).
A third mechanism actually involves the initiation of
action potentials in the central terminals of nociceptive
afferents within the spinal cord dorsal horn that are
propagated antidromically out into the periphery
(Sluka, K. A. et al., 1995). While the exact mechanism
of this activation is still debated, there is evidence that in
the presence of inflammation there is a change in
presynaptic gamma-aminobutyric acid (GABA) ergic
input, such that primary afferent-driven GABA release
from interneurons is capable of action potential genera-
tion at central terminals (Sluka, K. A. et al., 1995). A
fourth mechanism, often overlooked in this discussion,
involves the possible direct coupling between calcium-
permeable transducers and transmitter release. Such a
mechanism appears to contribute to the inflammation
associated with capsaicin-induced activation of its
receptor transient receptor potential vanilloid 1
(TRPV1) (see below).

5.04.1.2.3 Spike integration within the cell

body

There is evidence indicating that once the T junction
is formed within the sensory ganglia, action poten-
tials need not invade the sensory neuron cell body
(Amir, R. and Devor, M., 2003). This observation
begs the question of why action potentials invade
the cell body at all. One answer to this question
appears to be that the invading action potential pro-
vides a mechanism for the recruitment of additional
activity. The term cross-excitation has been used to
describe the observation that activity in one axon can
induce activity in neighboring axons (Devor, M. and
Wall, P. D., 1990). Interestingly, the prevalence of
cross-excitation increases in the presence of tissue
injury, providing a mechanism for peripherally
mediated secondary hyperalgesia (Devor, M. and
The Senses: A Comprehensive 
Wall, P. D., 1990). While the exact mechanisms
underlying such cross talk have yet to be completely
worked out (Amir, R. and Devor, M., 1996), there is
evidence that the sensory neuron cell body is capable
of releasing transmitter (Huang, L. Y. and Neher, E.,
1996) and that peripheral nerve stimulation results in
the release of transmitter within the ganglia
(Matsuka, Y. et al., 2001).

More relevant to the issue of transduction, how-
ever, is the observation that afferent activity is capable
of driving changes in gene transcription (Figure 1).
For example, there is evidence that electrical activity
in sensory neurons is capable of changing Naþ chan-
nel expression (Klein, J. P. et al., 2003). Interestingly,
the pattern of activity appears to influence the pattern
of gene transcription (Fields, R. D. et al., 2005). The
result may be as profound as to determine whether or
not sprouting axons are able to coalesce into a nerve.
One mediator that appears to be critical for the inte-
gration of activity within the cell body is Ca2þ, acting
through a number of Ca2þ-dependent molecules
(Eshete, F. and Fields, R. D., 2001). Thus, the trans-
duction of activity within the sensory neuron cell
body involves the influx of Ca2þ, which then initiates
a number of cellular processes including gene
transcription.

5.04.1.2.4 Slow axonal transport

Another general mechanism critical to nociceptive
signaling involves axonal transport to the cell body,
rather than action potential propagation. This is a
remarkable process, given the tremendous length of
sensory nerve axons (up to 1 m), relative to their soma
size (�18–30mm). Among the primary functions of this
form of signaling, which may take hours to days, are
the maintenance of nociceptor survival during devel-
opment, the maintenance of nociceptive phenotype
and function in the adult, and orchestration of the
afferent response to tissue injury (Koltzenburg, M.,
1999). The best-studied example of signaling via slow
axonal transport is that of neurotrophic factors bound
to their receptors (Figure 1) (Zweifel, L. S. et al., 2005).
However, slow axonal transport can also lead to signal-
ing in the distant sensory neuron cell body following
ligand-dependent internalization of G-protein-
coupled receptors (GPCRs) (e.g., those for neuroki-
nins, opioids, and extracellular proteases) (Tseng, L. F.
and Narita, M., 1995; Vergnolle, N. et al., 2001). In
addition, transcription factors, second messenger
molecules, cell surface glycoproteins, and foreign par-
ticles such as plant lectins, toxins, and viruses can all be
transported retrogradely from peripheral sensory
 vol. 5, pp. 43-73Reference,
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neuron terminals toward the cell body (Wang, H. F.

et al., 1998; Vulchanova, L. et al., 2001; Tarpley, J. W.

et al., 2004; Yeomans, D. C. et al., 2005; Mata, M. et al.,

2006). In what has been a boon to researchers, there are

some molecules that are selectively taken up by sub-

populations of sensory neurons, and have therefore

been used to characterize innervation patterns (see

Wang, H. F. et al., 1998). Sensory neurons also appear

to be able to take up inflammatory mediators such as

TNF� (Schafers, M. et al., 2002). Exactly how sensory

neurons use the information associated with the

presence or absence of various molecules transported

back to the cell body remains to be determined.

However, the internalization and transport of mole-

cules present at sensory neuron terminals appears to

be a mechanism for sensory neurons to monitor

tissue integrity and adjust to changes in the local

environment.
5.04.2 The Molecular Toolbox of
Sensory Neurons

Sensory neurons express a multitude of cell surface

proteins that serve anatomically as markers of neu-

ronal subtypes and functionally as mediators of the

fundamental signaling and transmission functions

outlined in the previous section. Three classes of

sensory neuron cell surface proteins have been stu-

died in the greatest detail: ion channels, metabotropic

GPCRs, and receptors for neurotrophins or cyto-

kines. Together, these proteins endow sensory

afferents with responsiveness to a qualitatively and

quantitatively diverse collection of environmental

variables and dictate the passive and active properties

essential for converting a generator potential into a

signal that reaches the spinal cord. As detailed below,

certain membrane proteins found in nociceptors (e.g.,

P2X3, TRPM8, mrgA, and NaV1.8) are expressed
within subsets of sensory neurons at levels much

higher than anywhere else in the body. Such enriched

expression has provided reagents that can be used

for sensory neuron- or nociceptor-specific gene dis-

ruption or transgene expression in the laboratory

setting. More importantly, it provides at least the

theoretical opportunity to develop antinociceptive

drugs that have minimal effects on other cell types.

A few of the more prominent classes of cell surface

proteins expressed in sensory neurons are described

below.
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5.04.2.1 Ion Channels Involved in
the Transduction of Extracellular Signals

5.04.2.1.1 P2X adenosine triphosphate-

gated ion channels

Extracellular adenosine triphosphate (ATP), released
upon cell damage, has been recognized as a nocicep-
tive stimulus ever since the demonstration that
application of this molecule to a blister base produces
pain in human psychophysical studies (Bleehan, T.
and Keele, C. A., 1977). At least one mechanism by
which ATP activates nociceptors is via activation of
ATP-gated ion channels of the P2X family. These
channels are comprised of a heterotrimer of P2X
subunits, each with two transmembrane domains
and a large extracellular loop that contains the ATP
binding site. Seven P2X subtypes have been cloned in
mammals. They differ with respect to their sensitiv-
ity to ATP or ATP analogs, as well as the kinetics of
their ATP-evoked currents. For example, homo-
meric P2X3 is responsive to �,�-methylene ATP,
and exhibits a rapidly desensitizing current response,
whereas homomeric P2X2 exhibits slowly desensitiz-
ing currents that are �,�-methylene ATP insensitive.
When coassembled, these channels form an �,�-
methylene sensitive, slowly desensitizing heteromul-
timeric channel. P2X channels are typically
nonselective cation channels that exhibit consider-
able permeability to both Naþ and Ca2þ ions. In
several cases, however, (P2X2, P2X4, and P2X7)
protracted stimulation of these channels can lead to
an apparent dilation of the channel pore, such that
much larger organic cations such as N-methyl
D-glucamine are able to permeate the channel. The
significance of this dynamic ion selectivity remains
unclear (North, R. A., 2002).

Although mRNAs encoding P2X1 through P2X6
have all been detected in sensory neurons, P2X2 and
P2X3 appear to be expressed most prominently in
these cells. P2X2 is expressed in neurons with a wide
range of cell body sizes. In contrast, at least in skin,
P2X3 expression appears to be confined to a sub-
population of small-diameter sensory neurons that
bind isolectin B4 (IB4) and that project to inner
lamina II of the spinal cord dorsal horn (North, R.
A., 2002). It is important to note, however, that the
precise relationship between P2X3 expression and
IB4 binding may vary between cutaneous affer-
ents with their cell bodies in dorsal root ganglia and
other nociceptor populations such as those in the
trigeminal ganglion (Ambalavanar, R. et al., 2005).
Genetic disruption of both P2X3 and P2X2 results
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in elimination of all transient ATP-evoked currents

and all but a small persistent ATP-evoked current in

cultured sensory neurons (Cockayne, D. A. et al.,

2005).
P2X channels also contribute to pain sensation in

vivo. For example, although application of P2X3

antagonists (Jarvis, M. F. et al., 2002; McGaraughty, S.

et al., 2003) or antisense oligodeoxynucleotide-

mediated knockdown of P2X3 (Barclay, J. et al.,

2002; Honore, P. et al., 2002) have no apparent effect

on acute nociceptive responses to mechanical or

thermal stimuli, both interventions have been

shown to reduce thermal and/or mechanical hyper-

algesia associated with complete Freund’s adjuvant

(CFA) administration into the paw and several mod-

els of neuropathic pain, as well as reducing the extent

of the first and second phases of paw licking follow-

ing intraplantar formalin injection. Gene knockout of

P2X3 or P2X2/3 receptors in mice has also been

reported to diminish formalin-evoked nocifensive

behavior. However, these knockout animals exhibit a

perplexing mixture of pain-related phenotypes,

including paradoxically enhanced behavioral avoid-

ance of heat and cold stimuli (Cockayne, D. A. et al.,

2000; Souslova, V. et al., 2000; Cockayne, D. A. et al.,

2005; Shimizu, I. et al., 2005). In visceral structures,

epithelial cells appear capable of the storage and

Ca2þ-dependent release of ATP in response to

mechanical and chemical stimuli. P2X3 and P2X2/3

receptors on primary afferent terminals enable visceral

afferents to respond to this released ATP, perhaps con-

tributing to visceral pain sensation (Cockayne, D. A.

et al., 2000; Vlaskovska, M. et al., 2001; Andersson, K. E.,

2002; Birder, L. A., 2005). A similar mechanism may

underlie ATP-mediated stimulus transduction in cuta-

neous tissue in the presence of inflammation (Wu, G.

et al., 2004a). P2X receptors contribute to nociceptive

neurotransmission in a number of other ways, as well.

