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Somatosensory neurons detect environmental stimuli, converting external cues into neural activity that
is relayed first to second-order neurons in the spinal cord. The detection of cold is proposed to be med-
iated by the ion channels TRPM8 and TRPA1. However, there is significant debate regarding the role of
each channel in cold-evoked pain, complicating their potential as drug targets for conditions such as cold
allodynia and hyperalgesia. To address this debate, we generated mice lacking functional copies of both
channels and examined behaviors and neural activity in response to painful cold and noxious cooling
compounds. Whereas normal mice display a robust preference for warmth over cold, both TRPM8-null
(TRPM8�/�) and TRPM8/TRPA1 double-knockout mice (DKO) display no preference until temperatures
reach the extreme noxious range. Additionally, in contrast to wildtype mice that avoid touching cold sur-
faces, mice lacking TRPM8 channels display no such avoidance and explore noxious cold surfaces, even at
5 �C. Furthermore, nocifensive behaviors to the cold-mimetic icilin are absent in TRPM8�/� and DKO
mice, but are retained in TRPA1-nulls (TRPA1�/�). Finally, neural activity, measured by expression of
the immediate-early gene c-fos, evoked by hindpaw stimulation with noxious cold, menthol, or icilin is
reduced in TRPM8�/� and DKO mice, but not in TRPA1�/� animals. Thus our results show that noxious
cold signaling is exclusive to TRPM8, mediating neural and behavioral responses to cold and cold-mimet-
ics, and that TRPA1 is not required for acute cold pain in mammals.

� 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
1. Introduction

Changes in environmental temperature are detected by special-
ized somatosensory neurons whose somata reside in the dorsal
root (DRG) or trigeminal (TG) ganglia and project afferent nerve fi-
bers to peripheral tissues such as the skin [6]. When temperatures
reach values that are considered noxious, 43 �C for heat and 15 �C
for cold, nociceptors are activated and painful or aversive signals
are transmitted to the central nervous system [6]. Cold-evoked
pain is less robust than that produced by heat, but is a common
complaint of patients suffering from complex regional pain syn-
drome (CRPS), diabetic neuropathy, peripheral or central nerve in-
jury, and small-fiber neuropathies [11,46,47,49]. Whether the
origin of such cold hypersensitivity is at the level of the peripheral
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nerve, or due to changes in higher processing of peripheral cold
stimuli is not clear [49].

The ability of primary afferent neurons to respond to environ-
mental temperatures is conferred by temperature-sensitive mem-
bers of the transient receptor potential (TRP) family of ion
channels. Two particular TRP channels, TRPM8 and TRPA1, have
been linked to cold sensation [26]. TRPM8 was first identified
through its sensitivity to cold and the cold-mimetics menthol
and icilin in vitro [37,42], and recent analyses of TRPM8-deficient
(TRPM8�/�) mice suggest that it is the principle cold sensor
in vivo [9,15,18]. While TRPM8 plays a significant role in injury-
evoked hypersensitivity to cold following sciatic nerve injury or
tissue inflammation [15], there is debate as to whether the channel
mediates cold pain. Recombinant TRPA1 also responds to cold tem-
peratures (<17 �C) [48]. However, these findings have been difficult
to reproduce in neurons, with the literature containing a relatively
equal number of reports for or against TRPA1 conferring cold sen-
sitivity in vitro [12,35]. Furthermore, analyses of TRPA1-null
(TRPA1�/�) mice have yielded conflicting data, with one group
reporting no deficits in acute cold sensing, a second observing re-
duced cold sensitivity in female but not male mice, and a third
showing cold deficits after prolonged exposure to cold [7,30,29].
Elsevier B.V. All rights reserved.
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Thus a vigorous debate remains on the roles of TRPM8 and TRPA1
in acute noxious cold sensing in vivo.

To firmly define the role of either channel in cold signaling, we
have examined cellular, neural, and behavioral responses to nox-
ious cold and pungent and irritating cooling compounds. In mice
lacking both channels (DKO), we observed deficiencies in cold-
evoked cell activity, preference behaviors and chemical nocifensive
responses that were equivalent to TRPM8�/� mice. In addition,
wildtype mice display robust noxious cold avoidance behaviors
that are dependent on TRPM8 expression alone. Moreover, cold-
evoked in vivo neural activity, measured by examining expression
of the immediate-early gene c-fos (Fos) in spinal cord dorsal horn
neurons [14], was dependent on TRPM8, but not TRPA1. These data
show that TRPM8 is not solely a cool-sensor, but plays a key role in
cold pain. Thus, future strategies to alleviate cold allodynia and
hyperalgesia should target neurons and neural circuits that either
express TRPM8 or are part of a larger TRPM8-mediated signaling
pathway.
2. Methods

2.1. Animals

Adult (P6 weeks old) wildtype, TRPM8�/� and TRPA1�/� mice
on the C57/Bl6 background were used in all experiments [7,9].
TRPM8�/�/TRPA1�/� double-knockout mice (DKO) were generated
by crosses of TRPM8�/� and TRPA1�/� single-knockout mice.
Breeding of the F2 generation produced mice normal in overall
appearance and viability, and matings between heterozygous ani-
mals produced wildtype, heterozygous, and homozygous mutant
male and female offspring with expected Mendelian ratios. Ani-
mals were genotyped by PCR screening using separate protocols
for the TRPA1 and TRPM8 alleles. Tail DNA was amplified in a ther-
mal cycler (Biorad), and amplified products were resolved by aga-
rose gel electrophoresis.

