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A TRP Channel that Senses Cold Stimuli and Menthol

reside within the dorsal root ganglia (DRG). There, theAndrea M. Peier,1 Aziz Moqrich,2

Anne C. Hergarden,1 Alison J. Reeve,3 neuronal cell bodies are embedded within the vertebral
column along the dorsolateral side of the neural tube.David A. Andersson,3 Gina M. Story,2

Taryn J. Earley,2 Ilaria Dragoni,3 Peter McIntyre,3 The DRG neurons extend long axons to peripheral tar-
gets such as skin and visceral organs where they detectStuart Bevan,3 and Ardem Patapoutian1,2,4

1Genomics Institute of the Novartis Research chemical, mechanical, and thermal stimuli (Scott, 1992).
These sensory modalities can be divided into submodal-Foundation

San Diego, California 92121 ities according to neuronal specificity. For example, in
the case of neurons that convey thermal sensation (so-2 Department of Cell Biology

The Scripps Research Institute called thermoreceptors), some DRG fibers detect tem-
peratures between 32�C and 43�C, and their activationLa Jolla, California 92037

3 Novartis Institute for Medical Sciences is associated with sensing a warm stimulus (Julius and
Basbaum, 2001). Other fibers can only be activated atLondon WC1E 6BN

United Kingdom temperatures above 43�C (noxious heat), and still others
only respond to subambient temperature.

Despite some knowledge of the physiology of thermo-
receptors, very little is known about molecules that areSummary
involved in temperature detection in DRG neurons. One
such molecule is Vanilloid Receptor 1 (VR1), an ion chan-A distinct subset of sensory neurons are thought to

directly sense changes in thermal energy through their nel gated by heat (temperatures above 43�C) and ex-
pressed in a subset of the nociceptive sensory neuronstermini in the skin. Very little is known about the mole-

cules that mediate thermoreception by these neurons. (Caterina et al., 1997). A close relative, Vanilloid Recep-
tor-Like Protein 1 (VRL1), is activated by very high heatVanilloid Receptor 1 (VR1), a member of the TRP family

of channels, is activated by noxious heat. Here we (temperatures above 52�C) and is widely expressed in
both neuronal and nonneuronal cells (Caterina et al.,describe the cloning and characterization of TRPM8,

a distant relative of VR1. TRPM8 is specifically ex- 1999). VR1 and VRL1 are members of the TRP family of
nonselective cation channels (Clapham et al., 2001). Inpressed in a subset of pain- and temperature-sensing

neurons. Cells overexpressing the TRPM8 channel can addition to heat, some TRP channels have been impli-
cated as mechano- and osmosensors in invertebratesbe activated by cold temperatures and by a cooling

agent, menthol. Our identification of a cold-sensing (Harteneck et al., 2000; Walker et al., 2000). We were
intrigued with the possibility that other members of theTRP channel in a distinct subpopulation of sensory

neurons implicates an expanded role for this family of TRP family are expressed in mammalian sensory neu-
rons and function as receptors for distinct sensory stim-ion channels in somatic sensory detection.
uli. Here, we describe cloning of a mammalian TRP chan-
nel that is specifically expressed in a subpopulation ofIntroduction
the pain- and temperature-sensing DRG neurons. The
functional properties of TRPM8 in a heterologous ex-The vertebrate sensory nervous system enables fine

detection of varied external information. While these pression system suggest that it is a nonselective cation
channel gated by cold stimuli and menthol, a coolingsenses are popularly categorized into five modalities

(taste, smell, hearing, sight, and touch), the sense of compound. The channel’s properties appear to be very
similar to those of a cold- and menthol-activated currenttouch actually consists of the perception of multiple

discrete types of stimuli, including temperature, posi- described recently in native dorsal root ganglion neu-
rons and proposed to have a role in cold sensing (Reidtion, and pressure. Correspondingly, electrophysiolo-

gists have long realized that recognition of touch is exe- and Flonta, 2001b).
cuted by neurons of restricted specificity, such that
painful (or noxious) stimuli can activate neurons of a Results
different class than nonnoxious pressure (Scott, 1992;
Hensel, 1981). The molecular characterization of sen- To identify novel TRP channels, we searched genomic
sory neurons has advanced remarkably in recent years, DNA databases by constructing a hidden Markov model
perhaps most notably with the identification of genes (HMM) from the known TRP protein sequences of differ-
that encode receptor families for smell and taste ligands ent mammalian species. With this model, we queried
(Adler et al., 2000; Axel, 1995). And yet, a great deal the 6 frame translation of all available human sequences
remains unknown about the molecular pathways that and identified multiple putative exons with similarity to
lead to the diversity of neurons that sense “touch” and the transmembrane domains 4 and 6 of VR1. We were
that enable these neurons to translate mechanical or able to amplify a fragment of the mouse homolog of one
thermal stimuli into action potentials. TRP channel by RT-PCR from mouse DRG RNA (data