In the spinal cord, for example, activation of presynap-

tic P2X3-containing channels and postsynaptic P2X

channels of other subtypes, modulates neurotransmit-

ter release and excitability, respectively (Gu, J. G. and

MacDermott, A. B., 1997; Nakatsuka, T. and Gu, J. G.,

2001; Nakatsuka, T. et al., 2003; Tsuzuki, K. et al., 2003).

In addition, although it appears not to be expressed

within neurons themselves, P2X7 is necessary for nor-

mal inflammation, nerve injury-induced hyperalgesia

(Chessell, I. P. et al., 2005), and CFA-induced hyper-

algesia in rats (Dell’Antonio, G. et al., 2002a; 2002b),

probably owing to its role in cytokine release from

inflammatory cells (Labasi, J. M. et al., 2002).
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5.04.2.1.2 Proton-gated ion channels

Reductions in tissue pH, as might occur during ische-
mia or inflammation, can potently activate
nociceptors and sensitize them to heat and other
stimuli. In vitro, low pH activates cationic channels
in sensory neurons that can exhibit transient, sus-
tained, or biphasic kinetics (Bevan, S. and Yeats, J.,
1991). At least some of these responses can be attrib-
uted to the acid-sensing ion channel (ASIC) family.
These multimeric ion channels are comprised of
subunits that topologically resemble the P2X chan-
nels, with two transmembrane domains each and an
extracellular ligand (Hþ) binding domain. Five ASIC
subtypes have been cloned, of which four (ASIC1–4)
are expressed in peripheral sensory neurons
(Waldmann, R. et al., 1999; Waldmann, R., 2001).
Splice variants of several subtypes add to the overall
complexity, and one such variant, ASIC1�, appears
to be selectively enriched in sensory neurons
(Chen, C. C. et al., 1998). Upon activation by low
pH (from <7 to <4, depending on the subtype)
ASICs typically mediate a prominent and rapidly
desensitizing Naþ current. However, some subtypes
(e.g., ASIC3), exhibit a biphasic current consisting of
an initial desensitizing sodium current, followed by a
more sustained current that includes Ca2þ ions
(Waldmann, R. et al., 1999; Waldmann, R., 2001).

Several lines of evidence support the participation
of ASIC channels in acid responsiveness of sensory
neurons. First, the kinetics of sensory neuron
responses to a pH 6 stimulus are altered in neurons
isolated from ASIC1, ASIC2, or ASIC3 knockout
mice or in wild-type neurons exposed to APETx2,
an ASIC3-selective antagonist from sea anemone
(Price, M. P. et al., 2001; Benson, C. J. et al., 2002;
Xie, J. et al., 2002; Diochot, S. et al., 2004). Second, pH
5-evoked C-fiber responses are reduced in ex vivo

skin–nerve explants derived from ASIC3 knockout
mice (Price, M. P. et al., 2001). Third, mice lacking
ASIC3 exhibit defects in the ipsilateral mechanical
hyperalgesia that typically develops 4 h after injec-
tion of acid to the gastrocnemius muscle (Price, M. P.
et al., 2001) as well as defects in the bilateral hyper-
algesia that develops after two intramuscular acid
injections, 5 days apart (Sluka, K. A. et al., 2003).
Interestingly, no changes in behavioral responses to
acute subcutaneous acid injection have been reported
in these knockout studies. However, ASIC3 may be
particularly important for sensing reductions in mus-
cle pH during ischemia (Immke and McCleskey 2001).

In addition to acid detection, ASICs have also
been implicated in mechanosensation. This
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hypothesis was initially based upon the recognition
that ASICs bear structural and pharmacological simi-
larities (i.e., amiloride sensitivity) to degenerins,
cationic channels identified in genetic screens for
mechanosensory defects in the nematode,
Cenorhabditis elegans (O’Hagan, R. and Chalfie, M.,
2005). The immunolocalization of ASIC2 and 3 to
sensory afferent terminals (Price, M. P. et al., 2000;
Garcia-Anoveros, J. et al., 2001; Price, M. P. et al.,
2001) and the systematic examination of mechano-
sensation in ASIC knockout mice have lent support
to this notion. Mice lacking ASIC1 were recently
reported to exhibit no detectable changes in mechan-
oreceptor properties in the skin–nerve preparation.
However, there was an enhancement of mechanically
evoked firing rate in gastrointestinal afferents in
these mice, accompanied by a reduction in gastric
emptying rate (Page, A. J. et al., 2004). Studies of
ASIC2 KO mice have yielded somewhat conflicting
results. In one study, these mice were reported to
exhibit reduced mechanically evoked firing rate of
rapidly adapting A� mechanoreceptors (RAM),
without a change in RAM threshold (Price, M. P.
et al., 2000). In another study, however, no change
in RAM response characteristics was observed (Roza,
C. et al., 2004). ASIC3 KO mice were reported to
exhibit decreased sensitivity of A� mechanoreceptors
but increased sensitivity of RAM, together with
increased behavioral withdrawal from mechanical
stimulation after carageenan (Price, M. P. et al., 2001).

In contrast to the situation for acid detection, it has
been relatively difficult to correlate mechanically
evoked currents with the presence of particular ASIC
subunits. Indeed a recent in vitro study of mechanically
evoked currents revealed no differences between wild
type and ASIC2 knockout, ASIC3 knockout, or
ASIC2/3 double knockout mice. Instead, the authors
of this study observed that the cationic dye, ruthenium
red, could inhibit mechanosensitive currents, suggest-
ing the possible participation of transient receptor
potential (TRP) channels (see below) (Drew, L. J.
et al., 2004).

5.04.2.1.3 Transient receptor potential

ion channels

One early clue that nociceptive neurons might
express signaling proteins distinct from those of
other neuronal subtypes was the observation that
exposure of neonatal rats to capsaicin, the main pun-
gent ingredient in hot peppers, produces a lifelong
depletion of small-diameter sensory neurons, with no
such effects on larger-diameter neurons. As adults,
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these animals exhibit diminished responsiveness not
only to subsequent capsaicin challenge, but also to
other painful stimuli ( Jancso, G. et al., 1977). The
highly enriched expression of a vanilloid receptor
in nociceptive neurons appears to underlie these
incredibly selective effects of capsaicin and related
vanilloid compounds (Szallasi, A. and Blumberg, P.
M., 1999). This conclusion was corroborated by the
molecular cloning of a capsaicin-gated ion channel
named TRPV1 (Caterina, M. J. et al., 1997).

TRPV1 belongs to the TRP family, which in
mammals contains approximately 30 members. TRP
channel subunits have six transmembrane domains
and intracellular N- and C-termini, and apparently
form tetrameric channels on the cell surface.
A remarkable feature of TRPV1 is that, in addition
to vanilloid compounds, it can be activated by a
number of other stimuli, including protons (pH < 5)
(Tominaga, M. et al., 1998), certain endogenous
arachidonic acid derivatives (anandamide, N-arachi-
donyl dopamine, and 12-HPETE) (Zygmunt, P. M.
et al., 1999; Hwang, S. W. et al., 2000; Huang, S. M.
et al., 2002) and even noxious heat (>42 �C)
(Caterina, M. J. et al., 1997). Nonvanilloid exogenous
chemicals capable of activating TRPV1 include etha-
nol (Trevisani, M. et al., 2002), camphor (Xu, H. et al.,
2005), and 2-aminoethoxydiphenyl borate (2-APB)
(Hu, H. Z. et al., 2004).

Sensory neurons derived from TRPV1 knockout
mice not only are devoid of vanilloid responsiveness
but also exhibit deficits in current responses evoked
by pH 5 or moderate heat (45–50 �C) stimuli. All in

vivo vanilloid-evoked responses are correspondingly
absent in TRPV1 knockout mice. These animals also
exhibit modestly reduced (but not absent) behavioral
responses to acute noxious heat. A far more striking
nociceptive phenotype is apparent in these mice fol-
lowing cutaneous inflammation by mustard oil,
carageenan, or complete Freund’s adjuvant or follow-
ing surgical incision of the skin. Under these
conditions, almost none of the thermal hyperalgesia
typically exhibited by wild-type mice is observed in
mice lacking TRPV1, although mechanical hyper-
algesia is unaffected (Caterina, M. J. et al., 2000;
Davis, J. B. et al., 2000; Pogatzki-Zahn, E. M. et al.,
2005). More recent pharmacological studies have
further supported a role for TRPV1 in inflammatory
thermal hyperalgesia (Pomonis, J. D. et al., 2003;
Gavva, N. R. et al., 2004; Honore, P. et al., 2005).
However, the degree to which this channel may or
may not participate in neuropathic pain states is
much less clear. Although some pharmacological
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studies using TRPV1 antagonists with significant
potential for off-target effects have suggested a pos-
sible role (Pomonis, J. D. et al., 2003; Walker, K. M.
et al., 2003), mice lacking TRPV1 exhibit apparently
normal thermal hyperalgesia following partial
ligation of the sciatic nerve (Caterina, M. J. et al.,
2000). The recent availability of more selective
TRPV1 antagonists promises to resolve this issue
(Rami, H. K. and Gunthorpe, M. J., 2004). One parti-
cularly promising recent finding was that a TRPV1-
selective antagonist was shown to partially attenuate
the mechanical hyperalgesia associated with experi-
mental bone cancer pain (Ghilardi, J. R. et al., 2005).

Following the identification of TRPV1, a host of
other TRP channels were found to be expressed in
sensory ganglia. Like TRPV1, many of these channels
are polymodal, exhibiting responsiveness to a multiple
physical and chemical stimuli ( Jordt, S. E. et al., 2003;
Patapoutian, A. et al., 2003). Whereas TRPV1 appears
to be the only member of this family gated by capsai-
cin, TRPV2, TRPV3, and TRPV4, like TRPV1, can
be activated by elevated ambient temperatures.
TRPV2 is expressed most prominently in a subpopu-
lation of neurons with medium- to large-diameter cell
bodies. Based on their size, expression of CGRP and
neurofilament proteins, and projection pattern within
the spinal cord, many of these neurons are likely to
correspond to A� neurons. However, some presumably
A� neurons that project within the dorsal columns also
appear to express TRPV2. Heterologously expressed
TRPV2 can be activated by temperatures >52 �C, a
thermal response pattern reminiscent of those exhib-
ited by Type II A� fibers in peripheral nerve recording
studies and by a subpopulation of medium-diameter,
capsaicin-insensitive dorsal root ganglion (DRG) neu-
rons in isolated cultures (Caterina, M. J. et al., 1999).
TRPV2 can alternatively be activated by hypo-osmo-
larity (Iwata, Y. et al., 2003), cell stretch (Muraki, K.
et al., 2003), or 2-APB (Hu, H. Z. et al., 2004).