2.2. Trpa1

Forward 50-AGCTGCATGTGTGAATTAAATTCTTGACA-30

Reverse 50-ATCAACTACCAGTAAGTTCATGAGAACA-30

Primers should yield a PCR product of 296 base pairs in wild-
type animals (Supplementary Fig. 1; lane 2), and a PCR product
of 213 base pairs in TRPA1-deficient animals (Supplementary
Fig. 1, lane 3).
2.3. Trpm8

Forward 50-CCTTGGCTGCTGGATTCACACAGC-30

Reverse 50CAGGCTGAGCGATGAAATGCTGATCTG-30

Primers should yield a PCR product of 1000 basepairs in wild-
type animals (Supplementary Fig. 1; lane 5), and a PCR product
of 500 basepairs in TRPM8-deficient animals (Supplementary
Fig. 1, lane 6).

The PCR products from a DKO mouse are displayed in Supple-
mentary Fig. 1 (lanes 4 and 7).

All experiments were performed in accordance with the Univer-
sity of Southern California and the University of California, Berkeley
Departments of Animal Resources and Institutional Animal Care
and Use Committee guidelines and the ethical standards and guide-
lines of the International Association for the Study of Pain [54].

2.4. Peripheral stimulation

For cold stimulations, mice were deeply anesthetized with
50 mg/kg pentobarbital i.p. and one hindpaw dipped into an ice-
water bath (�0 �C) for 30 s of every 2 min, repeated 15 times over
30 min total. For all pharmacological experiments, mice were
briefly anesthetized with isoflurane and given a 10 ll intraplantar
injection of one of the following solutions into one hindpaw using a
27 gauge needle: 2.4 mg/ml icilin, 800 lg/ml menthol, 500 lg/ml
capsaicin, 5% mustard oil, or vehicle (80% DMSO/20% PBS, pH 7.4).

2.5. Tissue preparation

Two hours after the initial stimulus, anesthetized mice were
transcardially perfused with 30 ml PBS (pH 7.4) followed by
30 ml ice-cold 4% paraformaldehyde in PBS (PFA). Spinal cords
were removed and L4–L6 tissue was post-fixed in 4% PFA for 1 h
at 4 �C, cryoprotected in 30% sucrose in PBS overnight at 4 �C,
and then frozen in OCT medium (Sakura). Twenty micron thick sec-
tions were cut, mounted onto slides, and stored at �80 �C.

2.6. Immunohistochemistry

Samples were thawed, washed with PBS, incubated in 1% H2O2

for 30 min, washed, and blocked in 10% normal goat serum (NGS)
in 0.3% Triton X-100 in PBS (Tri-X) for 1 h. Samples were then incu-
bated with 1:1250 rabbit-anti-Fos antibody (K-25, Santa Cruz) in
1% NGS in Tri-X in a humidified chamber at room temperature
overnight. Samples were processed with the Vector Labs Elite
ABC kit (rabbit) according to the manufacturer’s instructions. Sam-
ples were incubated in 1:20 diaminobenzadine (DAB; Invitrogen)
in PBS for 15 min, in 1:20 DAB in 0.003% H2O2 in PBS for 5 min,
then in 1:20 DAB in 0.015% H2O2 in PBS for 5 min. Finally, slides
were washed, cover-slipped, and analyzed.

Brightfield images were captured on an Olympus IX70 fluores-
cent microscope with Sutter Lambda LS light source, Roper Cool-
Snap ES camera, and the MetaImaging Software suite. Nuclei
counts were obtained by using the ImageJ software (National
Institutes of Health) with the Automatic Nuclei Counter plug-in
(available at http://www.bioimage.ucsb.edu/downloads/auto-
matic-nuclei-counter-plug-in-for-imagej), threshold values set
between 7.0 and 10.0 and cell diameter of 7–9 pixels, counted by
outlining the region of interest (dorsal horn) within the image. In
addition, all computer-generated data were verified manually on
randomly picked samples. Differences between regions, stimuli,
and genotypes were tested for significance using a two-sample
independent t-test or one-way ANOVA followed by Tukey’s HSD
post hoc analysis, as appropriate. All data are listed means ± stan-
dard error of the mean (sem).

2.7. Behavioral analyses

Behaviors of wildtype, TRPM8�/�, TRPA1�/� and DKO mice after
unilateral hindpaw injections of 2.4 mg/ml icilin (10 ll) were vi-
deo-recorded over the first 20 min following injection. The number
of paw licking, shaking, lifting, and other flinching behaviors were
quantified from the videos, as was the cumulative time of the
20 min period the mice spent attending to the injected paw. For
the two-plate temperature choice test, wildtype, TRPM8�/�and
DKO mice were placed in a chamber containing two identical, adja-
cent floor platforms with one set to 30 �C and the other set to one
of the following different temperatures: 30, 27, 25, 20, 15, 10 or
5 �C. Mice were free to explore for 5 min and each test was video-
taped for later analysis of the total time spent on each surface (sur-
face preference) and the number of times an animal moved to an
adjacent platform (surface avoidance) over the test period. Be-
tween trials, animals were rehabituated to the chamber with each
surface set to 30 �C, and the control surface was alternated be-
tween trials. All data sets were analyzed using two- or one-way
ANOVA analysis followed by Tukey’s HSD post hoc analysis.
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2.8. Live-cell calcium imaging

