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The menthol receptor TRPM8 is the principal detector
of environmental cold
Diana M. Bautista1,2*, Jan Siemens1,2*, Joshua M. Glazer5*, Pamela R. Tsuruda1,2, Allan I. Basbaum3,4,
Cheryl L. Stucky5, Sven-Eric Jordt6 & David Julius1,2

Sensory nerve fibres can detect changes in temperature over a
remarkably wide range, a process that has been proposed to
involve direct activation of thermosensitive excitatory transient
receptor potential (TRP) ion channels1–4. One such channel—
TRP melastatin 8 (TRPM8) or cold and menthol receptor 1
(CMR1)—is activated by chemical cooling agents (such as men-
thol) or when ambient temperatures drop below 26 6C, suggest-
ing that it mediates the detection of cold thermal stimuli by
primary afferent sensory neurons5,6. However, some studies have
questioned the contribution of TRPM8 to cold detection or pro-
posed that other excitatory or inhibitory channels are more critical
to this sensory modality in vivo7–10. Here we show that cultured
sensory neurons and intact sensory nerve fibres from TRPM8-
deficient mice exhibit profoundly diminished responses to cold.
These animals also show clear behavioural deficits in their ability
to discriminate between cold and warm surfaces, or to respond to
evaporative cooling. At the same time, TRPM8 mutant mice are
not completely insensitive to cold as they avoid contact with sur-
faces below 10 6C, albeit with reduced efficiency. Thus, our find-
ings demonstrate an essential and predominant role for TRPM8 in
thermosensation over a wide range of cold temperatures, validat-
ing the hypothesis2 that TRP channels are the principal sensors of
thermal stimuli in the peripheral nervous system.
We generated TRPM8-deficient mice through targeted deletion of a
genomic region encoding amino acids 594–661 within the presumpt-
ive cytoplasmic amino-terminal domain. In addition to removing
coding information, this manipulation introduced a stop codon
before and a frameshift after the deleted segment (Fig. 1a). Suc-
cessful targeting was verified by Southern blotting and RT–PCR ana-
lysis of transcripts from trigeminal ganglia of wild-type and mutant
mice (Fig. 1b). The resulting TRPM82/2 mice were normal in overall
appearance and viability, and matings between heterozygous animals
produced siblings with normal mendelian distributions for gender
and genotype. Moreover, mutant and wild-type littermates showed
no differences in core body temperature (37.4 6 0.15 uC and 37.4 6

0.13 uC, respectively; n 5 11 mice per genotype).
Sensory ganglia from TRPM8-deficient mice appeared anatomically

normal, as was assessed by staining with a variety of immunological
probes that label peptidergic, unmyelinated or vanilloid-responsive
neurons (Fig. 1c, d). Thus, antibodies directed against substance P
(peripherin) or the capsaicin receptor (TRPV1) revealed an identical
prevalence of labelled cells in trigeminal ganglia from wild-type and
mutant mice. In contrast, TRPM8 immunoreactivity was specifically
absent from trigeminal ganglia or the peripheral free nerve endings of
adult mutant mice. Central projections of primary afferent fibres to
the spinal cord of TRPM82/2 mice were also devoid of TRPM8

immunoreactivity, while those from wild-type littermates showed a
robust pattern of staining that was confined to the most superficial
layer of the dorsal horn (lamina I), a region that is innervated by
primary afferent nociceptors, including those expressing TRPV1.
Importantly, polymerase chain reaction (PCR) analysis showed that
TRPM82/2 mice produce a truncated non-functional transcript from
the disrupted locus, enabling us to demonstrate by in situ hybridiza-
tion histochemistry that loss of TRPM8 protein expression does not
eliminate neurons that normally express this channel (Supplemen-
tary Fig. 1).