TRPV3 is activated by warm temperatures (>34–
37 �C), although its thermal responsiveness extends
well into the noxious range (Peier, A. M. et al., 2002b;
Smith, G. D. et al., 2002; Xu, H. et al., 2002). This
channel can, alternatively, be activated by certain
exogenous chemical substances (camphor, 2-APB)
(Chung, M. K. et al., 2004b; Hu, H. Z. et al., 2004;
Moqrich, A. et al., 2005). The expression pattern of
TRPV3 remains somewhat controversial. Although
there are reports of TRPV3 mRNA or protein
expression in sensory neurons (Smith, G. D. et al.,
2002; Xu, H. et al., 2002), its expression in these cells
is far less clear than in skin keratinocytes (Peier, A. M.
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et al., 2002b), where TRPV3-mediated current
responses can be readily generated (Chung, M. K.
et al., 2004a; Moqrich, A. et al., 2005). These findings
have led to the notion that TRPV3 may signal the
presence of cutaneous warmth via keratinocyte–sen-
sory neuron communication. Support for a role of
TRPV3 in thermosensation has come from the obser-
vation that in mice lacking this protein, heat-evoked
nociception is blunted in the hot plate and tail
immersion assays. In addition, on a thermal gradient,
selection of preferred floor temperatures is slowed,
but not absent, in these mice (Moqrich, A. et al., 2005).

TRPV4 can be gated by warm temperatures
(>32 �C), hypo-osmolarity, cytochrome P450 meta-
bolites of arachidonic acid, or the synthetic phorbol
ester, 4�-phorboldibutyryl didecanoate (Nilius, B.
et al., 2004). Like TRPV3, TRPV4 is expressed
more prominently in keratinocytes than in sensory
afferents (Guler, A. D. et al., 2002), although there is
evidence for low-level TRPV4 protein expression in
a population of medium- to large-diameter sensory
afferents (Liedtke, W. and Friedman, J. M., 2003).
Mice lacking TRPV4 exhibit reduced sensitivity to
noxious mechanical or hypertonic stimuli, prolonged
tail immersion latencies at modestly hot tempera-
tures, and a shift in thermal selection behavior
toward floor temperatures warmer than those
selected by wild-type mice (Liedtke, W. and
Friedman, J. M., 2003; Suzuki, M. et al., 2003;
Alessandri-Haber, N. et al., 2005; Lee, H. et al., 2005b).

Just as heat can activate TRPV1–TRPV4, cold
temperatures have been reported to activate at least
two other TRP channels. TRPM8 was identified on the
basis of its responsiveness to the cold-mimetic agent,
menthol. Examination of its thermosensory responsive-
ness revealed, however, that it could alternatively be
activated by modest reductions in ambient temperature
(<22 �C) (McKemy, D. D. et al., 2002; Peier, A. M. et al.,
2002a). Another cold-mimetic agent, icilin, can also
activate TRPM8, but only when intracellular Ca2þ

levels are elevated (McKemy, D. D. et al., 2002;
Chuang, H. H. et al., 2004). TRPM8 is expressed in a
subset of small-diameter neurons that lack expression
of TRPV1, substance P or Isolectin B4 (Peier, A. M.
et al., 2002a).

Another icilin-sensitive TRP channel that has been
implicated in cold sensation is TRPA1. This channel is
expressed in a subpopulation of small-diameter sen-
sory neurons and is commonly coexpressed with
TRPV1. In some studies, recombinant TRPA1 has
been reported to be responsive to intense cooling
(<18 �C) (Story, G. M. et al., 2003). Consistent with
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this finding, mice lacking TRPA1 were recently
reported to exhibit reduced withdrawal behavior on
a cold plate or in response to acetone-mediated cool-
ing of the hind paw (Kwan, K. Y. et al., 2006). However,
the cold sensitivity of TRPA1 is not universally
accepted, since other investigators have failed to
detect such responses and have reported normal
cold-evoked behavioral responses in a distinct line of
TRPA1 null mice (Jordt, S. E. et al., 2004). Another
point of contention revolves around the potential con-
tributions of TRPA1 to mechanosensation, which is
supported by immunolocalization studies (Nagata, K.
et al., 2005) and by analysis of one knockout mouse line
(Kwan, K. Y. et al., 2006) but not another (Bautista, D.
M. et al., 2006). The basis for these apparent discre-
pancies remains unclear. However, there is uniform
consensus that TRPA1 is a mediator of nociceptive
responses to certain irritant chemicals, including mus-
tard oil (allyl isothiocyanate), cinnamaldehyde, and
acrolein and that it serves as a downstream target
following the activation of bradykinin receptors
(Bandell, M. et al., 2004; Jordt, S. E. et al., 2004;
Bautista, D. M. et al., 2006; Kwan, K. Y. et al., 2006).
Indeed, both lines of TRPA1 null mice were found to
be defective in nocifensive behavioral responses to
mustard oil injection, mustard oil-evoked allodynia,
and bradykinin-evoked pain-like behavior (Bautista,
D. M. et al., 2006; Kwan, K. Y. et al., 2006).

Thus far, the examination of TRP channels within
sensory neurons has been confined largely to those
that either exhibit preferentially high expression in
these cells or have been identified as being respon-
sive to chemical stimuli with recognizable sensory
effects. However, other TRP channels are known to
be expressed quite broadly in neuronal and non-
neuronal cells, where they participate in numerous
functions that are important to sensory neuron biol-
ogy (e.g., store-operated Ca2þ entry, Mg2þ uptake,
mechanosensation, axon guidance) (Ramsey, I. S.
et al., 2006). Therefore, studies aimed at the analysis
of those channels in sensory ganglia may yield
further important insights.
5.04.2.2 Ion Channels Influencing Passive
Membrane Properties: Membrane
Resistance

While a number of channels contribute to the estab-
lishment of input resistance, two general classes have
been described at a molecular level. One class
includes the two-pore Kþ channels. These channels
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have no intrinsic voltage sensitivity and are active at
resting membrane potentials thereby contributing to
resting input resistance. TWIK related potassium
channel (TREK-1) was the first of these Kþ channels
to be identified in sensory neurons. TWIK stands for
tandem of P domains in a weak inward rectifier
potassium channel (Patel, A. J. and Honore, E.,
2001). TREK-1 was cloned in 1996 based on homol-
ogy to TWIK. While TREK-1 was originally shown
to be activated by arachidonic acid and inhibited by
cAMP, it was subsequently demonstrated that
TREK-1 was activated by membrane stretch, osmotic
welling as well as molecules that caused membrane
crenation. Two more mechanosensitive two-pore
potassium channels, TREK-2 and TRAAK were sub-
sequently described (Maingret, F. et al., 1999; Bang,
H. et al., 2000), both of which are also activated by
membrane stretch and crenators and both of which
are present in sensory ganglia (Kang, D. and Kim, D.,
2006). Nevertheless, it remains to be determined
whether any of these channels underlies the mechan-
osensitivity of primary afferent neurons (Patel, A. J.
and Honore, E., 2001).

A second class of ion channel that may also
contribute to resting input resistance is a member of
the voltage-gated Naþ channel family. One member of
this family, NaV1.9 appears to encode a voltage-gated
channel with unique gating properties (Cummins, T.
R. et al., 1999). The channel has a very low threshold for
activation, activates very slowly upon membrane depo-
larization, and undergoes very little inactivation with
small membrane depolarizations. These gating proper-
ties have two important consequences. First, it is likely
that this channel contributes little, if anything to the
rapid upstroke of the action potential. Second, the
channel should, in theory, contribute a depolarizing
drive at resting membrane potentials (Herzog, R. I.
et al., 2001). The problem with this theory is that
biophysical analysis of persistent Naþ currents in sen-
sory neurons (putative NaV1.9-mediated currents)
(Priest, B. T. et al., 2005) indicate that this current is
subject to a profound slow inactivation (Cummins, T. R.
et al., 1999). This voltage and time-dependent process
is associated with a channel transition from a closed
state, from which it could be activated with
membrane depolarization, to an inactivated state,
from which the channel is no longer available for
activation. The extent of slow inactivation of
NaV1.9 is such that there is virtually no detectable
persistent current evoked from a typical resting
membrane potential (i.e., �60 mV). There is
evidence suggesting that the voltage dependence of
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slow inactivation is influenced by recording condi-
tions, such that the use of fluoride-based electrode
solutions results is a hyperpolarizing shift in the
voltage dependence of this process (Coste, B. et al.,
2004). Consequently, the extent of inactivation
may be overestimated when the whole-cell patch
configuration is used, if stability of the internal milieu
is as important for the stability of NaV1.9 as it is for
other ion channels (Kepplinger, K. J. et al., 2000).
Either way, what is clear is that even a few NaV1.9
channels active at rest could have a profound influ-
ence on neuronal excitability (Herzog, R. I. et al.,
2001).
5.04.2.3 Ion Channels Underlying Active
Membrane Processes