The specialized neurons that detect sensory stimuli not shown). Full-length sequence of this gene was de-
rived from a combination of exon-prediction software,
PCR, and RACE amplification from newborn mouse4 Correspondence: ardem@scripps.edu



Cell
706

Figure 1. TRPM8 Is a Member of the Melastatin Subfamily of TRP Channels and Is Expressed Predominantly in Dorsal Root Ganglia (DRGs)

(A) Comparison of mouse TRPM8 protein sequence to some of its closest relatives, TRPM1 (human Melastatin, GenBank accession number
6006023), TRPM2 (human, 4507688), and TRPM7 (mouse Chak, 14211382). The alignment was generated using Megalign and Boxshade.
Identical or conserved residues are shown in white letters on a black background.
(B) Phylogenetic tree showing protein sequence relationship of different members of the TRP ion channel super-family. TRPs are subdivided
into three main subfamilies: TRPMs, TRPVs, and TRPCs. The TRPMs do not contain any ankyrin domains in their N-terminal domains. The
transmembrane domains have the highest homology among different classes of TRP channels.
(C) Northern analysis of TRPM8. Northern blot analysis demonstrates that TRPM8 is expressed predominantly in DRGs. The blot was hybridized
with 32P-labeled (top) TRPM8 cDNA, then reprobed with GAPDH cDNA (bottom) to control for loading.
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DRGs. We have named this protein TRPM8, following rons, we evaluated TRPM8 expression in DRGs from
newborn trkA null mice. The expression of TRPM8 wasthe nomenclature suggested in Clapham et al. (2001).

Several human ESTs, many of which have been iso- completely abolished in the mutant ganglia (Figures 2B
and 2C). We have further shown that TRPM8 is not coex-lated from various cancer tissues, contain fragments of

TRPM8 (GenBank accession numbers 8750489, 9149390, pressed with VR1, which marks a class of nociceptors
that respond to capsaicin and noxious heat (Figures9335992, and 2223353).

Translation of the nucleotide sequence of TRPM8 2G–2I). This observation is confirmed by the lack of
TRPM8 coexpression with either CGRP or IB4, two well-predicts a protein composed of 1104 amino acid resi-

dues (Figure 1A). The overall sequence of mouse TRPM8 characterized nociceptive antigens that together mark
90% of VR1� DRG neurons (Figures 2J–2O; Snider andis 93% identical to that of the human gene (data not

shown). Its closest relative is TRPM2 (42% identity; McMahon, 1998; Tominaga et al., 1998). This data
strongly suggests that TRPM8 is expressed in a subpop-Figures 1A and 1B). TRPM8 belongs to the “long” or

Melastatin subfamily of TRP channels, a group of TRPs ulation of thermoceptive/nociceptive neurons distinct
from the well-characterized heat- and pain-sensing neu-characterized by their lack of ankyrin domains in the N

terminus. TRP channels are predicted to contain six rons marked by VR1, CGRP, or IB4.
Given the similarity of TRPM8 to TRPV family mem-transmembrane (TM) domains, although at least one is

predicted to have seven membrane-spanning domains bers and its unique expression pattern within the DRG,
we tested whether disparate sensory stimuli activate(Nagamine et al., 1998). A Kyte-Doolittle plot suggested

the presence of eight distinct hydrophobic peaks in TRPM8. The full-length murine TRPM8 was stably ex-
pressed in Chinese hamster ovary (CHO) cells and evalu-TRPM8 sequence, which could represent six to eight

predicted transmembrane domains (data not shown). ated for channel properties. We loaded TRPM8-
expressing cells with the Ca2� indicator Fura-2 and usedOverall, the predicted transmembrane domains are

within amino acids 695–1024 of TRPM8. Outside of this conventional microscopy to monitor changes in fluores-
cence, which reflected changes in the intracellular cal-region, the only predicted secondary structures are

coiled-coil domains present in both the N- and C-ter- cium concentration. CHO cells do not express an endog-
enous TRPM8 isoform (data not shown) and thereforeminal portions of the protein (data not shown; Burkhard

et al., 2001). Coiled-coil domains are implicated in oligo- served as a control along with a cell line stably trans-
fected with a VR1-expressing plasmid. Capsaicin (10merization of GABA-B channels and have previously

been predicted in some TRP channels (Funayama et al., �M), an activator of VR1, did not evoke a response
in TRPM8-expressing cells (data not shown). Neither1996; Margeta-Mitrovic et al., 2000).

