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ABBREVIATIONS

DRG Dorsal root ganglia

Na,1.8  \oltage-gated sodium channel 1.8

TTX Tetrodotoxin

TRPM8 Transient receptor potential
channel M8

TRPA1  Transient receptor potential
channel Al

VGSC  Voltage-gated sodium channel

TREK-1 TWIK 1-related K* channel
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ABSTRACT

Avoidance of cold pain is an important survival mechanism. Intriguingly, whilst
cooling can cause numbness, damage sensing mechanisms still seem to operate at low
temperatures, and pain can be perceived from cooled damaged tissue. Recent studies
have identified two cold-activated Transient Receptor Potential (TRP) channels present in
sensory neurons as transducers of cold stimuli. TRPM8 seems to mediate responses to
cooling whilst TRPA1 is activated, possibly indirectly, by more extreme cold conditions.
The existence of cold-responsive neurons that do not express these channels suggests that
other transducers of cold stimuli remain to be discovered. Subsequent action potential
electrogenesis and probably propagation from sensory neurons innervating cold tissues
depends upon the presence of Na, 1.8, the sole voltage-gated sodium channel that fails
to inactivate at low temperatures. This may explain the remarkable specificity of Na,1.8
expression in nociceptive neurons, where it plays an important role in pain pathways.

INTRODUCTION

Noxious stimuli remain detectable in cooled tissue and noxious cold can produce a
sensation of pain, suggesting that a mechanism for the transduction of noxious cold exists
in damage-sensing neurons (nociceptors). Both the ability to detect painful stimuli at low
temperatures and the perception of noxious cold are required for survival-related responses,
and thus nociceptive neurons are subject to evolutionary pressure to continue to function
at sub-physiological temperatures. Aberrant perception of cold is also associated with
peripheral nerve damage, and cold hypersensitivity can occur in patients suffering from
neuropathic pain syndromes. For example, cold hypersensitivity has been reported in 9%
of patients suffering from a spectrum of neuropathies,® and cold pain is present in 23%
of post-stroke central pain patients.2 While the transduction of noxious thermal stimuli
has been investigated extensively, insights into the molecular mechanism of noxious cold
detection have arisen more recently, together with insights into the mechanisms by which
nociceptors continue to function at low temperatures at which other sensory neurons are
inactive. This review examines the current understanding of the transduction of noxious
cold by sensory neurons, and the ability of nociceptive neurons to continue to function at
low temperatures. The roles of recently identified cold transducers, particularly TRPM8
and TRPAL, are considered along with the unique cold resistance of the voltage-gated
sodium channel Na,1.8.

DETECTION OF NOXIOUS COLD

Psychophysical studies in humans describe the perception of cold pain at temperatures
of around 15 C and below.3 In contrast to the precise thresholds recorded for the detection
of noxious heat, the transition from cool to painfully cold appears to be less well-defined.
This uncertainty means that it is difficult to define a cold stimulus as noxious or innocuous,
making the distinction between cold hyperalgesia and allodynia problematic. In this
review, we use the term cold hypersensitivity to encompass both states. Subpopulations
of both A - and C-fiber neurons are responsive to cooling,*® although different studies
report different proportions of cold-sensitive neurons. Whole-animal electrophysiological
studies in the rat suggest that all nociceptive neurons are cold-sensitive, although some
require very low temperatures (<0 C) for activation.>® This may be explained, however,
by a non-specific response to tissue damage caused by freezing. Other investigations have
reported lower proportions of cold-sensitive nociceptors, although this discrepancy may
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Figure 1. Mechanisms of cold transduction and transmission. Upper panel shows primary afferent neuron activity in the presence of noxious cold (note
larger Na, 1.8 current due to increased membrane resistance), while lower panel shows action potential generation at physiological temperature in response
to mustard oil, a specific activator of TRPAL. Left side represents the peripheral terminal of the neuron, while the right shows the main axon (which is not
exposed to decreases in temperature). Inset boxes show the shape of action potential observed in each environment (adapted from Zimmerman et al., 2007).
TTX-S represents a group of tetrodotoxin-sensitive channels, including Na, 1.1, 1.7 etc. Note the inactivation of these channels in cold conditions, shown as
ball-and-chain pore block. VGSC represents a selection of TTX-sensitive and TTX-resistant channels.

be attributed to the use of different temperature ranges or rates of
cooling. Reid and Flonta’ used Ca%* imaging in primary cultures
of dorsal root ganglia (DRG) neurons to identify those that were
cold-responsive. Only ~7% of DRG neurons were sensitive to
cooling to ~18 C, shown as a robust increase in intracellular Ca2*,
compared to 14% of trigeminal ganglia neurons.g These proportions
are similar to those reported from skin-nerve preparation studies® in
the rat.

The cyclic terpene alcohol menthol, which occurs naturally in
mint oils, produces a cooling sensation when applied to the skin.
Like capsaicin, the topical application of small doses produces a mild
analgesic effect. Higher doses cause burning, irritation and pain.10-11
Since cold-sensitive fibers are directly activated or sensitised by
menthol (Hensel and Zotterman, 1951), it has proved to be a useful
tool in the search for transducers of noxious cold. Icilin is a synthetic
related compound, substantially more potent than menthol 812 |t
induces sensations of intense cold when applied topically to human
mucous membranes,'2 and like menthol has proved useful in the
search for transducers of noxious cold. The mechanisms of action of
menthol and icilin, however, show subtle differences. Icilin-induced
currents require the elevation of cytosolic Ca®* levels, and act
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at a distinct residue on a cold-sensitive channel (TRPM8) from
menthol.13 Icilin, but not menthol, can also activate an alternative
channel, TRPA1.14

MECHANISMS OF COLD TRANSDUCTION

Several mechanisms for the transduction of cold stimuli have been
proposed: direct activation of a cold-gated ion channel, inhibition
of background ( leak ) K* channel or voltage-gated Ca2* channel
function, and inhibition of the Na*/K* ATPase. These are shown
in Figure 1. It is likely that all of these events occur upon cooling;
the debate revolves around the relative contribution of each mecha-
nism to the transduction of noxious cold. Indeed, the involvement
of several mechanisms of transduction may account for the wide
range of activation thresholds of cold-sensitive neurons. It seems
logical to expect a cold transducer to be expressed at high levels
only in cold-sensitive neurons, and to be regulated by menthol or
icilin, providing tools for the search for the molecular identity of the
transducers of noxious cold.

Directactivation of a cold-gated ion channel is asimple mechanism
for cold transduction, and is thus an appealing hypothesis. Reid and
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