5.04.2.3.1 Action potential upstroke

Voltage-gated Naþ channels are critical for the
upstroke, or rapid depolarization, phase of the neu-
ronal action potential. Typical voltage-gated Naþ

channels consist of an �-subunit and two �-subunits
(Catterall, W. A., 1992). The �-subunit contains
everything necessary for a functional voltage-gated
channel, including the ion pore, voltage sensor, and
inactivation gate. �-subunits appear to both influence
channel gating as well as play a major role in channel
trafficking (Isom, L. L., 2001). Recent evidence sug-
gests that one of the �-subunits may also influence
channel inactivation (Grieco, T. M. et al., 2005). Nine
�-subunits have been cloned and clearly demon-
strated to underlie voltage-gated Naþ currents
(Catterall, W. A. et al., 2005a). A tenth �-subunit has
been identified that is distantly related to the other
nine and has been suggested to function as a Naþ

transporter rather than a voltage-gated channel
(Goldin, A. L. et al., 2000). Four �-subunits have
been cloned (Goldin, A. L. et al., 2000; Yu, F. H.
et al., 2003). There is evidence that eight of the nine
�-subunits and all four �-subunits are present in
sensory neurons (Black, J. A. et al., 1996; Shah, B. S.
et al., 2000; Renganathan, M. et al., 2002; Takahashi, N.
et al., 2003). �-subunits are differentially distributed
both between and within sensory neurons. For exam-
ple, NaV1.7, 1.8, and 1.9 are preferentially expressed
in putative nociceptive afferents (Fang, X. et al., 2002;
Djouhri, L. et al., 2003a; 2003b), while NaV1.1 is
preferentially expressed in non-nociceptive afferents
(Black, J. A. et al., 1996). Within nociceptive afferents,
NaV1.8 appears to be normally localized to the cell
body and terminal arbor (Ritter, A. M. and Mendell,
L. M., 1992; Jeftinija, S., 1994; Gu, J. G. and
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MacDermott, A. B., 1997; Brock, J. A. et al., 1998;
Khasar, S. G. et al., 1998), while NaV1.6 is present
along the axons (Rios, J. C. et al., 2003). Furthermore,
there is evidence that channel expression is devel-
opmentally regulated. For example, in the rat,
expression levels of NaV1.3 and 1.5 are high during
development, and then reduced to almost undetect-
able levels after birth (Waxman, S. G. et al., 1994;
Renganathan, M. et al., 2002). Importantly, the pat-
tern of both �- and �-subunit expression is altered
both within and between neurons following injury,
changes that are thought to play a significant role in
pain and hyperalgesia associated with tissue injury.

Voltage-gated Naþ currents in sensory neurons
are generally described in terms of their sensitivity
to tetrodotoxin (TTX) where currents are TTX-
sensitive (NaV1.1, 1.2, 1.3, 1.6, and 1.7), TTX-insen-
sitive (NaV1.5), or TTX-resistant (NaV1.8 and 1.9).
The TTX-resistant currents are further subdivided
into inactivating (NaV1.8) and persistent current
(NaV1.9). Based on data from biophysical character-
ization of these subunits and toxin sensitivity,
NaV1.8 appears to be largely responsible for spike
initiation in the terminals and cell body of nocicep-
tive afferents (Gold, M. S., 2000a), while the TTX-
sensitive channels, NaV1.6 and NaV1.7, are likely to
underlying action potential conduction. Recent evi-
dence from the NaV1.7 null mutant mouse suggests
that NaV1.7 may also play a significant role in
action potential generation in nociceptive afferent
terminals (Nassar, M. A. et al., 2004). A small cohort
of individuals was also recently identified who do
not experience pain in response to noxious stimuli,
even though they appear to be aware of stimuli that
should produce pain, exhibiting few, if any detect-
able somatosensory abnormalities (Cox, J. J. et al.,
2006). All of these individuals possess loss of func-
tion mutations in NaV1.7, indicating that this
channel is necessary for the stimulus evoked percep-
tion of pain.

5.04.2.3.2 Action potential downstroke

The falling phase of the action potential is the result of
two processes. One is the inactivation of voltage-gated
Naþ channels and the second is the activation of Kþ

channels. One class of channels that plays a major role
in controlling the rate of membrane repolarization are
the sustained (i.e., delayed rectifier type) voltage-gated
Kþ channels (Werz, M. A. and MacDonald, R. L., 1983).
There appear to be at least three types of sustained
voltage-gated Kþ currents present in sensory neurons
based on biophysical and pharmacological properties
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(Gold, M. S. et al., 1996c). While the Kþ channel sub-
units underlying these currents have yet to be
conclusively identified, immunohistochemical data
have implicated several possible candidates (Rasband,
M. N. et al., 1998).

Another class of channel that contributes to mem-
brane repolarization is the large conductance Ca2þ-
modulated Kþ channel, (i.e., BK or Maxi-K channel).
These channels are encoded by a single �-subunit
(slo, which has several splice variants), whose gating
properties, Ca2þ sensitivity, and pharmacological
sensitivity is influenced by the presence of one of
four distinct �-subunits (Wallner, M. et al., 1998).
While these channels have intrinsic voltage sensitiv-
ity, the voltage dependence of activation is such that
in the absence of Ca2þ, it is unlikely that these
channels would be sufficiently activated to contribute
to the downstroke of the action potential (Wallner,
M. et al., 1998). This suggests that there is sufficient
Ca2þ entry via voltage-gated Ca2þ channels during
the action potential (Blair, N. T. and Bean, B. P.,
2002), to enable activation of BK channels. The nat-
ure of the association between BK channels and
voltage-gated Ca2þ channels in afferent terminals
has yet to be described. However, the timing of BK
current activation in the cell body suggests that there
is a relatively tight association between the two.

5.04.2.3.3 After potential

The after potential is the change in membrane poten-
tial that follows an action potential. This is generally
a membrane hyperpolarization (more negative than
resting membrane potential), but may also be a depo-
larizing after potential (DAP). Two different
mechanisms have been described that contribute to
the DAP. One mechanism involves a high density of
low threshold, or T-type voltage-gated Ca2þ chan-
nels (White, G. et al., 1989). The biophysical
properties of these channels are such that if present
at a high enough density, they are able to depolarize
the membrane following an action potential, provid-
ing enough depolarizing drive to evoke a burst of
action potentials. The second current suggested to
contribute to a DAP is a Ca2þ-dependent Cl� cur-
rent (Mayer, M., 1985). As the name implies,
activation of this current requires sufficient Ca2þ

entry during the action potential. It also requires
the intracellular Cl� concentration is such that the
equilibrium concentration for Cl� is depolarized.

In the majority of nociceptive sensory neurons,
the somatic action potential is followed by an after
hyperpolarization (AHP). In fact, a distinguishing
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feature of nociceptive afferents is that the somatic
action potential is associated with a relatively long
AHP (McLachlan, E. M. et al., 1993; Villiere, V. and
McLachlan, E. M., 1996; Djouhri, L. et al., 2003a). A
number of distinct currents have been suggested to
influence the magnitude and duration of the AHP.
Furthermore, because of differences between cur-
rents with respect to biophysical properties of
channel gating, changes in intracellular Ca2þ con-
centrations, etc., the relative contribution of different
ion channels to the AHP changes with time. Because
of this feature, investigators have often divided the
AHP into fast (early), intermediate, and slow (late)
AHP. Channels mediating the fast AHP are generally
those that contributed to the downstroke of the
action potential (i.e., sustained voltage-gated Kþ

and BK currents). These channels generally deacti-
vate (i.e., close) rapidly and therefore do not
generally contribute to the AHP for more than sev-
eral of milliseconds (Fowler, J. C. et al., 1985a).

The hyperpolarization associated with the fast
AHP may result in the activation of three additional
types of currents that have opposing influences on
membrane potential. First, there may be the activa-
tion of inward rectifying Kþ currents (Scroggs, R. S.
et al., 1994). These currents appear to activate and
inactivate rapidly in sensory neurons and therefore
appear to primarily influence the fast AHP. Second,
there may be the activation of low-threshold inacti-
vating or A-type voltage-gated Kþ currents
(Cardenas, C. G. et al., 1995). These channels are
largely inactivated at rest. However, there may be
enough membrane hyperpolarization associated with
the fast AHP to enable recovery from inactivation of
a number of A-type Kþ channels. Because these
channels have a low threshold for activation, once
recovered from inactivation, the channels will open
and therefore prolong the decay of the AHP. Because
A-type currents in sensory neurons may inactivate
slowly (i.e., with time constants of decay will over
100 ms (Gold, M. S. et al., 1996c)), these channels can
and do contribute significantly to the intermediate
AHP (Harriott, A. et al., 2006). As such, these channels
play a significant role in regulating interspike inter-
val (Connor, J. A. and Stevens, C. F., 1971;
Yoshimura, N. and de Groat, W. C., 1999).
Importantly, persistent inflammation and nerve
injury have been shown to result in a decrease in
these currents, which is associated with a concomi-
tant increase in membrane excitability (Yoshimura, N.
and de Groat, W. C., 1999; Moore, B. A. et al., 2002;
Stewart, T. et al., 2003; Dang, K. et al., 2004; Harriott, A.
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et al., 2006). Third, there may be the activation of
hyperpolarization-activated cationic current (Ih).
These currents, carried by family channels called
hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels, are nonselective cationic currents
(Robinson, R. B. and Siegelbaum, S. A., 2003).
Consequently, activation of these channels results in
a depolarizing current, which, if of sufficient magni-
tude, may contribute to spike initiation. A high
density of these channels can result in membrane
oscillations and spontaneous activity. Indeed, there
is evidence that these currents are upregulated in the
presence of injury, a change that has been suggested
to contribute to spontaneous afferent activity
observed following nerve injury (Chaplan, S. R.
et al., 2003). Furthermore, there is evidence that
blocking these channels attenuates mechanical
hypersensitivity observed following nerve injury
(Lee, D. H. et al., 2005a). These channels are also
modulated by cyclic nucleotides (Ingram, S. L. and
Williams, J. T., 1994; Robinson, R. B. and
Siegelbaum, S. A., 2003), which suggests that they
may contribute to the increased excitability observed
in the presence of inflammation as well, given that
many inflammatory mediators induce an increase in
cAMP concentrations (Levine, J. D. et al., 1993).