Trigeminal ganglia were dissected from newborn mice of the
various genotypes and dissociated with 0.25% collagenase P (Roche
Applied Science, Indianapolis, IN) in a solution of 50% DMEM (Dul-
becco’s Modification of Eagle’s Medium with 4.5 g/L glucose, L-glu-
tamine and sodium pyruvate, Mediatech, Inc., Manassas, VA) and
50% F-12 (HAM F-12 Nutrient Mixture with L-glutamine, Invitrogen
Corporation, Carlsbad, CA) for 30 min. The ganglia were then pel-
leted and resuspended in 0.05% trypsin at 37 �C for 2 min and trit-
urated gently with a fire-polished Pasteur pipette in culture
medium (DMEM/F-12 with 10% FBS and penicillin–streptomycin).
Cells were then resuspended in culture medium with 100 ng/ml
nerve growth factor 7S (Invitrogen Corporation, Carlsbad, CA)
and plated onto coverslips coated with 20 ll/ml Matrigel (BD Bio-
sciences, Inc., San Jose, CA). Cultures were examined 16–20 h after
plating. Intracellular Ca2+ was determined with the cell-permeable
Fig. 1. Cellular cold sensitivity is similar in TRPM8�/�, and DKO mice. (A) Trigeminal neu
followed by high KCl (75 mM) to depolarize and excite all neurons. Responses were asse
(from 0 to 4) which represents the relative calcium concentration in the cell. (B) Prevalenc
cultures from wildtype (white), TRPA1�/� (dashed-lines), TRPM8�/� (gray) and DKO (bla
menthol-evoked responses, whereas there were no differences (p > 0.05) between resp
***p < 0.001). Data are means ± sem.
form of Fura-2 (Invitrogen, Carlsbad, CA) as described [37] and
pseudo-colored ratiometric images were captured on an Olympus
IX70 fluorescent microscope with Sutter Lambda LS light source,
Roper CoolSnap ES camera, and the MetaImaging Software suite.
Data presented are means ± sem.
3. Results

3.1. TRPM8�/� and TRPM8�/�/TRPA1�/� double-knockout mice display
similar deficits in cellular cold responses

Both TRPM8 and TRPA1 have been linked to cold perception, yet
the role of TRPA1 in cold sensing in vitro and in vivo remains con-
troversial [16]. Some studies have shown deficits in cellular cold
responses in TRPA1-null mice, [30,29] whereas others have not
[7,31]. This may be due to the presence of functional TRPM8 chan-
rons from wildtype (top) and DKO (bottom) mice were challenged with cold (9 �C),
ssed by calcium imaging. The pseudo-color scale shows the F340/F380 Fura-2 ratio
e of neurons responding to cold or menthol (250 lM) was determined for trigeminal

ck) mice. TRPM8�/� and DKO neurons showed a significant attenuation of cold- and
onses in neurons from wildtype and TRPA1�/� mice (n P 400 neurons/genotype;



Fig. 2. Cold preference and avoidance behaviors are dependent on TRPM8 and not
TRPA1. (A) Wildtype, TRPM8�/� and DKO mice were allowed to choose between
adjacent surfaces adjusted to 30 �C versus a range of temperatures, as shown. The
percentage of time spent on the 30 �C plate over a 5 min period is shown and data
are from 10 wildtype, 7 TRPM8�/�, and 6 DKO animals. (B) TRPM8�/� and DKO mice
do not avoid contact with noxious cold temperatures. The number of times each
animal made a full transition (crossing) between adjacent surfaces was counted
over a 5 min period (n = 5 for wildtype, 3 for TRPM8�/� and 7 for DKO). *p < 0.05,
**p < 0.01, ***p < 0.001. Data are means ± sem.
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nels that compensate for the loss of TRPA1. In contrast, somatic
neurons isolated from TRPM8-deficient mice display dramatic
losses in cold sensitivity and menthol sensitivity [7,30,34]. How-
ever, a small population of menthol-insensitive, cold-sensitive
neurons persist [7], and these responses have been attributed to
TRPA1. To clearly establish a role for TRPA1 and TRPM8 in cellular
cold sensitivity, we generated TRPM8�/�/TRPA1�/� DKO mice (Sup-
plementary Fig. 1) and examined the contribution of these chan-
nels to noxious cold signaling in vitro. When challenged with a
cooling gradient from 35 to 9 �C, about 12% of trigeminal neurons
from wildtype mice showed significant increases in intracellular
calcium levels (Fig. 1). The majority of these cold-sensitive neurons
were menthol sensitive (86%). Neurons from TRPM8�/� and DKO
mice showed a dramatic reduction in the total number of cold-sen-
sitive neurons, with only �3% of cells showing responses to cold
(Fig. 1B) [9], and the residual cold-evoked responses in single
and DKO animals were smaller in amplitude than those observed
in wildtype neurons (not shown). Moreover, there were no differ-
ences in cellular cold sensitivity in neurons isolated from TRPA1�/�

animals in comparison to wildtype mice, as has been shown previ-
ously (Fig. 1B) [7,20,34]. The reduction in the number and magni-
tude of cellular cold responses in TRPM8�/� animals supports a key
role for TRPM8 in cold-evoked responses in vitro. Furthermore, as
there were no additional deficits in cold responses in neurons ob-
tained from DKO animals, these data suggest that TRPA1 does not
mediate cold responses, even in the absence of TRPM8 expression
in vitro.

