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ABSTRACT: Of somatosensory modalities, cold is one of the more ambiguous
percepts, evoking the pleasant sensation of cooling, the stinging bite of cold pain,
and welcome relief from chronic pain. Moreover, unlike the precipitous thermal
thresholds for heat activation of thermosensitive afferent neurons, thresholds for
cold fibers are across a range of cool to cold temperatures that spans over 30 °C.
Until recently, how cold produces this myriad of biological effects has been poorly
studied, yet new advances in our understanding of cold mechanisms may portend a
better understanding of sensory perception as well as provide novel therapeutic
approaches. Chief among these was the identification of a number of ion channels
that either serve as the initial detectors of cold as a stimulus in the peripheral
nervous system, or are part of rather sophisticated differential expression patterns
of channels that conduct electrical signals, thereby endowing select neurons with
properties that are amenable to electrical signaling in the cold. This review
highlights the current understanding of the channels involved in cold transduction
as well as presents a hypothetical model to account for the broad range of cold
thermal thresholds and distinct functions of cold fibers in perception, pain, and
analgesia.
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Temperature acuity is a finely tuned part of our
somatosensory system, allowing us to both avoid thermal

conditions in nature that may be potentially harmful, as well as
attract organisms to the thermal clime that is the most
amenable to survival.1 Our perception of temperature falls into
four loosely segregated categories: innocuously cool or warm
and painfully hot or cold. Each is a uniquely distinct percept,
yet innocuous temperatures, warm or cool, are those that
animals will seek out depending on their environment, whereas
noxious hot or cold can be tremendously aversive and evoke
robust and instinctive withdrawal responses.
Generally, the perception of innocuously cool temperatures

occurs when the skin is cooled as little as 1 °C from a basal
temperature of 32 °C, and studies of thermal acuity in humans
finds the thermal thresholds for warm and cold detection near
∼34 and 31 °C, respectively, showing little deviation between
subjects with response threshold ranging by only a few
degrees.2 Cold and heat pain thresholds were reported at
∼12 and 45 °C, respectively; however, cold pain was felt over a
much broader temperature range, from 0 to 28 °C, compared
to heat pain, which ranged from 39 to 50 °C, demonstrating
cold to be a more indefinite percept in comparison to heat.
Similarly, there are prominent differences in the manner in
which cold pain is perceived compared to the other thermal
percepts.3 For instance, when subjects were asked to provide
verbal descriptors for the sensation of a noxious cold stimulus
versus that of noxious heat, a wider range of words were used
for cold than for heat (largely burning), with cold pain felt as

sharp, stinging, aching, and pricking. In a further distinction of
noxious cold, when subjects were exposed to cool, warm, or hot
temperatures, the latency to cessation of these distinct percepts
after the stimulus was removed was only a few seconds, whereas
the pain felt by noxious cold lasted approximately four times
longer.3 These results highlight the murkiness with which we
perceive cold temperatures, psychophysical data that is only
now being correlated to cellular responses.
When considering temperature perception at the cellular

level, afferent sensory neurons of either the dorsal root (DRG)
or trigeminal ganglia (TG) are the site of detection with select
afferent populations, primarily small diameter C-fibers and
medium diameter Aδ-fibers, activated at distinct temperature
thresholds.1 For example, the thermal activation threshold of a
large population of presumptive noxious heat-sensing sensory
afferents occurs near 45 °C in vitro, coinciding with the
temperature at which noxious heat is perceived psychophysi-
cally.2,4 Similarly there are afferents that respond at thermal
thresholds in the warm (30−40 °C), innocuous cool (<30−15
°C), and noxious cold (<15 °C) range with their coordinated
signals providing the overall sense of any given temperature.4−7

This review focuses on the low end of thermometer and those
temperatures that are perceived as cold, and describes our
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current understanding of the cellular mechanisms leading to the
activation of cold afferents.

■ COLD RESPONSIVENESS AT THE CELLULAR LEVEL
Seminal studies starting in the mid-20th century and extending
into today identified single nerve fibers that respond to cold
with differing temperature thresholds, response properties that
allowed these afferents to be categorized as cold thermor-
eceptors responsible for detecting innocuous cool sensations
and cold nociceptors that evoke the perception of painful
cold.8−12 Many cold thermoreceptors in both humans and
rodents show spontaneous activity at normal skin temperature,
with cold stimuli inducing an increase in their rate of firing,
while warm temperatures reduce this activity,13−15 results
suggesting a level of tonic excitatory drive from cold
thermoreceptors to the spinal cord dorsal horn where these
cells synapse. These properties are distinct from cold
nociceptors that likely mediate cold pain, which are silent at
normal skin temperature and only become active when the skin
is cooled to those in the noxious cold range,10,11 properties
consistent with the classical definition of nociceptors.16

However, the exact proportion of thermoreceptors or
nociceptors that respond to cold temperatures is not clear,
with reported percentages of neurons deemed cold sensitive in
electrophysiological recordings ranging near 10−15% for cool
to cold temperatures, and up to 100% if the stimulus intensity
drops below freezing.9,10,13 Moreover, the mechanism whereby
an enzymatically unfavorable decrease in temperature could
lead to increased neural activity was a grand mystery for many
decades.
What then is the transduction mechanism for cold?