We knew TRPM8 to be expressed in DRGs, since we hypoosmotic solutions, known to generate Ca2� re-
sponses in TRPV3-expressing cells, nor hypertonicPCR-cloned the TRPM8 transcript from newborn DRG

cDNA. To determine the overall tissue distribution of buffer elicited a response in TRPM8-expressing cell
lines (data not shown; Liedtke et al., 2000; StrotmannTRPM8, we used a probe corresponding to nucleotides

1410–1980 of the mouse TRPM8 sequence for Northern et al., 2000). An increase in temperature (25�C–50�C), a
potent stimulus for VR1, also did not alter intracellularblot analysis. No TRPM8 expression was detected using

commercial Northern blots (data not shown). We then calcium levels (data not shown). However, when the
temperature was lowered from 25�C to 15�C, an increaseused blots from newborn and adult mice that included

tissues relevant for somatic sensation, including DRG, in intracellular calcium was observed in TRPM8-expres-
sing cells (Figures 3A and 3B). This response was notspinal cord, and different sources of skin (Figure 1C and

data not shown). One mRNA species of approximately observed in nontransfected CHO cells or in the VR1-
expressing cell line (Figures 3A and 3B and data not6.3 kb was present predominantly in DRGs. Further anal-

ysis of TRPM8 expression was performed by in situ shown). Addition of a 10�C stimulus also evoked an influx
of Ca2� (data not shown). This response was dependenthybridization. Digoxygenin-labeled probes showed spe-

cific expression in DRG and trigeminal ganglia (cranial on Ca2� in the buffer, because removal of extracellular
calcium suppressed the temperature response (Figuresensory neurons innervating the mouth and jaw) in new-

born and adult mouse, but not in day 13 embryos (Fig- 3B). The dependence on outside calcium is indicative
of a cation-permeable channel localized at the plasmaures 2A and 2B and data not shown). TRPM8 expression

was restricted to approximately 5%–10% of adult DRG membrane. A potent blocker of the heat response for
VR1, ruthenium red (at 5 �M), did not suppress the tem-neurons. The average size of the neurons positive for

TRPM8 was 18 � 3.1 �m (mean � standard deviation, perature response (data not shown).
Since TRPM8 responded to a decrease in tempera-n � 69) and can be classified as small-diameter c fiber-

containing neurons, which in mouse are defined as ture, we performed additional experiments to investi-
gate the temperature threshold at which intracellularsmaller than 25 �m. TRPM8 is not expressed in heavily

myelinated neurons marked by Neurofilament (NF) anti- calcium ([Ca2�]i) begins to rise in TRPM8-expressing
cells. Cells were incubated at 35�C (normal skin temper-bodies, which correlates well with TRPM8 expression in

small-sized neurons (Figures 2D–2F). TRPM8� neurons ature) for several minutes, followed by a decrease in
temperature to 13�C (Figure 3C). The temperature re-thus appear to belong to a subset of nociceptive or

thermoceptive neurons that express trkA, an NGF recep- sponse in mouse TRPM8-CHO cells showed a threshold
of 22�C–25�C at which [Ca2�]i started to increase, fol-tor, during development (Huang and Reichardt, 2001). In

the absence of NGF or trkA, DRG neurons that normally lowed by a marked increase when the temperature of
the buffer reached �15�C. These experiments indicateexpress this receptor die through apoptosis during em-

bryonic development (Huang and Reichardt, 2001). To that at physiologically relevant temperatures, the upper
activation threshold for TRPM8 is �23�C.prove that TRPM8 is expressed in trkA-dependent neu-
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Figure 2. In Situ Hybridization Analysis of
TRPM8