3.2. TRPM8�/� and DKO mice display similar deficits in the two-
temperature preference assay

TRPM8�/� mice show a remarkable inability to discriminate be-
tween warm (30 �C) and cold temperatures, down to 15 �C, when
assayed on the two-temperature preference test (Fig. 2A) [9]. How-
ever, when given the choice of 30 �C versus more noxious cold
temperatures, 10 or 5 �C, TRPM8�/� mice do spend more time on
the warmer side. Unlike TRPM8�/� mice, TRPA1�/� mice were pre-
viously shown to exhibit no significant differences in temperature
preference at any temperature, as compared to wildtype mice [9].
It is possible that in TRPA1-deficient animals, TRPM8 expression
may compensate for the lack of TRPA1, thus masking the normal
contribution of the latter in cold sensing. In addition, TRPA1 has
been proposed to mediate the preference for warmth over noxious
cold temperatures observed in TRPM8-deficient mice. To address
these questions, we tested the ability of DKO mice to detect cold
using a temperature preference test.

Animals were allowed to freely explore adjacent surfaces, one
held constantly at 30 �C with the other variable surface set to tem-
peratures ranging from 30 to 5 �C, and the amount of time spent on
the 30 �C surface was measured over a 5-min period (Fig. 2A).
When placed on equivalent temperatures (30–30 �C) wildtype
and all mutant mice displayed no preference, spending statistically
equal amounts of time on each side (percent time on the control
30 �C plate 54.7 ± 1.3% wildtype, n = 10; 52.3 ± 1.9% TRPM8�/�,
n = 7; 53.7 ± 1.2% DKO, n = 6; p > 0.05). As the variable-temperature
test plate was cooled, wildtype mice showed a clear preference for
the 30 �C side (98.6 ± 0.4% by 5 �C), as previously reported [9]. In
contrast, DKO mice displayed similar behaviors to those observed
in TRPM8-knockout mice, displaying no preference between 30
and 15 �C (57.1 ± 1.3% time on 30 �C; p > 0.05). However, like
TRPM8�/� mice, the DKO animals began to spend more time on
the warm surface as temperatures approached 10 �C. Interestingly,
even though both TRPM8�/� and DKO mice do show a strong pref-
erence for the warm surface at 10 and 5 �C, the time spent on the
30 �C surface was slightly, but significantly, reduced compared to
wildtype animals (Fig. 2A; p < 0.05). For example, when prefer-
ences were examined at 10 �C, wildtype mice spent 94.3 ± 0.7% of
the time on the 30 �C plate while TRPM8�/� and DKO mice spent
83.3 ± 3.5% and 91.8 ± 0.8% of the time on the 30 �C plate, respec-
tively (p < 0.05 compared to wildtype). These data suggest that
while these mice do prefer warmer surfaces, this preference is still
somewhat diminished compared to control mice, indicating that
TRPM8 is involved in the detection of noxious cold (615 �C)
whereas TRPA1 appears not to be involved since the DKO mutants
exhibit similar behavior. A lack of an additional deficit in the DKO
mutants is consistent with previous analyses of TRPA1�/� mice in
the two-temperature preference test in which no differences were
observed between the mutants and wildtype animals [9].

3.3. TRPM8�/� mice are deficient in the detection of noxious cold

A caveat for the preference assay is that it does not distinguish
between behaviors indicative of preference for warmth versus
avoidance of cold. Thus, in order to directly measure cold avoid-
ance, we also examined temperature sampling behaviors by quan-
tifying the number of times the animals crossed from one plate to
another, finding that wildtype mice significantly reduced the num-
ber of crossings as the temperature of the test plate decreased
(Fig. 2B). When both plates were set to 30 �C, wildtype mice had
an average of 9.8 ± 0.4 crossings during the 5-min test period,
whereas when the test plate was lowered to 5 �C, this number



Fig. 3. Icilin-induced flinching behaviors are dependent on TRPM8 but not TRPA1.
(A) Flinching behaviors recorded over a 20 min period after injection of icilin into
the hindpaw were counted in wildtype (n = 6), TRPM8�/� (n = 5), TRPA1�/� (n = 6),
and DKO (n = 8) mice. (B) The cumulative time animals spent attending to their
stimulated paw was quantified. TRPM8�/� and DKO mice spent significantly less of
the observation period than wildtype or TRPA1�/� mice. **p < 0.01. Data are
means ± sem.
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was significantly reduced to 2.4 ± 0.4 (p < 0.001). Thus wildtype
mice clearly avoid contact with noxious cold temperatures. How-
ever, even at an extreme cold temperature of 5 �C, the average
number of crossings made by TRPM8�/� and DKO mice was signif-
icantly different from wildtypes (8.0 ± 0.6 for TRPM8�/� and
8.2 ± 0.4 for DKO; p < 0.01). Moreover, in both mutant genotypes,
the number of crossings made when the variable plate was set to
5 �C was not different from when it was at 30 �C (p > 0.05). These
data clearly show that mice lacking TRPM8 are unable to perceive
noxious cold temperatures as aversive. Furthermore, abolishing
expression of both channels does not lead to additional deficiencies
in cold-sensing beyond those observed in TRPM8-null animals.