Intuitively, one that incorporated cold-mediated inhibition of
proteins involved in maintaining ionic gradients in excitable
neurons was an attractive model. Data showing that inhibition
of the Na+/K+ pump increased the static discharge frequency of
cold fibers was one of the first hypothetical models.17 Indeed
several reports found that oubain-mediated inhibition of the
Na+/K+-ATPase affected cold-fiber responses,17−20 but later
data demonstrating that the magnitude of the depolarization
was largely subthreshold discounted this as a transduction
mechanism.21 Following this same reasoning, several groups
suggested that inhibition of potassium conductances normally
serving as excitability brakes to depolarization could provoke
cold-based nerve firing.21−23 Indeed, normally cold-insensitive
neurons could be made cold-sensitive via inhibition of a slow
transient potassium current likely composed of Kv channels,22

however, to this day the molecular identities of putative cold
relevant K+-channels have not yet been determined. Similarly,
the loss of the two-pore K+ channels TREK-1 and TRAAK
lowers the threshold for neural activation by cold.24 These
channels act as leak currents and regulate membrane potential,
likely playing an important role in membrane excitability in
sensory afferents, and their absence makes cold receptors more
readily depolarized. However, these and other proposed
mediators of cold are largely ubiquitously expressed regulators
of membrane polarization, suggesting that these proteins may
have modulatory roles in cold neuron activity, in addition to
other cellular functions, and are not determinants of cold
sensitivity.21,24,25

If inhibition is not involved, could cold actually stimulate
activity of a cold receptor protein? Suto and Gotoh presented
some of the first evidence suggesting cold-dependent changes
in cell function when they observed a cold-induced increase in

intracellular Ca2+ concentration in cultured rat DRG neurons
when the bath temperature was lowered to 20 °C.26 These
responses were due to Ca2+ influx as they required the presence
of external Ca2+ and were also independent of external sodium,
suggesting that Na+-dependent membrane depolarization was
not involved. This and subsequent studies observed that
approximately 10−15% of sensory neurons isolated from TG or
DRG respond to cold temperatures at thresholds for activation
ranging from ∼35 to near 15 °C.25−30 These responses were
remarkably similar to those evoked by noxious heat,31 yet the
scarcity of cold sensitive neurons made more direct measures of
neuronal activity, such as electrophysiology, challeng-
ing.22,25,29,30 When examined in more detail, several studies
find the presence of two distinct groups of cold neurons,
distinguished by response properties indicative of cool
thermoreceptors (low-threshold (LT) activation temperature
near 30 °C) and a second class of neurons suggested to be the
cold nociceptor subset (high-threshold (HT) activation
temperature below 20 °C).25,28,32 These different activation
thresholds suggest the former cells to be an in vitro model for
innocuously cool signaling afferents, while the latter may be
analogous to those mediating noxious cold. Indeed the HT
population was largely capsaicin sensitive, further implicating
these cells as nociceptors.28 However, it appears that scarcity of
cells within a ganglion that are cold-sensitive may have been
one of the most significant hindrances in our understanding of
cold transduction mechanisms.
Natural products produced by plants have been fundamental

in our understanding of nervous system function. This is also
true for cold in that the vast majority of cold sensitive neurons
respond to the cold-mimetic menthol, a cyclic terpene alcohol
found in leaves of the genus Mentha and commonly included in
many commercially available products.33 The sensation of
pleasantly cool evoked by menthol is well-known, but at higher
concentrations it can cause burning, irritation, and pain,34−36