In a subpopulation of sensory neurons, a slow
AHP has also been described (Fowler, J. C. et al.,
1985a; 1985b; Weinreich, D. and Wonderlin, W. F.,
1987). This AHP apparently reflects the activation
of a Ca2þ-dependent Kþ channel that takes several
hundred milliseconds to activate, but once activated
takes several seconds to close (Cordoba-Rodriguez,
R. et al., 1999). Consequently, activation of these
channels has a profound influence of spike accom-
modation. The slow AHP has been well described in
nodose ganglion neurons, where it appears to be a
target for inflammatory mediators that are able to
block it in a cAMP dependent manner. The result is
a dramatic increase in excitability (Weinreich, D.
and Wonderlin, W. F., 1987). While there is evi-
dence that a similar channel may be present in DRG
neurons, it does not appear to play a major role
in inflammatory mediator-induced sensitization of
nociceptive afferents (Gold, M. S. et al., 1996d).
Four Ca2þ-dependent but voltage-independent
channels have been cloned and are referred to as
SK1–4, in reference to their small single-channel
conductance (Bond, C. T. et al., 2005). There is
immunohistochemical evidence for the presence of
these SK1 in sensory neurons (Boettger, M. K. et al.,
2002) and we have data from a single-cell PCR
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experiment suggesting that others are expressed as
well (Gold, M. S., unpublished observation). It
remains to be determined which if any of the SK
channels mediates the slow AHP given several strik-
ing differences between the SK channels and the
slow AHP in terms of pharmacological sensitivity,
Ca2þ dependence and gating properties (Cordoba-
Rodriguez, R. et al., 1999).

5.04.2.3.4 Action potential threshold

The action potential threshold is where the various
influences of all the ion channels in the membrane
come into play. The magnitude and nature of leak
conductance determines membrane resistance and
the impact a generator current will have on the
membrane potential. The biophysical properties of
voltage-gated Kþ currents will determine the magni-
tude of the Kþ conductance associated with
membrane depolarization as well as the impact of
resting membrane potential on that value. Similarly,
the biophysical properties of voltage-gated Naþ cur-
rents will determine the voltage at which these
channels begin to open, the rate at which they open
and the rate at which they inactivate in the face of
slow membrane depolarizations. Given the fact that
there is considerable variation in the biophysical
properties of Naþ channels depending on which �-
and �-subunits are present, the relative density of
these subunits will have a significant impact on action
potential threshold (Matzner, O. and Devor, M.,
1992).

Another class of ion channels that may contribute to
the action potential threshold are the low threshold
(i.e., T-type) voltage-gated Caþ channels. As with
voltage-gated Naþ channels, T-type channels consist
of an �-subunit that contains the channel-pore,
voltage-sensing, and inactivation gates, and ancillary
subunits that influence channel gating and trafficking
(Catterall, W. A. et al., 2005b). Three �-subunit genes
have been cloned that encode for T-type currents.
T-type currents appear to be present in a low density
in putative nociceptive afferents (Scroggs, R. S. and
Fox, A. P., 1992). While the activation rate of these
channels does not appear to be sufficient to enable
these channels to contribute to the action potential
upstroke, the low threshold for activation enables
these currents to amplify the effects of small membrane
depolarizations. Consequently, an increase in the den-
sity of these channels can have a significant influence
on membrane excitability. In support of this suggestion,
these channels have recently been implicated in epi-
leptogenisis (Czapinski, P. et al., 2005). More recent
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evidence suggests that they may contribute to the
sensitization of nociceptive afferents in the presence
of tissue injury (Barton, M. E. et al., 2005).

5.04.2.3.5 High-threshold voltage-gated

Ca2þ current

The structure of high-threshold voltage-gated Ca2þ

channels is analogous to that of voltage-gated Naþ

channels and T-type Ca2þ channels, with a single
�-subunit that contains the ion pore, voltage-sensor,
etc., and several different ancillary subunits that
influence channel gating (i.e., the �-subunit) and/
or channel trafficking (i.e., the �2�-subunit complex)
(Catterall, W. A. et al., 2005b). Seven �-subunits
encoding high-threshold channels have been cloned,
resulting in four currents that are distinguishable on
the basis of unique pharmacological sensitivity.
Molecular biological and pharmacological analyses
indicate that all four current types are likely present
in nociceptive afferents (Kostyuk, P. G. et al., 1981;
Scroggs, R. S. and Fox, A. P., 1992; Kim, D. S. et al.,
2001; Yusaf, S. P. et al., 2001; Wu, Z. Z. et al., 2004b).
While these channels are critical for transmitter
release, their role in direct regulation of excitability
is less clear. On the one hand, they enable inward
current that contributes to membrane depolarization
and prolongation of the action potential. On the
other hand, they enable activation of Kþ and Cl�

currents that may be inhibitory. Thus, the site of
channel activation is critical. Of note, in studies
involving the isolated sensory neuron cell body,
there is evidence to suggest that inflammatory med-
iators decrease the density of high-threshold
voltage-gated currents (Borgland, S. L. et al., 2002),
and in the presence of nerve injury, there is a
decrease in the density of high-threshold voltage-
gated currents as well (Baccei, M. L. and Kocsis, J.
D., 2000; Hogan, Q. H. et al., 2000; Kim, D. S. et al.,
2001). Authors of both the studies suggested that
these changes may contribute to pain associated
with tissue injury and all are certainly correct on
this point.
5.04.2.4 Membrane Receptors that
Indirectly Alter Nociceptor Function

5.04.2.4.1 G-protein-coupled receptors

Many of the cell surface proteins that define the
functional and histological identity of sensory neu-
rons are the so-called GPCRs. These proteins, which
possess seven transmembrane domains, an extracel-
lular amino terminus, and an intracellular carboxyl
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terminus, signal by catalyzing the dissociation of
guanosine diphosphate (GDP) from the �-subunit
of heterotrimeric G proteins associated with the
intracellular face of the plasma membrane. As a con-
sequence of its dissociation, GDP is replaced with
guanosine triphosphate (GTP), causing the hetero-
trimer to dissociate into a GTP-bound �-subunit and
a free �� dimer. Both the GTP-bound �-subunit and
the free �� dimer have specific cellular targets
through which they are able to activate or inhibit
signaling cascades and/or directly modify the activ-
ity of specific ion channels (Gilman, A. G., 1987;
Pierce, K. L. et al., 2002). This versatile signal trans-
duction strategy is used by at least 1000 different
GPCRs expressed throughout the body, and dozens
of these are expressed by nociceptors and other
sensory neurons. A few notable examples include
B1 and B2 receptors for bradykinin (Steranka, L. R.
et al., 1988), P2Y2 receptors for ATP (Tominaga, M.
et al., 2001), PAR2 protease-activated receptors
(Vergnolle, N. et al., 2001), EP1 EP3C and EP4
receptors for prostaglandin E2 (Ferreira, S. H. et al.,
1978; Sugimoto, Y. et al., 1994; Oida, H. et al., 1995),
mu, kappa, and delta opioid receptors (Dado, R. J.
et al., 1993; Arvidsson, U. et al., 1995), several subtypes
of metabotropic glutamate receptor (Bhave, G. et al.,
2001; Yang, D. and Gereau, R. W. T., 2002), and at
least seven subtypes of 5HT receptor (Nicholson, R.
et al., 2003). One recently discovered family of appar-
ently pronociceptive GPCRs are those of the so-called
mrg or sensory neuron specific (SNS) family (Dong, X.
et al., 2001; Lembo, P. M. et al., 2002; Zylka, M. J.
et al., 2003). The expression pattern of this GPCR
family exhibits remarkable species-specific heteroge-
neity, as there appear to be at least 50 members
in mice, but only four in rat and only a few distantly
related homolog in humans (Zylka, M. J. et al., 2003).

GPCRs expressed in sensory ganglia can be
broadly classified into those that enhance nociceptor
excitability and those that diminish it. Sensitizing
receptors tend to couple to either Gq (e.g., B2,
P2Y2, PAR2, and EP1) or Gs (e.g., EP3C, EP4).
The activated �-subunit of Gq activates phospholi-
pase C (PLC), an enzyme that catalyzes cleavage of
the membrane phospholipid phosphatidylinositol
bisphosphate to inositol 1,3,5-trisphosphate (IP3)
and diacylglycerol (DAG). IP3 evokes the release of
Ca2þ ions from intracellular stores that, together with
DAG, go on to trigger the plasma membrane locali-
zation and activation of protein kinase C (PKC)
(Gilman, A. G., 1987). Multiple PKC isoforms (�, �,
", and �) have been shown to facilitate nociceptor
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sensitization through their phosphorylation of ion
channels and other target proteins (Cesare, P. et al.,
1999; Khasar, S. G. et al., 1999; Olah, Z. et al., 2002;
Wang, Y. et al., 2004). Ca2þ ions can also act in many
other ways, such as by binding to proteins such as
calmodulin that can allosterically regulate ion chan-
nels and intracellular enzymes in a Ca2þ-dependent
manner (Numazaki, M. et al., 2003). The GTP-bound
G�s subunit activates the enzyme adenylyl cyclase,
which catalyzes the generation of cyclic adenosine
monophosphate (cAMP) from ATP (Gilman, A. G.,
1987). cAMP, in turn, activates cAMP-dependent
protein kinase (protein kinase A, PKA), which can
also phosphorylate and augment the responsiveness
of certain ligand-, heat-, or voltage-gated channels
(Gold, M. S. et al., 1998; Bhave, G. and Gereau, R. W.
T., 2004). Another intracellular enzyme recently
implicated in nociception is the cAMP-activated
guanine nucleotide exchange protein, Epac, which
couples intracellular cAMP generation to the PLC-
dependent sensitization of TTX-resistant sodium
channels (Hucho, T. B. et al., 2005). Interestingly,
although all of the actions of pronociceptive
GPCRs on excitability are indirect, through their
actions on downstream signaling mechanisms, activa-
tion of some (e.g., bradykinin receptors) is sufficient
to trigger action potential firing, whereas activation
of others (e.g., prostaglandin receptors) primarily
enhances neuronal responsiveness to other exogenous
stimuli (Birrell, G. J. et al., 1991; 1993; Kumazawa, T.
et al., 1996). This distinction may reflect differences
in signal amplification or differences in the proximity
of a given GPCR, its target enzymes, and a given
depolarizing ion channel.