3.4. Icilin-evoked nocifensive behaviors are lost in TRPM8�/� mice but
retained in TRPA1�/� mice

Next we asked if chemical cooling agents can evoke a nocifen-
sive behavior and if these were dependent on either TRPM8 or
TRPA1. Intraperitoneal injection of the cold-mimetic icilin induces
robust shivering and shaking behaviors in rodents, referred to as
‘‘wet dog shakes” [52], and previous studies have shown that these
behaviors are TRPM8 dependent [15,18]. However, these responses
relate to whole-animal effects reflective of changes in homeostatic
thermal regulation likely related to controlling core body tempera-
ture [19], which cannot be classified as clearly nocifensive. More-
over, nocifensive-like behaviors to icilin have yet to be reported.
Finally, recombinant TRPA1 channels are also activated by icilin
[48], in addition to a plethora of other reactive compounds
[8,22,33,32], but the dependence of icilin-evoked behaviors on
TRPA1 has yet to be reported. Thus we used intraplantar injections
of icilin to assess evoked nocifensive responses and their depen-
dence on TRPM8 or TRPA1. Under this stimulation paradigm,
whole-animal behaviors were rarely observed and responses were
largely limited to the injected hindpaw. Wildtype, TRPM8�/�,
TRPA1�/�, and DKO mice were observed for 20 min following uni-
lateral hindpaw injections of icilin. Wildtype (n = 6) and TRPA1�/�

(n = 6) mice showed a high number of paw flinches following icilin
injection (mean 40.8 ± 8.1 and 40.8 ± 5.8 behaviors, respectively),
while TRPM8�/� (n = 5) and DKO (n = 8) mice exhibited a signifi-
cantly reduced number of behaviors (5.6 ± 1.9 and 9.6 ± 1.9, respec-
tively; p < 0.01 compared to wildtype; Fig. 3A). Furthermore, the
cumulative time over the 20-min observation period that the ani-
mals spent attending to their stimulated hindpaws followed the
same pattern, with TRPM8�/� and DKO mice spending significantly
less time on average (27.2 ± 11.7 s and 38.0 ± 9.5 s, respectively)
than either wildtype (169.5 ± 25.0 s) or TRPA1�/� mice
(212.5 ± 45.3 s; p < 0.01; Fig. 3B). As in previous assays, we ob-
served no additional deficits in DKO animals in comparison to
TRPM8�/� mice (Fig. 3A and B; p > 0.05). These data show that
intraplantar injection of icilin can evoke a nocifensive response that
resembles pain behaviors associated with noxious temperatures
and that, consistent with icilin-evoked whole-animal behaviors
[18], these responses are dependent upon TRPM8 and not TRPA1.

3.5. Peripheral stimulation with cold and cold-mimetics induces Fos
expression in the spinal cord dorsal horn

Our cellular recordings and behavioral data clearly show that
responses to cold and cold-mimetics such as icilin are dependent
upon TRPM8. However, the complexity of animal behaviors com-
bined with the indirectness of cellular recordings highlights the
need for alternative assays that can measure changes in neural
activity in vivo that result from peripheral stimulation. Therefore,
to address the role of TRPM8 and TRPA1 in cold and cold-mimetic
responses, we examined expression of the immediate-early gene c-
fos (Fos) in the mouse spinal cord dorsal horn following unilateral
hindpaw stimulation [23]. Fos expression can be induced by a wide
array of stimuli and is a reliable marker of elevated activity in
spinal cord neurons following peripheral stimulation [14].

We first examined spinal Fos expression in anesthetized wild-
type mice after noxious cold-temperature stimulation of the hind-
paw. Repeated unilateral exposure to 0 �C over a 30 min period
induced robust Fos expression in the dorsal spinal cord ipsilateral
to the site of stimulation (Fig. 4A and F), similar to the extreme-
cold-induced expression previously observed in rats [1]. An average
of 43.3 ± 2.0 Fos-positive nuclei were observed per lumbar section
on the ipsilateral side, while significantly less labeled nuclei
(17.0 ± 3.0 nuclei labeled per section) were found contralaterally
(Fig. 4F; n = 4; p < 0.001). Fos-positive cells were localized primarily
to laminae I and II of the dorsal horn (Supplementary Fig. 2), the cen-
tral termination zone of thermosensitive and nociceptive sensory
afferents [27]. Furthermore, the induction of Fos was exclusively
neuronal as all positive nuclei co-labeled with immunoreactivity
for the neuronal nuclear marker NeuN (data not shown). Thus
peripheral cold stimulation at noxious, near-freezing temperatures
robustly increases neuronal activity-related gene expression in sec-
ond-order neurons within the cold neural circuitry of the spinal cord.

Next we compared the levels of cold-evoked Fos expression to
those evoked by the cold-mimetics menthol and icilin. Intraplantar
injection of menthol or icilin produced significant numbers of Fos-
positive nuclei in the ipsilateral dorsal horn, an average of
47.0 ± 1.5 ipsilateral cells and 14.6 ± 2.0 contralateral cells (n = 7;



Fig. 4. Cold, menthol and icilin induce Fos expression in the spinal cord dorsal horn. Unilateral stimulation of the mouse hindpaw with 0 �C (A), intraplantar injection of
menthol (B; MEN), icilin (C), capsaicin (D; CAPS) or mustard oil (E; MO) lead to increased levels of Fos protein in cell nuclei in the L4–L6 region of the spinal cord dorsal horn
ipsilateral to the site of stimulation. Details of the specific stimulation conditions are listed in Section 2. (F) All stimuli led to significantly more Fos+ nuclei in the ipsilateral
dorsal horn compared to that in the contralateral. Vehicle injections induced a small but statistically insignificant amount of Fos in the same region compared to other
regions. Scale bar = 50 lm; ***p < 0.001. Data are means ± sem.
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p < 0.001) for menthol stimulation and 47.1 ± 2.6 ipsilateral cells
and 10.9 ± 1.2 contralateral cells (n = 12; p < 0.001) per section
for icilin (Fig. 4B, C and F). There were no significant differences
in the laminar distribution of Fos-labeled nuclei across the differ-
ent stimuli (Supplementary Fig. 2). Furthermore, the mean levels
of Fos induced in the ipsilateral spinal cord by cold, menthol, or ici-
lin were equivalent across each stimulus, suggesting that the ex-
tent of activation of these putative cold neural circuits was equal
and saturated (Fig. 4F, p > 0.05).