Functional disruption of the TRPM8 gene was assessed by using
live-cell calcium imaging to measure the sensitivity of trigeminal and
dorsal root ganglion neurons to cooling agents. Consistent with pre-
vious observations5,11, approximately 17% of neurons cultured from
wild-type ganglia showed rapid and robust responses to bath applied
menthol (100 mM) or the super-cooling agent icilin (100 mM).
Neurons from TRPM82/2 mice were completely unresponsive to
either compound (Fig. 2a, b). In contrast, TRPM8-deficient neurons
displayed normal sensitivity to capsaicin or the TRPA1 agonist, allyl
isothiocyanate (mustard oil)12,13 (Fig. 2b). Icilin, which is a weak
TRPA1 agonist14, activated all mustard-oil-sensitive neurons at
concentrations over 500 mM, regardless of genotype (not shown).
Together, these results verify selective loss of TRPM8 activity in
mutant mice and suggest that this channel is the sole target through
which menthol and icilin mediate their cooling effects.

Next, we asked whether TRPM8 ablation affects cellular cold sens-
itivity. When challenged with a cooling gradient (30 to 8 uC over 30 s),
,22% of trigeminal neurons from wild-type mice showed significant
increases in cellular calcium levels, as previously described11 (Fig. 2c,
d). These cold-sensitive neurons could be segregated into two distinct
populations: most (77%) were menthol-sensitive, showed a rapid
activation rate (dCa21/dT 5 40 nmol s21), and had an average res-
ponse threshold of 22 uC when cooled from a holding temperature
of 30 uC. As observed with the cloned TRPM8 channel, the activation
threshold of this neuronal subpopulation shifted to 16 uC when cooled
from a holding temperature of 22 uC (not shown), suggesting that
both cloned and native channels show adaptation15. The remaining
23% of cold-sensitive neurons (5% of all neurons) were menthol-,
capsaicin- and mustard-oil-insensitive; they showed a substantially
slower cold activation rate (dCa21/dT 5 4 nmol s21), smaller peak
cold-evoked calcium response (300 nM), and had an average response
threshold of 12 uC irrespective of starting temperature. Trigeminal
neurons from TRPM82/2 mice showed a dramatic reduction in
the total number of cold-sensitive neurons, with only 4% of cells
responding to the cold ramp (Fig. 2c, d). The response properties of
these residual cold-sensitive neurons closely matched those of the
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menthol-insensitive population present in cultures from wild-type
ganglia. Thus TRPM8 ablation results in a profound reduction in both
the number and magnitude of cellular cold responses, leaving intact
a small cohort of neurons that respond to cold with an activation
threshold of ,12 uC, and probably correspond to the menthol-
insensitive component of cold-sensitive neurons from wild-type gan-
glia. No significant differences in chemical or thermal responses were
observed between dorsal root ganglia and trigeminal neurons, irre-
spective of genotype (Supplementary Table 1).

In contrast to differences in cold sensitivity, TRPM8-deficient
neurons showed normal responses to heat. When exposed to a heat
ramp (30 to 45 uC in 45 s), 44% of trigeminal neurons from
TRPM82/2 mice were heat-sensitive, compared with 41% from
wild-type littermates. Conversely, mice lacking the capsaicin receptor
TRPV1 showed a normal prevalence of cold-sensitive neurons, but a
substantial reduction in the number of cells responding to heat, as
expected (Fig. 2d).

We next used the skin-nerve preparation to ask whether TRPM8
mediates cold responses at the peripheral terminals of cutaneous
afferent fibres16,17. When subjected to a cold ramp (32 to 2 uC over
20 s), 35% of C fibres from wild-type mice showed robust action
potential firing. As expected, cold-evoked firing rates of these
fibres showed adaptation within the first 8 s of the cold ramp
(Supplementary Fig. 2b). In contrast, only 5.4% of C fibres from

TRPM8-deficient mice responded to cold (P , 0.0001; Fisher’s exact
test; Fig. 3a, b), and these residual cold-sensitive units had signifi-
cantly decreased firing rates (Fig. 3b; P , 0.0001; t-test). Basal
(ongoing) action potential firing at skin temperature (32 uC) is a
property of cold-sensitive fibres18,19, and indeed we found that
wild-type cold-activated C fibres had significantly higher baseline
firing rates than cold-insensitive fibres (Supplementary Fig. 2a).
The number of C fibres showing baseline activity did not differ sig-
nificantly when comparing wild-type and TRPM8-deficient prepara-
tions (60% versus 45%; P 5 0.14, Fisher’s exact test). However, C
fibres from TRPM8-deficient mice showed a significantly reduced
basal firing rate, akin to that observed in cold-insensitive units from
wild-type littermates (Supplementary Fig. 2a). These results suggest
that TRPM8 also modulates the characteristic basal firing rate of the
majority of cold-sensitive C fibres. Among myelinated Ad fibres, cold
also elicited firing of A-mechanoreceptors (AM), albeit less robustly
than generally observed with unmyelinated C fibres (Fig. 3c). In wild-
type preparations, 16.7% of these units showed cold-evoked action
potentials, whereas only 1 of 26 (3.9%) AM fibres from TRPM8-
deficient mice responded with comparable firing rates (Fig. 3d).