In contrast to the pronociceptive receptors,
GPCRs that couple to Gi or Go proteins (e.g., m-
opioid receptor, type II metabotropic glutamate
receptors) tend to suppress neuronal activity. This
outcome results from inhibition of adenylyl cyclase
(to diminish PKA phosphorylation of target pro-
teins), inhibition of voltage-gated Ca2þ channels,
and/or activation of hyperpolarizing G-protein-
coupled inwardly rectifying Kþ channels (GIRKs of
the Kv4 family) (McFadzean, I., 1988; Bhave, G. and
Gereau, R. W. T., 2004).
5.04.2.4.2 Neurotrophin receptors

As described in detail elsewhere in this chapter, neu-
rotrophins are also important regulators of sensory
neuron development, survival, and excitability. One
major class of neurotrophic factors that carry out these
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functions is the nerve growth factor (NGF) family
(NGF, BDNF, neurotrophin-3, and neurotrophin-4).
The receptors for this family of nociceptors fall into
two categories: a low-affinity receptor p75, which
appears to bind all members of the family, and homo-
dimeric high-affinity receptors that are specific for
each of the family members (TrkA, TrkB, or TrkC)
(Huang, E. J. and Reichardt, L. F., 2001). Interestingly,
one p75 monomer and one Trk dimer can apparently
bind the same neurotrophin dimer simultaneously
(He, X. L. and Garcia, K. C., 2004). During develop-
ment, all sensory neurons destined to become
nociceptors are dependent on NGF for survival.
However, with maturation, only a subset of nocicep-
tive afferents continues to express the high-affinity
NGF receptor, TrkA. In these neurons, continued
access to NGF is no longer necessary for survival,
but remains essential for the maintenance of the affer-
ent phenotype, which includes peptide expression and
the specific composition of ion channels and transdu-
cers. Afferents have continued access to NGF
produced by target tissue, but the amount of NGF
available is critical: a decrease in access to NGF
appears to result in the loss of nociceptive phenotype,
while increased access to NGF results in an increase in
the expression of nociceptive markers (Koltzenburg,
M., 1999). BDNF and neurotrophin-3 can also alter
nociceptor function (Shu, X. Q. and Mendell, M. L.,
1999).

Transduction of the signal arising from the bind-
ing of NGF family members to their receptors
consists of both slow processes requiring internaliza-
tion of the neurotrophin–receptor complex and rapid
signaling processes that occur at the nociceptor term-
inal. In both cases, NGF binding drives the
dimerization of the TrkA receptor, resulting in
TrkA autophosphorylation and the recruitment of a
complex of molecules that signal through distinct
enzymatic pathways. These include, but are not lim-
ited to, pathways involving phospho-inositol 3 kinase
(PI3K), ras-mitogen-associated protein kinase
(MAPK), and PLC �. The activated complex with
NGF-bound TrkA at its core is internalized into a
specialized endosomal vesicle and transported along
microtubules to the cell body, where signaling from
this complex can trigger changes in transcription,
translation, and protein trafficking (Zweifel, L. S.
et al., 2005). For many years, this slow retrograde
process was viewed as the predominant mode of
neurotrophin signaling in sensory neurons. More
recently, however, it has become evident that
NGF–TrkA activation of PI3K, MAPK, and PLC�
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produces rapid effects at the nociceptor terminal
by altering ion channel sensitivity and plasma
membrane localization within seconds, chiefly via
receptor phosphorylation (Shu, X. and Mendell,
M. L., 2001; Bonnington, J. K. and McNaughton,
P. A., 2003; Zhang, X. et al., 2005). These events will
be described in greater detail in the final section of
this chapter. The p75 receptor is associated with
the activation of a distinct set of second messenger
pathways, including one involving the activation of
sphingomyelinase and the liberation of ceramide
(Zhang, Y. H. et al., 2002; Zhang, Y. H. and Nicol,
G. D., 2004).

Nociceptive afferents expressing TrkA constitute
a subpopulation of nociceptive afferents. Other sub-
populations of nociceptive afferents express
receptors for other neurotrophic factors. For exam-
ple, one subpopulation of nociceptive afferents that
do not express the neuropeptides substance P or
CGRP, lose their NGF dependence during early
postnatal life and begin to express a receptor for
glial cell-derived neurotrophic factor (GDNF)
(Molliver, D. C. et al., 1997). GDNF is a member of
a second family of neurotrophins that includes neu-
turin, artemin, and persephin. As with NGF in TrkA-
expressing neurons, the amount of GDNF to which
these nonpeptidergic nociceptive afferents have
access influences their phenotypic properties (see
Fjell, J. et al., 1999a). GDNF signaling involves a
specific GDNF family receptor (GFR), which acts
in conjunction with another receptor tyrosine kinase,
ret, that is shared by all members of this family.
Interestingly, GDNF signaling involves second mes-
senger pathways similar to those underling the
actions of NGF, including PLC-�, MAPK, and
PI3K (Airaksinen, M. S. and Saarma, M., 2002).
Thus, the phenotype of subpopulations of nocicep-
tive afferents is regulated by different receptor
systems that appear to ultimately use similar trans-
duction cascades.
5.04.3 Additive and Emergent
Properties of Nociceptor Membrane
Proteins

5.04.3.1 Introduction

It should be evident from the preceding section that
sensory afferents have, at their disposal, an exten-
sive repertoire of cell surface proteins with diverse
stimulus specificities and signaling capabilities.
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However, a full mechanistic understanding of noci-
ceptive signal transduction, action potential
generation, and spike propagation will require that
pain biologists move beyond a mere itemization of
the contents of this toolbox to an appreciation of the
additive and emergent properties that can arise from
the polymodal nature of some of these molecules,
their posttranslational modulation, their interac-
tions, and their spatial distribution. In this section,
we attempt to illustrate these principles using a few
specific examples, some well established, and others
more speculative in nature.
5.04.3.2 Shared Modalities and
Polymodality

One source of signaling complexity and heterogene-
ity among sensory neurons is the existence of
multiple transducers for a given stimulus modality.
For example, as described above, at least six TRP
channels expressed in sensory neurons can be gated
by heat or cold. Although each channel exhibits a
characteristic temperature range over which it is
thermally responsive, in many cases these ranges
overlap, theoretically allowing continuous recogni-
tion of the thermal environment. At the same time,
the largely nonoverlapping expression patterns of
TRPM8, TRPV1, and TRPV2 lend some credence
to the labeled-line hypothesis, which states that
distinct sensory modalities (innocuous cold, pain,
itch, etc.) are conveyed by anatomically distinct
subsets of sensory afferents with specific central
projection patterns (Craig, A. D., 2002). However, it
should be noted that this segregation of thermotrans-
duction mechanisms is not absolute. For example,
some polymodal nociceptors exhibit paradoxical
dual responsiveness to both intense heat and
intense cold (Dodt, E. and Zotterman, Y., 1952).
Even at the molecular level, TRPV1 and TRPA1
are coexpressed in a significant fraction of small-
diameter sensory neurons. Though the implications
for thermosensation remain controversial, such coex-
pression appears to be critical for full responsiveness
to bradykinin, perhaps owing to the potentiation of
TRPA1 by Ca2þ ions flowing through TRPV1
(Bautista, D. M. et al., 2006). Thus, while the labeled
line hypothesis may adequately address some aspects
of thermosensation, the overall situation may be
more complex.

Mechanotransduction represents an even more
extreme example of likely complementarity and
redundancy among transducing molecules. Members
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of both the ASIC and the TRP families have
been implicated in this process, but only modest def-
icits in mechanotransduction have been reported in
animals lacking any single putative mechanosensory
protein (Price, M. P. et al., 2000; Liedtke, W. and
Friedman, J. M., 2003; Suzuki, M. et al., 2003; Page,
A. J. et al., 2004; Kwan, K. Y. et al., 2006). One
interpretation of these findings is that mechano-
transduction involves complexes of intracellular,
transmembrane, and extracellular molecules, and
that multiple interchangeable ion channel subunits
can contribute to the ion permeation pathways of
these transduction complexes.

Another source of complexity in sensory nerve
signal transduction is responsiveness to multiple
modalities within a single transduction molecule.
One of the best-studied examples of this phenom-
enon is the capsaicin receptor, TRPV1. This
channel protein can be activated by a diverse list
of chemical or thermal stimuli (Caterina, M. J. and
Julius, D., 2001). In addition, there is evidence that
this channel or its splice variants may participate in
osmotic or mechanical sensitivity in osmosensory
regions of the brain and in non-neuronal cells of
the urinary bladder (Birder, L. A., 2005; Naeini, R.
S. et al., 2006). Such polymodal responsiveness pro-
vides ample opportunities for convergent stimuli to
combine additively or even supraadditively to pro-
duce greater nociceptor activation than any single
stimulus. For example, even a modest reduction in
pH (to 6.4) can drop the apparent thermal threshold
for TRPV1 activation to near body temperature,
possibly leading to spontaneous pain in the context
of inflammation or ischemia (Tominaga, M. et al.,
1998).
5.04.3.3 Functional Interactions between
Nociceptor Proteins

Interactions between different proteins on the surface
of the nociceptor terminal can also have profound
effects on nociceptors transduction and therefore
function. Sometimes, these interactions are direct, as
in the case of ion channel or GPCR heteromultimer-
ization. In other cases, second messenger molecules
and intracellular enzymes facilitate functional inter-
actions among membrane proteins. Recently, for
example, it was demonstrated that TRPM8 can acti-
vate Ca2þ-dependent phospholipases that, in turn,
cleave the phosphatidyl inositol bisphosphate that
inhibits or activates a host of channels, including
inwardly rectifying potassium channels, as well as
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TRPM8, itself (Rohacs, T. et al., 2005). Similarly,
TRPV1 can activate MAPK signaling pathways
(Zhuang, Z. Y. et al., 2004). An additional interaction
mechanism that has been reported in other types of
sensory neurons, but could also conceivably occur in
nociceptors, is the stimulation of Ca2þ-activated Kþ

channels by the Ca2þ ions that flow through ligand-
gated ion channels (Yuhas, W. A. and Fuchs, P.A.,
1999; Isaacson, J. S. and Murphy, G. J., 2001). This
arrangement has the potential to shape the ampli-
tude, duration, and even the direction of generator
potential.