(A) Digoxygenin in situ hybridization (purple)
showing expression of TRPM8 in small neu-
rons of the trigeminal ganglia of adult mice.
The bar is 50 �m in (A), (D)–(F), and (J)–(O).
(B and C) TRPM8 mRNA is present in newborn
wild-type DRGs but not in trkA mutants. The
bar is 50 �m in (B), (C), and (G)–(I).
(D–F) TRPM8 is not expressed in heavily my-
elinated neurons labeled by Neurofilament
(NF150) antibody. Double-staining of TRPM8
(mRNA) and NF150 antibody in adult mouse
DRGs do not show coexpression.
(G–I) TRPM8 mRNA is not present in adult
DRG neurons labeled with a VR1 antibody.
(J–L) Double-staining with TRPM8 (mRNA)
and CGRP antibody or IB4 binding (M–O) in
adult mouse DRGs demonstrate a mutually
exclusive expression pattern.

Menthol, a compound commonly used for its cooling To investigate the membrane responses to cold and
menthol, we carried out voltage clamp experiments onproperties, was tested as a stimulus on TRPM8-express-

ing CHO cells. Nontransfected CHO cells were com- TRPM8-expressing cells. Temperature ramps from 35�C
to 7�C–13�C evoked inward currents at a holding poten-pletely insensitive to menthol (tested up to 1 mM; Figures

4A and 4B). However, upon treatment of TRPM8 cells tial of �60 mV and outward currents at �40 or �60 mV.
Currents increased in amplitude as the temperature was(incubated at 25�C), intracellular fluorescence increased

significantly within seconds in response to menthol con- lowered and usually showed some degree of desensiti-
zation at the coldest temperatures tested (�10�C; Figurecentrations of 10 �M and 100 �M (Figures 4A and 4B).

Additionally, as with the temperature stimulus, depletion 5A). The temperature threshold for current activation
showed no dependence on membrane potential, andof calcium from the extracellular buffer suppressed the

calcium response (Figures 4A and 4B). We next tested individual cells activated at temperatures between 19�C
and 25�C, with a mean threshold of 21.79�C � 0.64�Cthe effect menthol had at different temperatures. Incu-

bation of TRPM8-expressing cells at 33�C revealed that (n � 5). Analysis of the current-voltage relationships of
the response to a cold stimulus with CsCl-filled re-10 �M menthol did not induce a calcium response as

observed at 25�C, but upon lowering the temperature cording pipettes and a typical NaCl-based external solu-
tion revealed an outwardly rectifying current with a re-to 30�C, intracellular calcium levels increased (Figure

4C). Menthol thus appears to mimic the effect of low- versal potential (Erev) close to 0 mV, which is typical of
a nonselective cation channel (Figure 5B).ering the temperature on TRPM8-expressing cells.
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Figure 3. Increase in Intracellular Calcium [Ca2�]i Concentration in TRPM8-Expressing CHO Cells in Response to Cold

(A) Representative images taken from calcium imaging experiments. TRPM8 stably transfected CHO cells and nontransfected CHO cells
loaded with Fura-2 and viewed with fluorescence microscopy. Upon addition of a 15�C cold stimulus (measured in the cell chamber by a
miniature thermocouple), an increase in fluorescence is observed as the buffer in the cell chamber is cooled, indicative of an increase in
intracellular Ca2� in TRPM8-expressing cells. Increasing levels of intracellular Ca2� are indicated by a change in color (blue-green-yellow-red).
The highest levels of [Ca2�]i are indicated in red. The same microscopic field of cells is shown before and after the cold stimulus. The bars
indicate 50 �m.
(B) TRPM8-transfected CHO cells show a rapid increase in [Ca2�]i when the temperature is lowered from 25�C to �15�C. The stimulus period
is indicated below the traces. Nontransfected CHO cells do not show a response to cold. Removal of external Ca2� completely suppressed
the response to cooling. Experiments were performed in triplicate. The average response (�SEM) of 20–30 cells from a representative
experiment is presented.
(C) Increase in [Ca2�]i due to decrease in temperature from 35�C to 13�C in TRPM8� cells. The panel shows mean � SEM for 34 individual
cells. Note the increase started to occur between 22�C and 25�C.