yet it was unclear how menthol related to cold activation of
sensory afferents. Seminal studies by Hensel and Zotterman
examining cold sensitivity in cat lingual nerve recordings found
that menthol raised the cold activation temperature of cold
fibers, results suggesting that these effects were due to
modulation of an as yet unidentified cold detection
mechanism.37 Indeed they proposed that menthol would
“...exert its action upon an enzyme, which is concerned in the
thermally conditioned regulation of the discharge of the cold
receptors.”37 It took over 5 decades, but validation for this
hypothesis came from study of cultured sensory neurons where
∼15% of excitable cells were menthol-sensitive (assayed largely
with Ca2+-microfluorimetry), and in most reports there was a
strong correlation with menthol and cold sensitivity at the
cellular level.22,29,30,38 Moreover, rigorous experiments in which
Ca2+-imaging based screens for cold- and menthol-sensitive
neurons coupled with electrophysiology were the first to show
that both cold and menthol activated a nonselective cation
conductance in sensory afferents, with biophysical properties
reminiscent of heat-gated, and presumably TRPV1 mediated
responses.29,30 Menthol-evoked currents are observed in cold-
sensitive neurons of both the LT and HT classes, but are more
robust in the former compared to the latter.25,28 More recently,
the use of transgenic reporter mice labeling cold-sensitive
afferents both in vivo and in vitro39−41 has allowed a direct
analysis of putative cold-responsive neurons (Figure 1A). In
current-clamp mode, we find that presumptive cold neurons in
culture also respond over a wide-range of cold thermal
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thresholds (Figure 1B), suggesting that Ca2+ imaging
approaches can be a reasonable first approximation in
identifying different cold-sensitive cell types. Thus, these
cultured sensory afferents have been a useful experimental
model and provided insights into the mechanisms of cold
signaling.

■ COLD RESPONSES MEDIATED BY TRPM8
Cold- and menthol-evoked activity of a biophysically
identifiably cation conductance suggested the presence of a
specific protein (as Hensel and Zotterman proposed) mediating
cold neural activity. Moreover, the similarity in the properties of
this current to those of TRPV1 channels suggested a similar
transduction mechanism. These two hypotheses were used as
the basis for two independent screens that identified TRPM8
(also called Trp-p8 or CMR1) as a cold- and menthol-gated ion
channel.30,42 TRPM8 was originally discovered in a subtractive
screen for molecules highly expressed in transformed prostate
epithelial cells, and is considered a cancer cell marker in this
context.43−46 However, it had yet to be identified in sensory
ganglia. One approach was founded on a genomic screen for
TRP ion channels with robust expression in sensory ganglia.42

This intuitive strategy was based on the previous identification
of the heat-sensitive channel TRPV1 in sensory neurons47 and,
in addition to TRPM8, was instrumental in the identification of
other somatosensory relevant TRP channels such as
TRPA1.48−51 The second strategy used an expression cloning
paradigm similar to that used to identify TRPV1, and followed
Hensel and Zotterman’s original posit that menthol’s action is
“upon an enzyme” involved in cold transduction.37 Thus, if the
molecular mediator of menthol’s action were to be identified,
like that previously for capsaicin,47 this would provide insights
into cold transduction.30 A screen for trigeminal neuron
transcripts that could confer menthol-sensitivity to heterolo-
gous cells also identified TRPM8.30 Once cloned, the functional
properties of recombinant TRPM8 channels were characterized
and found to be remarkably similar to that observed for
menthol- and cold-gated currents in neurons including
temperature sensitivity, menthol sensitivity, cation selectivity,
channel rectification, and Ca2+-dependent adaptation.30,38,42

Moreover, this protein fit with Hensel and Zotterman’s model
in that menthol shifts the thermal sensitivity of TRPM8 toward
warmer temperatures (Figure 2), thereby providing a clear
mechanism for why menthol feels cold.30

What endows TRPM8, and other thermosensitive TRP ion
channels, with the ability to respond to temperature is still not
clear, and has been extensively reviewed elsewhere.52−54

However, analysis of specific channel functions has begun to
elucidate ways in which cold may activate TRPM8. For
example, like many sensory systems, we adapt to cold
stimuli5,13 as do recombinant TRPM8 channels.30 Several
laboratories studying adaptation have found that TRPM8
activity is obligate for the presence of the membrane lipid
phosphatidylinositol-4,5-bisphosphate (PIP2), the substrate for
phospholipase C (PLC).55,56 Adaptation results from an influx
of calcium ions through TRPM8 activating Ca2+-sensitive PLCδ
isozymes, likely PLCδ3 or 4,39 which cleave PIP2, thereby
reducing its levels in the inner leaflet of the plasma membrane.
This reduces, or in some cases abolishes, channel activity, which
can be restored by addition of exogenous PIP2.55,56 In addition
to PIP2, binding of inorganic phosphates also modulates
TRPM8 channel function,57,58 and TRPM8 channels have been
shown to localize to lipid rafts where channel activity is
inhibited, as evidenced by an increase in TRPM8 currents after
raft disruption.59 Lastly, post-translational modification of
TRPM8 channels by glycosylation can alter channel function.60