Active membrane properties are also strongly
dependent upon the interaction, at multiple levels,
between the ion channels and the other membrane
proteins underlying transduction and those regulat-
ing action potential initiation and propagation. For
example, even small changes in resting membrane
potential or generator potential will dramatically
influence the availability of different voltage-gated
ion channels. Similarly, the second messenger path-
ways activated by GPCRs and neurotrophin
receptors can impact many facets of action potential
generation and propagation, as described in the final
section of this chapter. The spatial distribution of
ion channels underlying each of the steps in afferent
signaling is another critical determinant of whether
or not there will be successful transmission of sen-
sory information. The ion channels underlying spike
initiation must be close enough to the ion channels
underlying stimulus transduction that the generator
potential pushes the membrane potential above the
action potential threshold (Figure 1). Similarly, the
ion channels underlying action potential propaga-
tion must be close enough to the site of spike
initiation, that the action potential is faithfully pro-
pagated toward the central nervous system. In
addition, action potential threshold may be rela-
tively high in nociceptors that utilize the high-
threshold voltage-gated Naþ channel NaV1.8 for
spike initiation, whereas action potential burst dura-
tion may be relatively short in nociceptors in which
Ca2þ-dependent Kþ channels are present in high
densities.

One implication of the precise nature of these
spatial relationships between of ion channels within
sensory neurons is that cellular processes underlying
the trafficking and anchoring of ion channels within
sensory neurons must be tightly regulated. While
there is much to be learned about the distribution
and anchoring of ion channels in sensory neurons,
the observation that it is possible to induce modality
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specific sensitization in polymodal nociceptors,

raises the possibility that ion channels and/or trans-

ducers are differentially distributed throughout the

terminal arbor. Adaptor/scaffold proteins can also

shape nociceptor responsiveness by bridging ion

channels or GPCRs with intracellular enzymes or

with proteins that regulate intracellular transport.

For example, PICK1, a PDZ domain-containing

protein, appears to regulate the subcellular traffick-

ing of ASIC channel subunits (Duggan, A. et al.,

2002), while annexin has been demonstrated to reg-

ulate surface expression and function of NaV1.8

(Okuse, K. et al., 2002).
In summary, signaling heterogeneity, conver-

gence of function, protein–protein interactions, and

cytosolic signaling, as well as spatiotemporal organi-

zation of ion channels allow an already complex set

of membrane proteins to vastly expand the sensory

and coding capacity of nociceptive neurons.
5.04.4 Injury-Induced Plasticity in
Transduction

5.04.4.1 Introduction

Research into the underlying mechanisms of pain

associated with tissue injury has revealed that while

there are a number of key players that are involved

with a wide range of injury types the nature of the

contribution of these players varies as a function of

the type of injury. For example, acute, phosphoryla-

tion-dependent modulation of the voltage-gated Naþ

channel NaV1.8 (Fitzgerald, E. M. et al., 1999), results

in an increase in current that contributes to an

inflammation-induced increase in nociceptors excit-

ability (England, S. et al., 1996; Gold, M. S. et al.,

1996b). In contrast, following traumatic nerve injury,

redistribution of NaV1.8 to the axons of uninjured

afferents appears to be necessary for the expression of

mechanical hypersensitivity associated with nerve

injury (Gold, M. S. et al., 2003). There are many

such examples, a number of which have been alluded

to in the preceding discussion. However, while it is

beyond the scope of the present chapter to detail the

array of injury-induced changes in mechanisms

underlying stimulus transduction, it is informative

to consider several specific examples of modulatory

events that occur in the context of inflammation and

nerve injury. A few of these mechanisms are illu-

strated schematically in Figure 1.
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5.04.4.2 Inflammation-Induced Changes
in Nociceptor Sensory function –
Inflammatory Pain

One of the best examples of injury-induced changes
in the transduction properties of nociceptive neurons
is the enhanced responsiveness to heat that occurs
following tissue inflammation. As indicated in
Section 5.04.2 of this chapter, the thermal hyperalge-
sia associated with several distinct inflammatory
insults (CFA, carageenan, and mustard oil) or specific
inflammatory mediators (bradykinin, NGF, ATP,
proteases, and prostaglandin E2) depends strongly
on the presence of TRPV1. Consistent with this
observation, TRPV1 ion channel activity can be sen-
sitized by these various agents in dissociated DRG
neurons or heterologous expression systems
(Lopshire, J. C. and Nicol, G. D., 1998; Shu,X. and
Mendell, M. L., 2001; Vellani, V. et al., 2001;
Bonnington, J. K. and McNaughton, P. A., 2003).
One lesson emerging from these studies, however,
is that TRPV1 sensitization by inflammatory media-
tors can proceed via a number of alternative
mechanisms.

The most direct mechanism by which inflamma-
tory mediators can sensitize TRPV1 is by evoking
the generation or liberation of TRPV1 coagonists,
such as protons (Caterina, M. J. et al., 1997) or arachi-
donic acid metabolites (Hwang, S. W. et al., 2000;
Huang, S. M. et al., 2002). Convergent interactions
of TRPV1 with multiple stimulators result in channel
activity levels greater than those evoked by one
agonist alone. Another extensively studied TRPV1
sensitization mechanism involves direct phosphory-
lation of this channel by serine/threonine kinases
(PKC, PKA, Ca2þ/calmodulin-dependent protein
kinase II) (Bhave, G. and Gereau, R. W. T., 2004) or
the src tyrosine kinase (Zhang, X. et al., 2005).
Although there is some overlap in their recognition
sequences, each kinase apparently targets a different
collection of phosphorylation sites, resulting in the
generation of distinct phospho-TRPV1 species. In
the case of ser/thr kinases, phosphorylation appears
to enhance TRPV1 sensitivity to its chemical and
thermal agonists and/or reverse TRPV1 desensitiza-
tion (Bhave, G. and Gereau, R. W. T., 2004). In
contrast, TRPV1 phosphorylation by src kinase,
which is activated by NGF–trkA signaling, leads
within 10 min to a translocation of TRPV1 from an
intracellular compartment to the plasma membrane,
resulting in an increase in the overall number of
TRPV1 channels on the cell surface (Zhang, X.
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et al., 2005). The MAPK, p38, has also been shown to
participate in NGF-stimulated facilitation of
TRPV1 signaling during inflammation. Although
the relevant target of p38 phosphorylation is not
known, the end result is an apparent enhancement
of TRPV1 translation and/or trafficking to periph-
eral nociceptor terminals that requires 1–2 days (Ji, R.
R. et al., 2002).

A third general mechanism by which TRPV1 can
be modulated in the context of inflammation is by
alterations in membrane phospholipid content. For
example, it has been proposed that phosphatidylinosi-
tol bisphosphate exerts a tonic inhibition on TRPV1
activity and that its hydrolysis by PLC relieves that
inhibition (Chuang, H. H. et al., 2001; Prescott, E. D.
and Julius, D., 2003). The effects of PIP2 on TRPV1
may be complex, however, given that this phospholi-
pid is also required for resensitization of TRPV1
following agonist-dependent desensitization (Liu, B.
et al., 2005). More recently, work from several labora-
tories has provided evidence that phosphorylation of
PIP2 to PIP3 by PI3 kinase to form PIP3 represents
yet another mechanism for TRPV1 sensitization
(Bonnington, J. K. and McNaughton, P. A., 2003;
Zhuang, Z. Y. et al., 2004; Zhang, X. et al., 2005).
Although the precise basis for this effect remains
unclear, one intriguing suggestion is that it is due to
the effects of PIP3 on src activity, thus potentially
linking lipid-based and protein kinase-based sensitiza-
tion events (Zhuang, Z. Y. et al., 2004). Much remains
to be learned about the relative importance of and
interactions between these different processes.
However, it is clear that nociceptors have developed
multiple means of responding to tissue inflammation
by becoming hypersensitive.
5.04.4.3 Changes in Nociceptor Function
Following Traumatic Nerve Injury –
Neuropathic Pain

Pain and hyperalgesia arising from direct damage to
sensory neurons come under the heading of neuro-
pathic pain. One of the most dramatic and common
features of neuropathic pain is the presence of
ongoing pain (Backonja, M. M. and Stacey, B.,
2004). This feature is distinct from inflammatory
pain, where it is often possible to relieve pain if it is
possible to eliminate stimuli that impact the inflamed
tissue. There is compelling evidence to suggest that
ongoing pain associated with peripheral nerve injury
is the result of aberrant and/or ongoing activity in
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both injured afferents and their uninjured neighbors
(Gold, M. S., 2000b). Most compelling are the obser-
vations that ongoing neuropathic pain may be
blocked with the administration of local anesthetics
(Gracely, R. H. et al., 1992). However, there is also a
very tight correlation between the development of
nociceptive behaviors and the emergence of ongoing
afferent activity in animal models of neuropathic
pain (Liu. C. N. et al., 2000). Because of this associa-
tion between ongoing afferent activity and ongoing
pain, considerable effort has been dedicated to the
identification of mechanisms that may contribute to
this activity. Central to this search is the question of
whether the activity is driven by stimulus transduc-
tion, or whether there are changes in the relative
contribution of ion channels resulting in membrane
potential instability, the emergence or amplification
of membrane potential oscillations that are capable of
driving action potential generation. There is evi-
dence for both sources of activity.

5.04.4.3.1 Nerve injury-induced changes

in transduction

Several nerve injury-induced changes in transduction
have been identified. These can be loosely grouped into
those involving aberrant expression of transducers nor-
mally present in peripheral nerve, aberrant coupling
between the transducers and cellular pathways and the
emergence of inappropriate sources of stimulation. The
list of tranducers aberrantly expressed following nerve
injury has grown as fast as transducers have been iden-
tified. Aberrant expression comes in at least three forms.
One is the expression of transducers in the wrong place
within a neuron. The most dramatic example of this is
the emergence of mechanical and thermal sensitivity at
the cut end of a peripheral axon (Michaelis, M. et al.,
1999). More recently, it have been demonstrated that
compression of a nerve is sufficient to alter the distribu-
tion of tranducers in the membrane (Ma, C. et al., 2006).
Importantly, aberrant expression patterns are not
restricted to the point of compression or injury as a
cut axon will result in increased mechanical sensitivity
of the sensory neuron soma (Howe, J. F. et al., 1977).
Two consequences of these changes are the emergence
of mechanical sensitivity at sites that are normally
mechanically insensitive and mechanical allodynia, a
situation in which a mechanical stimulus, such as that
associated with movement, that is normally not painful,
becomes a source of pain. Worse still, mechanical
stimuli associated with physiological functions, such as
movement of tissue associated with blood flow, may also
become a source of stimuli for these transducers. A
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second form of aberrant expression is the emergence of

transducers in the wrong neurons. For example, as

indicated above, TRPV1 is primarily expressed in noci-

ceptive afferents. However, following nerve injury, this

transducer is expressed in what were previously low-

threshold non-nociceptive afferents (Rashid, M. H. et al.,

2003). A third form of aberrant expression is a change in

the levels of expression of transducers normally present

in a neuron. There is evidence for both decreases in

inhibitory transducers and increases in excitatory trans-

ducers. For example, nerve injury is associated with a

decrease in the expression of opioid receptors (Kohno,

T. et al., 2005), which are the transducers for the inhibi-

tory signal of both endogenous and exogenous opioids.