Application of menthol-evoked rapidly activating cur- to higher temperatures, which agrees with our calcium
imaging experiments. To test this idea further, we ob-rents in TRPM8-expressing cells, but not in nontrans-

fected CHO cells, at temperatures above the threshold tained concentration-response curves for menthol-
evoked currents at two temperatures (22�C and 35�C),for cold activation (�23�C; Figure 6A). The menthol-acti-

vated current showed pronounced outward rectification using positive membrane potentials to increase the size
of the currents (Figures 7A and 7B). The concentration-(Figure 6B) with an Erev of �9.28 � 0.75 mV (n � 12) that

is similar to the Erev for the cold-activated current under response relationship was shifted to the left at the lower
temperature with a marked increase in the maximumthe same ionic conditions. These currents could be inac-

tivated by raising the temperature (Figure 6A), sug- amplitudes (Figures 7A and 7B). We next used changes
in Erev to determine the ion selectivity of the menthol-gesting that menthol shifts the threshold for activation
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Figure 4. Increase in Intracellular Calcium [Ca2�]i Concentration in TRPM8-Expressing CHO Cells in Response to Menthol

(A) Individual TRPM8� cells respond to menthol at 25�C. Representative images from calcium imaging experiments illustrate a large influx of
calcium in response to a menthol stimulus (100 �M). This response was not seen in nontransfected CHO cells or without extracellular calcium.
Intracellular calcium concentration is indicated by colors described in Figure 3A. The same field of cells is shown for TRPM8 before and after
menthol treatment (with calcium). The other images presented were taken immediately after the menthol stimulus.
(B) TRPM8 responds to menthol at 25�C. Intensity of the TRPM8 response is dependent on menthol concentrations. A 10-fold increase in
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Figure 5. Current Evoked by Reduction in
Temperature in TRPM8-Expressing CHO
Cells

(A) Outward currents evoked at �60 mV by
reducing the temperature from 35�C to 10�C.
In this cell the current activated at 19.3�C as
indicated in the right graph.
(B) Current-voltage relationship for currents
activated at 20.5�C and 33.5�C. Increasing the
temperature reduces the amplitude of out-
ward currents.

activated current. Isotonic replacement of the NaCl in characterization of the vanilloid receptors. These mole-
cules, members of the TRP family of membrane chan-the solution with KCl or CsCl caused small positive shifts

in Erev, indicating that the TRPM8 channel discriminated nels, are activated by high temperatures to mediate a
cation influx (Clapham et al., 2001). Here, we show thatpoorly between these cations (data not shown). From

the changes in Erev measured on individual cells (external another relative, TRPM8, is instead activated by cold
stimuli. We have furthermore found that TRPM8 is ex-NaCl to KCl gave a shift of �7.38 � 1.43 mV, n � 7;

NaCl to CsCl gave a shift of �9.09 � 0.36 mV, n � 5), pressed in a very select group of dorsal root ganglia
(DRG) neurons that share characteristics of thermore-we calculated a permeability sequence of Cs � K � Na

with PCs/PNa � 1.43 and PK/PNa � 1.34. Relative calcium ceptive neurons.
Ambient skin temperature is maintained near 32�C.permeability was calculated from the Erev values mea-

sured with different external calcium concentrations. Temperatures above this point activate neurons within
the dorsal root ganglia (DRG) and lead to the perceptionIncreasing the external calcium from 1 to 30 mM, in the

absence of external Mg2� ions, shifted Erev by �11.67 � of warmth and, beyond 43�C–45�C, noxious pain. VR1,
a heat-gated TRP channel, is involved in detecting nox-1.20 mV, which corresponds to PCa/PNa � 0.97 (data not

shown). Thus, TRPM8 is permeable to the monovalent ious heat stimuli and is found in DRG neurons (Julius
and Basbaum, 2001). At temperatures below ambient,cations, Na, K, and Cs, as well as the divalent cation

calcium. another set of DRG neurons is activated. Although an
exact threshold for cold pain has not been found, it is
thought that a separate set of neurons is responsibleDiscussion
for innocuous cool temperatures (20�C–30�C) and for
painful cold. A further division of specialization seemsThe study of temperature perception has recently

moved into the molecular arena with the cloning and to exist between neurons that are activated by cold