As PLC is a common downstream effector protein of many
cell surface signaling receptors,61 this form of regulation likely
strongly influences cold signaling via TRPM8.39 For example,
cold and menthol evoked responses are diminished in DRG
neurons treated with the inflammatory mediators such as
bradykinin, prostaglandin E2, or histamine which activate their
cognate G-protein-coupled receptors (GPCR), proposed to
lower cold sensitivity under conditions of inflammation.62

While PLC activation downstream of these receptors likely
plays an important role in decreased cold responses, recent
evidence has shown that TRPM8 is regulated in a novel manner
by direct binding of the G-proteins Gαq, inhibiting channel
activity.63 Moreover, kinase activity is also reported to regulate
channel function, although it is not clear if this is through a
direct action on the channel.64 Taken together, these data
suggest that regulation of channel activity is an amalgamation of
multiple processes that may have distinct roles in regulating
cold sensation in different cell types and under certain
physiological conditions.54

■ THE ROLE OF THE IRRITANT RECEPTOR TRPA1 IN
COLD SENSATION

Heat-gated TRPV channels are segregated by activation
thresholds in the noxious heat range for TRPV1 and TRPV2,

Figure 1. Broad range of cold temperature thresholds in TRPM8-
expressing sensory neurons. (A) Current-clamp recordings of cold-
evoked action potentials in genetically labeled cold-sensitive trigeminal
neurons. Figure adapted from Daniels et al. 2009.39 (B) Scatter plot of
cold activation thresholds in neurons recorded as in (A) displays the
range of temperature thresholds in cold-sensitive sensory afferent
neurons.

Figure 2. Menthol shifts the temperature dependence of TRPM8
channels toward warmer temperatures. Representative whole-cell
voltage-clamp current recordings (−60 mV) versus bath temperature
(ramp from ∼43 to 22 °C) of Xenopus laevis oocytes expressing
recombinant rTRPM8 channels bathed in increasing concentrations of
menthol (see ref 39).

ACS Chemical Neuroscience Review

dx.doi.org/10.1021/cn300193h | ACS Chem. Neurosci. 2013, 4, 238−247240



compared to TRPV3 and TRPV4 which are activated in the
warm range,47,51,65,66 thereby providing an intuitive separation
in the detection of pleasant from painful heat. Is a similar
paradigm involved in cold sensation? The observation that the
cold activation threshold of TRPM8 is approximately 23−26
°C suggested to many that the channel mediates innocuous
cool, and that other transduction mechanisms are needed to
account for noxious cold responses.67 In screens for TRP
channels with robust expression in sensor neurons, TRPA1 was
identified and shown to be activated by the TRPM8 agonist and
supercooling compound icilin (AG-3−5)30,68 when expressed
in heterologous expression systems.48 This original description
of TRPA1 also reported that the channel is activated by cold.
Calcium-imaging and voltage-clamp recordings of recombinant
TRPA1 channels found that cold temperatures ranging from
between 8 and 28 °C (average threshold of 17 °C) evoked an
increase in intracellular Ca2+ and nonselective cation currents,
respectively, that were blocked by ruthenium red, a blocker of
several Ca2+-permeable channels.48 TRPA1 was first identified
as a transformation-sensitive RNA transcript in human
fibroblasts,69 whereas in sensory neurons transcripts were
almost exclusively in nociceptive afferents that also express
TRPV1, Substance P, and CGRP, but distinct from those
expressing TRPM8.48 Thus, the expression pattern and
activation threshold for TRPA1 made it attractive as the
mediator of cold pain and, when coupled with the activation
threshold of TRPM8, suggested a similar dual-sensor model for
cold transduction as was known for heat.67,70

However, this hypothesis has proven controversial.67,71−75

Quickly after the identification of TRPA1 as a putative noxious
cold sensor, it was found to be the receptor for several pungent
irritants such as allyl isothiocyanate (the pungent ingredient in
mustard oil and wasabi), allicin (the irritant in raw garlic), and
cinnamaldehyde (the spicy component of cinnamon),72,76−78

all substances which do not evoke the psychophysical sensation
of cold. In addition, several groups were unable to reproduce
TRPA1 activation by cold in both heterologous and native cells
innervating the periphery.72,74 However, cellular context seems
critical in that one intriguing report found that TRPA1 channels
expressed in dissociated neurons from DRG were not cold
sensitive, whereas cold responses were recorded in isolated
vagal afferents, and these were TRPA1-dependent.79 Such
discrepancies regarding TRPA1 activation by cold at the cellular
have been reviewed elsewhere67,71 and not repeated herein, but
the channel clearly has a roles in cold hypersensitivity as
discussed below.