As control injections, we used the TRPV1 and TRPA1 agonists
capsaicin and mustard oil, respectively, as well as vehicle alone,
finding that the mean number of labeled nuclei was 50.5 ± 4.5 ipsi-
lateral and 11.4 ± 1.2 contralateral for capsaicin (n = 8), 51.8 ± 1.7
ipsilateral and 9.3 ± 2.4 contralateral for mustard oil (n = 4), and
8.5 ± 1.3 ipsilateral and 4.5 ± 1.3 contralateral for vehicle (n = 4)
(Fig. 4D–F). Remarkably, a comparison of the levels of Fos induced
by icilin, capsaicin, or mustard oil revealed no significant differ-
ences (p > 0.05) between the groups (even in laminar distribution,
Supplementary Figs. 2 and 3), indicating that each stimulus acti-
vated an equivalent number of neurons in the spinal cord
(Fig. 4F). These data show that peripheral stimulation with ago-
nists for TRPM8, TRPV1, or TRPA1 leads to robust and comparable
Fos expression in the dorsal horn.
Fig. 5. Cold- and cold-mimetic-induced Fos expression is dependent on TRPM8. Stimulat
robust Fos expression only in mice lacking functional TRPM8 channels. (D) Fos levels ips
DKO (n = 3–4) mice compared to TRPA1�/� (n = 4–6) and wildtype (n = 4–12) animals. S
3.6. Cold- and cold-mimetic-induced Fos expression is dependent on
TRPM8

Next we set out to establish the genetic basis for the induction
of Fos expression by cold and cold-mimetics by first repeating our
cold stimulation paradigm in TRPM8�/� mice [9]. Unilateral cold
stimulation of the hindpaw of TRPM8�/� mice resulted in an aver-
age of 18.3 ± 0.3 cells ipsilateral and 8.0 ± 1.0 cells contralateral to
the stimulation site (n = 3; p < 0.001; Fig. 5A and D). Although the
difference between ipsilateral and contralateral levels was signifi-
cant, the levels of ipsilateral Fos were clearly reduced from wild-
types (p < 0.001; Fig. 5D). That some cold-evoked neural activity
is retained in TRPM8�/� mice is consistent with previous cellular
studies and our current analyses (see Fig. 1) [9,15,18].

We then tested menthol and icilin stimulation in TRPM8�/�

mice, finding that menthol induced Fos expression in 14.3 ± 1.2
ipsilateral nuclei on average (n = 3, p < 0.001 versus wildtypes;
Fig. 5B and D), while icilin injections induced expression in an
average of 9.8 ± 2.1 ipsilateral nuclei (n = 5, p < 0.001 versus wild-
types; Fig. 5C and D). No significant differences were found be-
tween ipsilateral and contralateral levels in either the menthol or
icilin stimulation conditions (p > 0.05). Moreover, there were no
statistical differences (p > 0.05) in the levels of Fos expression in
ion with cold (A), or intraplantar injection of menthol (B) or icilin (C) failed to induce
ilateral to the stimulation site were significantly reduced in TRPM8�/� (n = 3–5) and
cale bar = 50 lm; **p < 0.01, N.S. = p > 0.05. Data are means ± sem.
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menthol- or icilin-injected TRPM8�/�mice compared to vehicle-in-
jected controls (vehicle n = 4; p > 0.05; data not shown). We also
examined Fos expression in mice heterozygous for TRPM8
(TRPM8+/�), finding that intraplantar injection of either menthol-
or icilin-evoked Fos expression in the spinal cord dorsal horn at
levels intermediate to both wildtype and TRPM8�/� mice (Supple-
mentary Fig. 4). Finally, to ensure that TRPM8�/� and TRPM8+/�

mice are capable of mounting a wildtype-like Fos response upon
peripheral stimulation, we performed intraplantar injections of
capsaicin, finding no differences in Fos expression compared to
wildtypes (p > 0.05; Fig. 6). Taken together, these data indicate that
activity-induced changes in gene expression in dorsal horn neu-
rons resulting from peripheral cold and cold-mimetic stimuli are
dependent upon TRPM8.

3.7. TRPA1 is not involved in cold- or icilin-induced spinal Fos
expression

In addition to robust activation of TRPM8 [37], cold, menthol,
and icilin have been reported to also activate TRPA1 channels in
heterologous expression systems under specific conditions
Fig. 6. TRPM8-null mice are still capable of Fos induction upon peripheral stimulation. TR
of 1.6 mM capsaicin, showing robust Fos activation in the ipsilateral dorsal horn. (C) Bo
identical to that found in capsaicin-injected wildtype mice (wildtype data taken from
means ± sem.
[48,28]. As TRPA1 is proposed to be involved in cold sensing
in vivo [48,29,30], we asked if the small residual Fos expression
we observed in cold-stimulated TRPM8�/� mice was due to activa-
tion of TRPA1, and if menthol- or icilin-induced Fos expression is
reduced in TRPA1-null mice [7]. We repeated our cold stimulus
paradigm and the intraplantar menthol and icilin injections in
TRPA1�/� mice, finding the average number of Fos-positive nuclei
observed in animals stimulated with cold, menthol, or icilin was
43.3 ± 1.3 ipsilateral and 15.5 ± 3.5 contralateral (n = 4), 40.3 ± 1.0
ipsilateral and 19.0 ± 4.1 contralateral (n = 4), or 45.3 ± 2.6 ipsilat-
eral and 16.7 ± 1.5 contralateral (n = 3), respectively (all p < 0.001
ipsi vs contra, Fig. 5A–D). The number of Fos-positive nuclei in-
duced by cold, menthol, or icilin was indistinguishable from that
observed in wildtype animals (p > 0.05). In contrast, mustard oil-
evoked Fos expression was significantly reduced in TRPA1�/� mice
versus wildtype controls (average 16.0 ± 0.6 ipsilateral nuclei,
n = 3, p < 0.01; Supplementary Fig. 5).