menthol concentration resulted in a larger influx of Ca2�. This response was suppressed in the absence of Ca2�. Nontransfected CHO cells
exhibited no increase in [Ca2�]i upon application of menthol. Experiments were performed in triplicate. The average response (�SEM) of 20–30
cells from a representative experiment is presented.
(C) At 33�C, 10 �M menthol does not elicit an influx of Ca2�. When the temperature of the bath solution is lowered to 30�C, a marked increase
in intracellular Ca2� is observed. These experiments suggest that menthol simulates the effect of cooling in TRPM8-expressing cells.
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plasma membrane cation channel activated by cold
temperatures. The ionic permeability of TRPM8 is similar
to that of other TRP channels, which are permeable to
both monovalent and divalent cations, although calcium
permeability estimates (PCa/PNa) vary from 0.3 to 14 (see
for example Harteneck et al., 2000). Menthol is a cooling
compound that likely acts on endogenous cold-sensi-
tive channel(s) (Schafer et al., 1986). Our observation
that TRPM8-expressing cells are activated and modu-
lated by menthol reinforces the idea that TRPM8 indeed
functions as a cold-sensitive channel in vivo. The finding
that the sensitivity to menthol is dependent on tempera-
ture is consistent with the behavior of a subset of iso-
lated DRG neurons that show a raised “cold” threshold
in the presence of menthol (Reid and Flonta, 2001b).
The mechanism of TRPM8 activation by cold is not yet
known: TRPM8 could be directly gated by cold stimulus
through a conformational change, or cold temperatures
could act through a second messenger system that in
turn activates TRPM8. Our experiments do not distin-
guish between these possibilities, although the rapid
activation by menthol would suggest a direct gating
mechanism, at least for this mode of activation.

The expression pattern we have documented for
TRPM8 is consistent with a role in cold thermoception.
First, we have found TRPM8 mRNA to be highly specific
to DRG neurons, as might be expected. Within the DRG,
TRPM8 is expressed in the small-diameter nonmyelin-
ated neurons, which correspond to the c fiber thermore-
ceptor and nociceptors (Scott, 1992). The lack of TRPM8
expression in trkA knockout mice, whose DRGs lack all
thermoreceptor and nociceptive neurons, corroborates
this finding. Futhermore, the lack of coexpression with
VR1, CGRP, or IB4 in the adult suggests that TRPM8 is
expressed in a unique population of DRG neurons dis-
tinct from well-characterized heat nociceptors. Both
soma size of neurons that express VRL-1 (medium-large
neurons) and their coexpression with NF200 (80% coex-
pression; Caterina et al., 1999) strongly argues that cells
expressing TRPM8 and VRL-1 are also distinct. There-
fore, by using various markers we have shown that

Figure 6. Current Evoked by Menthol in TRPM8-Expressing CHO TRPM8 is expressed in a subclass of nociceptors/ther-
Cells moreceptors that is distinct from noxious heat-sensing
(A) Inward currents evoked by 1 mM menthol (Vh � �60 mV) are neurons, and this correlates well with physiological
inactivated by increasing the temperature from 25�C to 45�C. studies of cold-sensitive DRG neurons (Hensel, 1981).
(B) Current-voltage relationship for response to 1 mM menthol. Cur-

As such, TRPM8 will be an important starting point forrents show pronounced outward rectification in the presence of
molecular studies of cold perception. A human genementhol not seen in the absence of this agonist.
with a high degree of similarity to mouse TRPM8 but no
known function was recently shown to be expressed in
prostate tissue (Tsavaler et al., 2001).

temperatures (4�C–15�C) and temperatures below 0�C All three molecules identified as thermoreceptors be-
(Simone and Kajander, 1997). The downstream events long to the TRP group of channels. VR1 and VRL1 are
comprising the cold-stimulated response are also not closely related (47% identity) and sense heat, while
clear. It has been suggested that cold may depolarize TRPM8 (which is 21% identical to VR1) responds to cold
nerve fibers by inhibiting a sodium-potassium ATPase temperature. The most significant similarity between
or by inhibiting a potassium channel, and recent studies TRPM8 and TRPVs is found in the transmembrane do-
proposed that cold stimulates calcium influx into cells main, while the intracellular N and C termini are quite
(Reid and Flonta, 2001a, 2001b; Suto and Gotoh, 1999). divergent. All three, however, act as calcium-permeable

We have discovered that cells overexpressing TRPM8 nonselective cation channels. Further work on the rela-
show increased intracellular calcium levels when sub- tionship between structure and function of these chan-
jected to cold temperatures ranging from 23�C to 10�C nels may reveal much about how thermal energy is trans-
(the lower limit of our temperature-controlled perfusion mitted into neural activity. Given that humans can detect
system). The calcium influx and electrophysiological temperature variations as small as 1�C, it is likely that

other channels and receptors are involved in tempera-studies demonstrate that TRMP8 is a nonselective
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Figure 7. Current Evoked by Menthol at
�60 mV