■ THE ROLE OF NA+ AND K+ CONDUCTANCES IN
COLD SIGNALING

As described, sodium and potassium currents are fundamental
in the cell’s ability to fire action potentials, and both types of
conductances have been associated in cold responses.24,25,80−82

Nav1.8, a tetrodotoxin (TTX)-resistant voltage-gated sodium
channel, is selectively expressed in approximately 75% of mouse
peripheral sensory neurons, largely including those considered
nociceptors.83 The channels involvement in cold signaling was
first reported when it was shown to be resistant to inhibition by
cold, a property not observed in other sodium channels.81

Normally, cold temperatures gradually increase voltage-depend-
ent slow inactivation of TTX-sensitive Nav channels, thereby
limiting excitability. However, inactivation of Nav1.8 channels
is unaffected by cold. Moreover, cold reduces the voltage-
activation threshold for Nav1.8, properties, suggesting that this

channel is the primary impulse generator in the cold.81

Consistent with these in vitro data, mice lacking the Nav1.8
gene, or in which Nav1.8-expressing neurons are depleted, are
reportedly unresponsive to noxious cold, yet show normal
responses to measures of innocuous cool sensitivity.80,81 Thus,
Nav1.8 clearly plays a role in cold transduction, presumably
specifically involved in noxious cold signaling.
Similar to the necessity of voltage-gated sodium conductan-

ces in neuronal signaling, potassium conductances are also
critical in regulating excitability and several mechanisms have
been proposed for K+-channel mediated cold signaling.53 For
example, cold was originally suggested to be mediated by
cooling-induced closing of a background K+ current,21,22

causing depolarization and firing via an ever present cationic
inward current, termed Ih, which was poorly inhibited by cold.
In cold-insensitive neurons, cold-evoked firing is prevented by a
slow, transient, 4-AP-sensitive K+ current (IKD) that acts as an
excitability brake, and its absence, or minimal expression, in
cold-sensitive neurons allows for depolarization in the cold.22

Pharmacological blockade of IKD induced thermosensitivity in
cold-insensitive neurons, suggesting that cold activation was not
the product of cold directly acting on a cold thermosensor, but
that these cells were electrogenically tuned due to the
differential expression of select K+-conductances.21,22 However,
it is important to note that these studies were performed before
the cloning of TRPM8,30,42 and subsequent analyses of cold
and menthol-sensitive neurons finds a strong correlation
between temperature threshold and the level of expression of
IKD.25 Specifically, HT cells express high levels of this K+ brake
current (and low levels of TRPM8), whereas neurons which fall
into the LT subtype and likely mediate responses to
innocuously cool temperatures express low levels of IKD
(and high levels of TRPM8).25 However, the molecular identity
of IKD has yet to be elucidated, but is suggested to be a
member of the Kv channel family. Lastly, the two-pore domain
K+ channels TREK-1 and TRAAK are activated by membrane
stretch and free fatty acids, but have also been shown to be heat
sensitive when expressed in heterologous expression sys-
tems.23,82 In regard to their role in cooling, it is proposed
that heat-evoked activity of these channels polarizes cells,
whereas cooling leads to channel closing, depolarization, and
then subsequent action potential firing. Thus, as described for
IKD currents, the absence of this K+-mediated brake current in
the cold may contribute to cold neuronal activity.23,24,82

■ MEASUREMENT OF COLD SENSATION IN VIVO
The above focuses largely on transduction pathways implicated
in cold signaling at the molecular or channel level. However, in
order to understand the necessity of these candidate cold
transducers, their role in cold-evoked animal behaviors needed
to be assessed. This has proven to be a considerable obstacle in
our understanding of the cellular and molecular basis of cold
due to the ambiguity in cold-evoked behaviors in rodents.
Classical thermal behavioral assays typically include a heated or
cooled plate from which the animals' thermal sensitivity is
gauged by the latency or speed in which they lift or withdraw
their hindpaw from the surface. The shorter the latency, the
more sensitive the animal. While this test is relatively robust for
heat, rodent behavior on a cold plate is spurious at best. Indeed,
as compared to the hot plate test, the latencies to response in
the cold plate test tend to be highly variable between studies,
even those conducted in the same laboratory.84 For example, in
analyses of different mouse lines in which the genes of putative
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cold transducers or those involved in conduction were
disrupted (knockout or gene-nulls), latencies for hindpaw lifts
at near freezing temperatures (0 to −1 °C) ranged from 5 to
200 s in wild-type or control mice.85 At these temperatures,
mice generally assume a posture that largely limits contact with
the cold surface by rearing up on their hindlimbs and not
exposing their forepaws, rumps, and tails to the cold.86 These
significant differences in animal behavior have motivated the
field to identify and develop novel experimental approaches to
assess cold.
For example, a variation of the cold plate that uses lightly