The lack of deficits in cold-evoked Fos expression and cold
behaviors observed in TRPA1�/� mice may result from compensa-
tion and activity of functional TRPM8 channels [7]. Thus we exam-
ined cold-evoked Fos expression in DKO mice. Stimulation with
PM8+/� (A) and TRPM8�/� (B) mice were given unilateral hindpaw injections of 10 ll
th genotypes showed statistically more ipsilateral Fos labeling than contralateral,
Fig. 4 and S2 for comparison purposes). Scale bar = 50 lm; ***p < 0.001. Data are
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cold, menthol, or icilin resulted in mean levels of Fos-positive nu-
clei as follows: 21.5 ± 1.0 ipsilateral nuclei and 13.0 ± 2.1 contralat-
eral nuclei for cold stimulation (n = 4), 13.5 ± 1.9 ipsilateral nuclei
and 13.5 ± 0.6 contralateral nuclei for menthol stimulation
(n = 4), and 15.2 ± 1.4 ipsilateral nuclei and 12.3 ± 1.8 contralateral
nuclei for icilin stimulation (n = 6) (Fig. 5A–D). In only the cold
stimulation group did we find a significantly higher number of la-
beled nuclei (p < 0.05; not shown) on the ipsilateral side compared
to the contralateral side, as was observed before in cold-stimulated
TRPM8�/� mice. Moreover, no additional deficits were observed in
the DKO animals beyond those observed in TRPM8�/� mice. Thus
these data show that, at the level of gene expression induced by
neural activity, TRPM8 is required for acute sensing of cold and
cold-mimetics and further support the findings that TRPA1 serves
no role in acute cold detection.
4. Discussion

Despite extensive study there remains a vigorous debate
regarding the roles of TRPM8 and TRPA1 in cold sensing in vivo
[12]. While it is clear that TRPM8 has a fundamental role in the
detection of cold temperatures, a point of conjecture has been
whether or not the channel is involved in the detection of innocu-
ous cool, noxious cold, or both sensations. In vitro, cold-evoked
TRPM8 currents occur at a threshold of �26 �C, with activity
increasing in magnitude down to 8 �C [37]. This high temperature
activation threshold was thought to preclude the channel from
involvement in cold nociception, despite the fact that channel
activity covers both innocuous cool (�30–15 �C) and noxious cold
temperatures (<15 �C). However, care must be taken when corre-
lating psychophysical and behavioral responses to surface skin
cooling to in vitro channel properties as there is little correlation
between skin surface temperature and that at the subcutaneous
location of peripheral nerve terminals where these channels reside.
For example, Morin and Bushnell correlated surface temperatures
to those recorded at a subcutaneous site 1 mm below the skin sur-
face, near the epidermal–dermal boundary [38]. When a subfreez-
ing temperature of �5 �C was applied to the skin for 30 s,
subcutaneous temperatures were reduced to approximately 17 �C
[38]. Thus when skin is exposed to temperatures well below the
noxious threshold, subcutaneous temperatures are within the acti-
vation range of TRPM8, suggesting that the in vitro thermosensitiv-
ity range of the channel is more akin to a noxious cold sensor than
one simply detecting innocuous cool.

Cellular assays reveal that approximately 10–20% of cultured
sensory neurons respond with an increase in intracellular calcium
when provoked by a cold stimulus [37,50]. Of these, <20% are
insensitive to menthol and appear to be present in TRPM8-null ani-
mals, suggesting a TRPM8-independent transduction mechanism
[7,9,15,18]. Our results show that these residual cellular responses
are TRPA1 independent as there are no differences in neurons ob-
tained from DKO mice compared to TRPM8�/� animals. The iden-
tity of the mechanism(s) responsible for this residual cold
response in vitro is yet to be determined, but a few possibilities
have been proposed [10]. For example, both potassium and sodium
conductances have been shown to be involved in cold signaling
[2,34,40,44,50,53,], although it is unlikely that these mediate cold
detection and likely are essential for supporting and maintaining
electrical impulses generated at cold temperatures.

Recent analyses of TRPM8-deficient rodents show that the
channel mediates a variety of cold responses, including cold detec-
tion, injury-evoked hypersensitivity to cold and, paradoxically,
cooling-mediated analgesia [9,15,16,18,43]. However, these stud-
ies highlight the difficulty in measuring nocifensive responses to
cold temperatures [3]. For example, in two-temperature preference
assays, TRPM8�/� mice prefer warmer temperatures to those
610 �C [9,18], again suggesting the existence of TRPM8-indepen-
dent mechanisms at these temperatures [13]. Nonetheless, there
are small but statistically significant differences in these behaviors
when compared to wildtype mice, suggesting that TRPM8�/� mice
are incapable of normal cold-evoked behaviors. What remains to
be determined is what underlies the residual preference for
warmth in TRPM8�/� mice at temperatures below 15 �C. One
hypothesis is that these preference behaviors result from a coun-
ter-balance of inputs from both cold and heat sensing afferent fi-
bers. Here we present novel data in support of this hypothesis,
clearly showing that when the assay is evaluated for cold avoid-
ance instead of warm preference, TRPM8�/� mice are unable to
appropriately detect temperatures down to 5 �C. Indeed, there
are no differences in the rate at which TRPM8�/�mice sample tem-
peratures at 30 versus 5 �C, suggesting that these mice do not per-
ceive these temperatures as noxious and therefore still sample the
cold surfaces without hesitation or aversion. However, in an ex-
treme cold environment, a lack of input from heat sensors may
promote innate warmth-seeking behaviors that drive the animals
towards the warm surface and away from the cold. Indeed, such
behaviors are commonly observed in invertebrates [36] and future
analyses using operant behavioral paradigms may help tease apart
cold-avoidant versus warm-seeking behaviors. Finally, while it is
not clear if these behaviors are indicative of aversion due to the
sensation of cold pain or if they reflect an inability to avoid a
non-preferred temperature, these results demonstrate the impor-
tance of TRPM8 in the proper detection of noxious cold
temperatures.