The result is a decrease in the efficacy of mechanisms

normally involved in attenuating pronociceptive pro-

cesses. An example of an increase in an excitatory

transducer is an increase in the expression of the ATP

receptor, P2X3 (Fukuoka, T. et al., 2002). The combina-

tion of these changes in expression levels is a net

increase in afferent excitability.
Evidence in support of aberrant coupling between

transducers and signaling pathways following nerve

injury is less compelling but should be mentioned.

The pathway that has received the greatest attention

is the adrenergic system, largely as a result of the

observation that pain associated with nerve injury

may be sympathetically dependent. What most pain

scientists agree on, is that in normal tissue, activation

of the sympathetic nervous system is not painful. In

fact, primary afferent neurons express adrenergic

receptors that are critical for the antinociceptive

actions of spinally administered adrenergic agonists.

However, following nerve injury, adrenergic agonists

may become excitatory (Sato, J. and Perl, E. R., 1991;

Devor, M. et al., 1994; Chen, Y. et al., 1996; Liu, X. et al.,

1999; Moon, D. E. et al., 1999). Mechanisms of this

excitation are still debated, but there is evidence to

support at least two mechanisms. One is that there is a

change in adrenergic receptor expression and/or cou-

pling such that activation of adrenergic receptors on

primary afferent becomes excitatory (Davis, K. D. et al.,

1991; Birder, L. A. and Perl, E. R., 1999). A second is

that there is a change in the signaling pathway under-

lying the actions of adrenergic agonists at

autoreceptors on the sympathetic postganglionic neu-

ron terminals: in the presence of elevated levels of

intracellular Ca2þ, norepinephrine becomes capable

of driving the release of arachidonic acid metabolites

such as prostaglandin E2 (Gonzales, R. et al., 1989;

1991), which then act directly on the primary afferent.
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The emergence of inappropriate sources of stimu-
lation may involve sources that are both expected
and those that are much less so. Following nerve
injury, there are a number of changes that occur in
both the injured axon and the surrounding tissue that
facilitate restoration of the normal innervation pat-
tern (see Murinson, B. B. et al., 2005). Injured nerves
extend processes, which if scar tissue forms at the
same time, may not be able to access former nerve
tracks. The result may be the formation of a neuroma.
Thus, an expected source of stimulation would be
mechanical stimulation of the neuroma associated
with traction of the surrounding scar tissue.
Interestingly, nerve injury may also be associated
with the sprouting of sympathic postganglionic term-
inals into the sensory ganglia (McLachlan, E. M. et al.,
1993). This striking observation provided anatomical
evidence of sympathic/afferent coupling within the
sensory ganglia. While many details about the
mechanisms underlying this sprouting have yet to
be determined, access to NGF appears to be a reg-
ulating factor (Ramer, M. S. and Bisby, M. A., 1999).

5.04.4.3.2 Changes in membrane stability

As emphasized above, the distribution, expression
levels and biophysical properties of ion channels in
a neural membrane are critical to the maintenance of
a given level of membrane excitability. Change in
any of these parameters may have profound effects.
Not surprisingly, nerve injury is associated with
changes in all three, with clear examples of changes
in distribution (Gold, M. S. et al., 2003), expression
levels (Waxman, S. G. et al., 1994; Dib-Hajj, S. et al.,
1996; Decosterd, I. et al., 2002), and biophysical prop-
erties (Cummins, T. R. and Waxman, S. G., 1997) of
ion channels in both injured neurons and their unin-
jured neighbors. One of the more striking
ramifications of changes in all three of these proper-
ties is the emergence and/or amplification of
membrane potential oscillations which, it has been
argued, are sufficient to drive ongoing activity fol-
lowing nerve injury (Amir, R. et al., 1999). Two
critical players have been identified. One is a vol-
tage-gated Naþ channel with appropriate biophysical
properties to sustain the upstroke of the oscillation.
The second is a Kþ leak current that drives the
downstroke of the oscillation (Amir, R. et al., 1999).
While the Kþ channels have yet to be identified,
several different Naþ channels have been implicated.
One possibility is a TTX-resistant channel such as
NaV1.8 or NaV1.9. This would be consistent with the
observation that the upstroke of the oscillation in
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trigeminal neurons is TTX-resistant (Puil, E. et al.,
1989) as well as the biophysical properties of the
current implicated in studies of isolated DRG neu-
rons (Liu, C. N. et al., 2002). However, spontaneous
activity in injured afferents is most robust in sensory
neurons with a large cell body diameter giving rise to
myelinated axons (Liu, C. N. et al., 2000); neither
TTX-resistant channel is present in this subpopula-
tion of sensory neurons and both are dramatically
downregulated in injured neurons (Dib-Hajj, S.
et al., 1996; Decosterd, I. et al., 2002). Another channel
that has received a lot of attention is NaV1.3. This
channel is upregulated in the presence of injury
(Waxman, S. G. et al., 1994; Black, J. A. et al., 1999)
and appears to have biophysical properties consistent
with ongoing high-frequency activity (Cummins, T.
R. and Waxman, S. G., 1997; Cummins, T. R. et al.,
2001). There is evidence for the accumulation of
TTX-sensitive Naþ channels at sites of nerve injury
(Devor, M. et al., 1993). Furthermore, there is evi-
dence that at least some of the oscillatory activity in
sensory neurons is sensitive to TTX (Amir, R. et al.,
1999). However, antisense knockdown of this channel
has no impact on nociceptive behavior associated
with nerve injury (Lindia, J. A. et al., 2005).

Recent evidence from a cohort of individuals who
suffer from a paroxysmal pain disorder raise the pos-
sibility that NaV1.7 may contribute to nerve injury-
induced increases in afferent excitability. Sufferers of
this disorder appear to share gain of function muta-
tions in NaV1.7, decreasing the rate and/or extent of
channel inactivation (Fertleman, C. R. et al., 2006).
While the link between neuropathic pain and parox-
ysmal pain disorder is tenuous, manifestations of this
disorder share similarities with signs and symptoms
neuropathic pain, most notably a sensitivity to the
membrane stabilizer carbamazepine. A different set
of NaV1.7 mutations appears to underlie primary
erythermalgia (Yang, Y. et al., 2004), a rare pain dis-
order associated with pain and redness in the feet and
hands. Mutations in NaV1.7 associated with eryther-
malgia contribute to an increase in the excitability of
primary afferent neurons (Rush, A. M. et al., 2006), but
they also appear to result in a decrease in the excit-
ability of sympathetic postganglionic neurons, and it is
likely the combination of these changes in excitability
that appear to mediate the unique symptoms of the
disorder. At least two lines of evidence argue against a
role for NaV1.7 in pain associated with traumatic
nerve injury. First, in patients with peripheral nerve
injury NaV1.7 protein appears to decrease in the DRG
neurons and remains undetectable in injured
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peripheral nerve (Coward, K. et al., 2001). Second,
there appears to be no deficit in the nerve injury-
induced hypersensitivity in an NaV1.7 null mutant
mouse (Nassar, M. A. et al., 2005). Thus, while the
specific channels underlying nerve injury-induced
increases in afferent excitability have yet to be con-
clusively identified, it is clear that ion channels alone
may become a generator of ongoing activity in injured
neurons.

5.04.4.3.3 Mechanisms underlying nerve

injury-induced changes in transduction
While many of the mechanistic details underlying
nerve injury-induced changes in transducer and/or
ion channels have yet to be identified, it is clear that
changes in access to trophic factors plays a major role
in the process (Waxman, S. G. et al., 1999; Sah, D. W.
et al., 2003). Following nerve injury, different groups of
afferents may either be deprived of access to neuro-
trophic factors or bathed in excess levels with those
that are injured being deprived and those that remain
being bathed in excess. The suggestion that access to
neurotrophic factors plays a critical role in driving
nerve injury-induced changes is supported by the
observation that exogenous application of factors
such as NGF or GDNF to injured neurons restores
ion channel expression levels and may eliminate
ongoing activity. Exogenous NGF restores expression
levels of NaV1.8 and NaV1.9 and reduces expression
levels of NaV1.3 (Black, J. A. et al., 1997; Fjell, J. et al.,
1999b). GDNF has also been shown to differentially
regulate expression levels of NaV1.3 (Boucher, T. J.
et al., 2000; Leffler, A. et al., 2002). Similarly, the per-
ipheral administration of NGF results in the
sensitization of nociceptive afferents and increases in
the expression of many proteins that are increased in
uninjured afferents following nerve injury (e.g.,
TRPV1) (Ji, R. R. et al., 2002; Rashid, M. H. et al.,
2003). Attenuation of neurotrophin signaling through
antibodies or antagonist has also been shown to reverse
inflammation-induced changes in afferent excitability
(McMahon, S. B., 1996; Koltzenburg, M. et al., 1999).
5.04.5 Conclusion

Adequate treatment of chronic pain in the absence of
serious side effects remains an elusive goal for patients,
clinicians, and basic researchers. What should be clear
from the preceding discussion is that the identification
of effective therapeutic interventions has been ham-
pered by the realization that the system is far more
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complex than ever imagined. The redundancy of sig-

naling molecules, the promiscuity of receptors, and the

delicate balance of both inhibitory and facilitatory

processes have all kept the silver bullet frustratingly

out of reach. However, identification of proteins

highly enriched in nociceptive afferents that are criti-

cal for the transmission of nociceptive information to

the central nervous system, an understanding of how

these molecules function within the larger context of

molecules in and around the afferent, all coupled with

the early success of selective blockers of these com-

pounds in clinical trials, suggests that truly novel and

effective therapeutic interventions may not be far off.
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