restrained mice was recently reported.87 This method allows for
easier measurements of both paws independently as only one is
placed on a cold plate at a time. Additionally, this assay
eliminates any confusion caused by whole body exposure to
cold and subsequent reduction in mobility as seen in the cold
plate assay. However, the acts of habituating the animals to
being restrained can be problematic. Nonetheless, latencies to
lifts at 0 °C were less than 10 s, a duration consistent with
responses to noxious heat.87 Similarly, a dynamic thermal plate
approach has been reported where the animal is placed on the
surface warmed to near 32 °C and then the temperature is
slowly reduced until the animal performs an escape behavior,
which was near 5 °C in control mice.88 Another attractive
technique that is reminiscent of the Hargreaves assay which
uses radiant heat to measure paw withdrawal in freely moving
animals,89 employs a compressed pellet of dry ice that is
pressed to the underneath surface of a glass plate in which the
animal is standing.90 Temperature at the surface-hindpaw
interface varies over time with the thickness of the glass, but
remarkably, the glass temperature that induced a lift was near
24 °C, a temperature not typically considered nociceptive.
Lastly, many laboratories have employed the evaporative
cooling assay to measure cold responses, a methodology that
uses a droplet of acetone placed on the animal’s hindpaw.91 As
the liquid evaporates the surface skin temperature drops to near
17 °C, inducing flinching, licking, and guarding behaviors
depending on the animal’s sensitivity. While this is generally
considered a measurement of innocuous cold, the behaviors are
reminiscent of nocifensive responses, suggesting that temper-
atures in this range may indeed be bothersome to the animal.
The two-temperature choice assay has been very informative

in characterizing cold sensation.92−94 Animals are placed in a
chamber on two thermally controlled plates and then allowed
to freely move across both surfaces. When both are maintained
at the same temperature, animals will explore the entire
chamber and spend an equal amount of time on each surface.
To test thermal sensitivity, one plate is held constant (typically
30 °C) with the other varied to either warmer or colder
temperatures and the animals preference is determined by
which surface it spends the majority of the recording period,
whereas the animal’s avoidance of a temperature can be inferred
by how often it transitions between temperatures.54 These
approaches have been used in various combinations to test the
necessity of putative cold-relevant molecules in animal
behavior, which we summarize below.

■ THE ROLE OF CANDIDATE MOLECULES IN COLD
SENSATION

To date the majority of analyses of cold-induced behaviors have
focused on TRPM8 and TRPA1, with the prevailing hypothesis
that the channels exclusively mediate innocuous cool and
noxious cold, respectively.67 However, for many years, this

hypothesis has been strongly put to the test. For the former,
TRPM8 is clearly involved in innocuous cool sensation, but a
role for the channel in cold pain has been controversial. Three
independent groups created Trpm8−/− mouse lines, reporting
these animals to have severe deficits in cold sensation, yet there
were striking differences between their findings.84,92−94 One
consistent measure of cold deficits in Trpm8−/− mice has been
the evaporative cooling assay which has clearly shown a lack of
cold sensitivity in these mice.86,92,94 However, results using the
cold plate have proved to be less clear. Two groups reported no
difference between wild-type and Trpm8−/− mice using the
cold plate tests at 10, 0, −1, −5 or, −10 °C,92,94 while a third
found a significant difference in withdrawal latency at 0 °C,
results suggesting the animals were deficient in noxious cold
sensation.93 As above, the time to paw withdrawal at near
freezing temperatures for wild-type mice ranged from 5 to 50 s
(5, 20, and 50 s) between the three studies, highlighting the
inconsistency with the cold plate. Subsequently, it was reported
that lightly restrained Trpm8−/− mice have significantly longer
withdrawal latencies than wild-type when their hindpaws were
placed on a 10 °C plate.87 Moreover, Trpm8−/− mice were
completely unresponsive in the dynamic cold plate assay,
suggesting they do not perceive cold temperatures at all.88