TRPA1 was first reported to be activated by cold and icilin when
expressed in heterologous systems [48]. However, several groups
report no correlation between cold sensitivity and responsiveness
to TRPA1 agonists in somatosensory neurons [4,20,25,39], and sev-
eral studies disagree as to whether recombinant TRPA1 channels
are intrinsically cold sensitive [5,29,39,55]. These conflicting data
have muddled the role of TRPA1 in thermosensation and it was
hoped that TRPA1-null mice would resolve these issues [35], but,
as has often been the case for this enigmatic channel, the results
were less than clear. Two independent knockout lines were charac-
terized at the cellular, nerve fiber, and behavioral levels with only
one found to have deficiencies in cold-evoked behaviors [7,30].
Curiously, these deficiencies only reached statistical significance
in female but not male mice [30], which is complicated by the fact
that the estrus cycle, which can profoundly influence behaviors,
was not reported [21,41]. In contrast, a second study reported no
deficits in TRPA1�/� mice in a variety of cold assays, including
evaporative cooling, hindpaw lifts, shivering [7], and thermal pref-
erence [9], regardless of gender or estrus cycle stage. Similarly,
recordings using the ex-vivo skin nerve preparation found no dif-
ferences in cold sensitive fibers isolated from TRPA1�/� mice or
wildtype littermates [31], whereas almost all cold-evoked re-
sponses were lost in TRPM8�/� mice using identical recordings
[9]. Indeed, cold-evoked responses at all temperatures tested
(30–0 �C) were significantly reduced in TRPM8-nulls [9], further
suggesting that the channel mediates a broad range of cold re-
sponses [16].

The phenotype of TRPA1�/� mice was recently reassessed in a
report showing deficiencies in escape behaviors in these animals
when placed on a 0 �C plate for a prolonged period of over 2 min
[29]. Traditional measures of paw licking, guarding and whole-ani-
mal shivering were normal in TRPA1�/� mice and it is unclear
whether a 2-min exposure to 0 �C induces tissue damage, as expo-
sure times of animals to these extremes are typically limited to
5–60 s [53]. Since TRPA1 is a key mediator of inflammatory hyper-
sensitivity, acting as a gate keeper to thermal and mechanical
hypersensitivity, these altered escape behaviors could result from
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cold-evoked tissue damage, which was not measured. It would be
interesting to probe escape behaviors of these mice exposed to
other thermal and mechanical extremes to determine if this is a
general phenomenon, or if it is specific to cold.

The confusing behavioral results from TRPA1�/� mice, along
with the imprecision inherent in mouse behavioral testing, lead
us to conclude that an alternative method of testing in vivo cold
sensation and response to cold-mimetics was needed. Activation
of the immediate-early gene c-fos upon peripheral stimulation
was an appealing candidate as it is widely used as a measure of
neural activity within the CNS [14,23]. Surprisingly, neither men-
thol nor icilin has been applied to peripheral tissues such as the
hindpaw to examine spinal Fos induction. When infused in the
bladder or the nasal mucosa, menthol-evoked Fos expression has
been reported [24,51], yet only one study observed Fos in spinal
neurons when the hindpaw was stimulated with extreme cold
(<�10 �C) for a period of 3 min [1]. We find that repeated and brief
hindpaw exposures to 0 �C can invoke robust Fos expression. It is
likely that in the previous assay cold fibers adapted to this pro-
longed stimulus, thereby reducing overall neural activity [17,45],
whereas the current protocol allows continuous neuronal activity
for 30 min. Remarkably, stimulation with both thermal and chem-
ical stimuli led to equivalent numbers of Fos-labeled neurons in
the spinal cord and at levels similar to that induced by the nocicep-
tive agents capsaicin and mustard oil. These results are surprising
given that capsaicin and mustard oil activate a larger percentage of
afferent neurons and demonstrate that cold and cold-mimetics
stimulation is sufficient to produce a vigorous Fos response.

With the establishment of a robust stimulation paradigm, we
tested the genetic dependence of these responses in relation to
TRPM8 and TRPA1 by examining the ability of cold, menthol, and
icilin to induce spinal cord Fos in mice lacking either channel.
TRPM8�/� mice are unable to mount a normal Fos response to
these stimuli, although in the case of cold a small but statistically
significant amount of Fos was found in the dorsal horn ipsilateral
to the stimulation site. Interestingly, the residual Fos expression
to cold seen in TRPM8�/� mice was preserved in DKO animals, thus
excluding TRPA1 as a candidate for in vivo noxious cold signaling.
However, our study clearly indicates that while TRPA1 may be a
good clinical target for heat or mechanical-related symptoms,
TRPM8 should be the primary target for cold pain management.
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