(A) Single examples, from two different cells,
of current evoked by applying 0.1, 0.5, 1, and
10 mM menthol at 22�C and 35�C.
(B) Comparison of response (mean � SEM,
n � 5 for all points) of current evoked by
menthol either at 22�C or 35�C.

hr at 68�C in ExpressHyb hybridization solution (Clontech), washedture perception. For example, although DEG/EnaC
according to the manufacturer’s high-stringency washing protocol,channels do not respond to thermal stimuli alone, their
and exposed to a phosphoimager screen for 1–3 days.activity can be modulated by cold temperature (Askwith

For in situ hybridizations, newborn and adult tissues were dis-
et al., 2001). As the first molecule to respond to cold sected, fixed in 4% paraformaldehyde in PBS, cryoprotected, and
temperatures and menthol, TRPM8 offers interesting in- frozen in liquid nitrogen in OCT mounting medium. Cryostat sections

(10 �m) were processed and hybridized with a digoxygenin cRNAsight into the fundamental biology of cold perception.
probe generated by in vitro transcription (Roche Biochemicals). TheModulation of TRPM8 activity may also be relevant for
mouse TRPM8 mRNA specific antisense riboprobe correspondedtherapeutic applications: cold treatment is often used
to nucelotides 1410–1980 of the mTRPM8 sequence. Fluorescenceas a method of pain relief, and in some instances, hyper-
detection and double-labeling experiments were carried out with the

sensitivity to cold can lead to cold allodynia in patients tyramide signal amplification kit (TSA; NEN) essentially as previously
suffering from neuropathic pain. described (Dong et al., 2001). Following in situ hybridization, immu-

nofluorescence was performed with anti-CGRP (1:100; Biogenesis),
IB-4 (10 �g/ml; Sigma), anti-VR1 (1/2000; Abcam), and anti-NF150Experimental Procedures
(1/1000; Chemicon) and was detected with FITC or CY3 (10 �g/ml;
Jackson Immunoresearch). Although all panels shown in these stud-Molecular Cloning of mTRPM8
ies demonstrate lack of coexpression, this was not due to technicalFor PCR cloning, primer 163f (5	-CAAGTTTGTCCGCCTCTTTC) and
issues since additional probes/antibodies were used as controls to164r (5	-AACTGTCTGGAGCTGGCAGT) were designed from the
ensure our double-labeling protocol with the TRPM8 in situ probeHMM sequences for TRPM8 as a result of blast hits and used to
was working (data not shown).amplify a 699 nucleotide fragment of TRPM8 from newborn DRG

cDNA. From this initial sequence and exon prediction programs,
rapid amplification of cDNA ends (RACE) PCR (Clontech) was used Generation of Mouse TRPM8-Expressing CHO Cell Lines
to obtain the 5	 and 3	 ends of TRPM-8 from mouse newborn DRG Mouse TRPM8 cDNA was subcloned in pcDNA5 (Invitrogen) and
cDNA following the manufacturer’s protocol. transfected into CHO-K1/FRT cells using Fugene 6 (Roche). The

transfected cells were selected by growth in MEM medium con-
taining 200 �g/ml hygromycin (GIBCO-BRL). Populations were fro-Expression Analysis
zen at early passage numbers, and these stocks were used forNorthern blots were made as follows: total RNA was purified from
further studies. Stable clones that expressed the mRNAs were iden-mouse newborn and adult tissues using TRIzol LS (Invitrogen/
tified by Northern blot analysis as well as Southern blotting to con-GIBCO Life Technologies), followed by poly(A)� purification with
firm integration site (not shown).Oligotex (Qiagen) according to the manufacturer’s protocols. Ap-

proximately 3 �g of sample was electrophoresed on 1% glyoxal
gels, transferred, and hybridized at high stringency with a 32P-labeled Imaging of Intracellular Calcium Levels [Ca2�]i

Calcium imaging experiments were performed essentially as pre-probe representing nucleotides 1410–1980 of the mouse full-length
TRPM8 sequence. Commercial Northern blots (Clontech) were hy- viously described (Savidge et al., 2001). Briefly, cells were plated
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