Lastly, while mice rarely show representative nocifensive
behaviors with their hindpaws under these conditions, two
robust and reproducible behaviors involving the forepaw are
readily visible.86 The first presents as a flinching of both
forepaws which occurs shortly after wild-type animals are
placed on a 0 °C surface, and a second manifests as a wringing
or licking of the forepaw, suggestive of intense irritation.
Control animals respond with latencies of less than 10 s,
whereas Trpm8−/− mice rarely show these behaviors up to the
60 s cutoff time for this noxious stimulus.86 Thus, depending on
the experimental approach, cold plate behavioral data suggests
these animals are at least partially deficient in cold nociception.
Interpretation of cold deficits in Trpm8−/− mice using the

two-plate choice assay has also been problematic. These
animals show a robust deficit in thermal preference and are
unable to discern the difference between the 30 °C surface and
when the test plate is held at temperatures down to 15
°C,75,92−94 demonstrating that they cannot discriminate
between warm and putatively innocuously cool temperatures.
However, once temperatures drop below 15 °C, Trpm8−/−

mice do prefer the warm side, albeit less than what is observed
for wild-type mice,75,92 results implying that other transduction
mechanisms predominate below 15 °C. Further complicating
the interpretation of these data, Colburn et al. reported a clear
phenotype when the temperatures were set to room temper-
ature (∼25 °C) versus 5 °C with wild-types showing a strong
preference for the warmer temperature whereas the knockouts
showed no preference between the two.93 What then underlies
this preference for warmth at extreme cold temperatures? The
answer may lie in how we interpret the motivation behind this
behavior in this experimental paradigm. It is not clear if this
preference for warmth is due to a drive to avoid an unpleasant
stimulus, or if it is prompted by a drive to seek out a
comfortably warm environment, something that is critical for
the maintenance of core body temperatures. Therefore,
Trpm8−/− mice may not be able to detect the noxious cold
signal when given the choice of two surfaces held at 30 °C and
<15 °C, but are able to discern that the warm surface is
preferable due to input from warm fibers.54 In support of this
hypothesis, when the number of times an animal crosses from
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the 30 °C surface to the test surface and back again is counted,
wild-type mice show a significant drop in the number of
crossing events as one plate is cooled.75,86 Indeed, when the test
plate is held at 5 °C, wild-type mice on average cross over and
back from the cold surface once and largely never return,
whereas Trpm8−/− mice freely transition between plates
showing no signs of aversion.75

An alternative explanation for the residual preference for
warmth in the Trpm8−/− mice is the presence of another cold
transducer that functions in the noxious cold range, a
hypothesis consistent with the model that TRPA1 is a noxious
cold receptor.95 However, in mice in which both TRPM8 and
TRPA1 genes were disrupted, there was no difference in
preference or avoidance behaviors beyond those already
present in Trpm8−/− mice.75 Certainly, as perplexing as the
role for TRPM8 in cold nociception has been, establishing the
necessity of TRPA1 in acute cold sensation has been
confounding.71 As with menthol and cold responses,37 the
prediction would be that TRPA1 agonists such as cinnamalde-
hyde (CA) or mustard oil (MO) should sensitize cold
responses, yet studies found no differences in cold withdrawal
threshold when these are topically applied to anesthetized
rats.96,97 Similarly, when MO was topically applied, no increases
in cold-evoked spikes were seen in spinal wide dynamic range
(WDR) neurons. However, when CA was injected into the rat
paw, a significant drop in paw lick/jump latency was seen in
response to both 0 and 5 °C plate tests in one report,
continuing the ambiguity.98 Similarly, two independently
generated Trpa1−/− lines were analyzed for deficits in cold
transduction with mixed results. In one, no deficits in cold-
induced behaviors were observed, including responses to
evaporative cooling, cold plate withdrawal behaviors, shivering,
and thermal preference.92,99 However, the other Trpa1−/− line
was reported to have deficits in evaporative cooling and cold
withdrawal behaviors, although curiously these differences were
only significant in female mice and not males.100 Moreover, this
line of Trpa1−/− was were reported to have reduced escape
behaviors (jumping when placed on a 0 °C cold plate) as well
as longer latencies to tail flicks when the tail was immersed in
−10 °C liquid.101 Indeed, the story has not become clearer with
time, nor can the discrepancies between studies be correlated to
the two lines as del Camino et al. recently reported no
differences in cold evoked behaviors with the latter line.102

However, this study may be the most informative and offers
insight into TRPA1’s role in cold in that they observed that
TRPA1 is important for cold hypersensitivity after injury.
Previous reports had suggested that TRPA1 served an
important role in inflammatory cold hypersensitivity.103−105

Inflammation-induced increase in cold sensitivity was blocked
using a TRPA1 antagonist, as well as reduced by a reduction in
TRPA1 transcript expression.102,103 Moreover, cold hyper-
sensitivity was induced by injection of an endogenous TRPA1
agonist in wild-type but not Trpa1−/− mice.102 What may have
been a more important result was the observation that TRPA1
channels, both native and heterologously expressed, were not
sensitive to cold temperatures, but cold did amplify agonist
evoked TRPA1 currents.102 Thus, under the context of
inflammation or nerve injury when TRPA1 channels are likely
stimulated by endogenous mediators, cold may further
potentiate these responses and lead to cold evoked pain.
Indeed TRPA1 likely serves in this context to all modalities and
is now considered a “gatekeeper” for chronic pain (see ref 106
for review). As cold hypersensitivity is also reduced in

Trpm8−/− mice,93,107 what remains to be determined is how
TRPA1 activation leads to cold hypersensitivity and if this
process works through TRPM8 or other transduction channels.
In addition to TRPM8 and TRPA1, behavioral analyses have

found that Nav1.8 and the potassium channels TREK-1 and
TRAAK contribute to cold responsiveness in mice. For the
former, Nav1.8−/− mice showed reduced lifts and jumping
behavior on a 0 °C cold plate compared to wild-type animals, as
well as there was a reduction in menthol-sensitized cold
responses in the skin-nerve preparation.81 Similarly, mice in
which Nav1.8 neurons were genetically ablated showed less
sensitivity on the cold plate (0 °C), but interestingly were
identical to wild-types in the evaporative cooling assay,
suggesting they retained normal innocuous cold perception.80

These data are consistent with Nav1.8’s functional properties in
the cold and suggest it is required for conduction in extreme
cold, but is not needed for innocuous cool transmission.
Conduction of cold signals also appears to rely in part on both
TREK-1 and TRAAK channels. Double knockout mice for both
channels are reported to be more sensitive to cold on the cold
plate at temperatures ranging from 10 to 20 °C, as well as show
deficits in thermal preference in the cool range (from 21 to 15
°C).24 Lastly, a recent report found evidence that homomeric
TRPC5 channels are cold-sensitive in the innocuous range;
however, no deficits in cold behaviors were observed in
Trpc5−/− mice, suggesting an as yet undetermined modulatory
role for this channel in cold sensation.108

■ A MODEL FOR THE CELLULAR BASIS OF COLD
SENSATION

The past decade has been a boom period in our understanding
of cold transduction and now enables serious consideration of
potential cellular models that account for mammalian cold
sensation. Specifically, a model (Figure 3) has been proposed

for how the peripheral nervous system is able to detect ambient
cold temperature and discriminate between those that are
innocuous from those that are noxious,25,53,54 a fundamental
part for survival. At the core of the model is TRPM8 which,
unlike the other molecular candidates for cold transduction,
appears to be exclusively involved in cold signaling and not
mediating other modalities of somatosensation. For simplicity,
this model also separates cold nerve fibers into those mediating

Figure 3. Model for the differential perception of innocuous cool and
noxious cold temperatures in the low-threshold (LT) and high-
threshold (HT) populations, respectively.
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innocuous cool, the LT subtype, from those mediating noxious
cold, the HT subtype. This is by far an oversimplification as
recordings at all levels of analysis show a continuum of cold
activation thresholds. Nonetheless, the model provides a
framework for the testing of the key roles of each molecular
player; insights should also be applicable to those cells with
more intermediate thermal thresholds.
How can TRPM8 channels generate responses in high-

threshold cold-sensitive nerves if it is activated initially at
temperatures in the innocuous range? Mechanistically,
thermoceptors such as TRPM8 provide the receptor potential
to initiate firing, much in the way ionotropic glutamate
receptors mediate postsynaptic potentials. Thus, other electro-
genic properties of the nerve, such as channel density, current
magnitude, and neuronal excitability, are fundamental in
impulse generation. For the LT subtype, TRPM8 clearly
plays a dominant role in that channel expression is higher than
in the HT population.25,28 These cells are also readily excitable
as expression of K+ brake conductances are low, thereby
limiting the contribution of hyperpolarizing conductan-
ces.22,24,25 For HT cells, expression of TRPM8 is reduced,
whereas high levels of IKD currents, attributed to Kv1 channels,
are expressed, thereby necessitating a more robust thermal
stimulus to activate sufficient TRPM8 currents in order to
overcome the excitability brake established by the K+

conductances. Moreover, Nav1.8 is likely expressed predom-
inantly in the HT population in order to enable axonal
conduction under these cold conditions.80,81 Lastly, both
TRPM8 and TRPA1 are required for cold pain after injury,
and signal independently due to their reported expression in
distinct cell types, via an as yet undefined nociceptor cell type
expressing both channels or through an indirect mechanism
whereby activation of TRPA1 afferents sensitizes TRPM8-
expressing HT nerves such that they fire at a lower (warmer)
temperature threshold.
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