In contrast to these robust deficits in cold sensitivity, the elec-
trical response characteristics of TRPM8-deficient fibres, includ-
ing conduction velocity and electrical activation threshold, were
almost identical to those of wild-type littermates. Furthermore, the
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Figure 1 | Generation and histological analysis
of TRPM8-deficient mice. a, TRPM8 gene
targeting strategy introduces a stop codon within
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(black bars on genomic map); blue bar depicts
self-excising ACN neomycin expression cassette;
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b, Southern blot (top) confirms targeting of
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alleles, respectively. RT–PCR (bottom) confirms
the absence of normal TRPM8 transcripts in
trigeminal ganglia from TRPM82/2 mice.
Primers amplifying a 1 kb region from exon 13 of
the TRPM8 gene do not generate a product with
RNA from TRPM82/2 ganglia. As positive
control, a 700 base pair (bp) region of TRPA1 was
amplified from wild-type or TRPM82/2 ganglia.
c, Immunohistochemical analysis using anti-
TRPV1, anti-substance P, or anti-peripherin
antibodies shows similar distribution of labelled
cells in TRPM8-deficient and wild-type
trigeminal ganglia. In contrast, TRPM8
immunoreactivity is absent from TRPM82/2

ganglia, whereas wild-type sections show staining
in ,13% of neurons (2–3 animals per genotype).
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d, Immunostaining of trigeminal ganglia (left),
corneal afferents (middle), and spinal cord dorsal
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TRPV1 (red) antibodies reveals selective loss of
TRPM8 expression in TRPM82/2 mice. Scale
bars, 50 mm.
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mechanical thresholds of C and AM fibres did not differ significantly
between genotypes (Supplementary Fig. 2d). Taken together, these
findings demonstrate that loss of TRPM8 expression results in a
selective deficit in cold sensitivity of both C and AM fibres, without
affecting other aspects of electrical and mechanical excitability.

To assess behavioural cold sensitivity, we first measured acute
flinching responses to acetone-evoked evaporative cooling of the
hind paw. TRPM8-deficient mice showed a significant reduction
(,50%) in this nocifensive response compared to wild-type litter-
mates (Fig. 4a). Next, we asked whether these animals also exhibit
deficits in their ability to discriminate between warm and cold
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No significant differences were observed between dorsal root ganglia and
trigeminal neurons, irrespective of genotype (Supplementary Table 1).
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activated with a threshold of 12 uC, 17% at 22 uC, and 44% at 45 uC. The 22 uC
threshold group was absent from TRPM8-deficient ganglia (red bars), while
the 12 uC and 45 uC populations were unaltered. In contrast, the 45 uC
population was substantially reduced (to 14%) in TRPV1-deficient ganglia
(black bars), whereas cold-sensitive populations were unaltered (n . 420
neurons per genotype). **P , 0.01, ***P , 0.001, one-way analysis of variance
(ANOVA) analysis followed by Tukey’s HSD post-hoc analysis. No significant
differences were observed when comparing chemical or thermal sensitivity of
wild-type and TRPM8 heterozygous neurons (not shown). Graphs display
mean 6 s.e.m.

a

b

c

d

C fibres

AM fibres

32 ºC

2 ºC

40

C
o
ld

-a
c
ti
v
a
te

d
 f

ib
re

s
 (

%
)

30

***
***

20

10

0

40

C
o
ld

-a
c
ti
v
a
te

d
 f
ib

re
s
 (

%
)

30

20

10

0

10

A
v
e

ra
g

e
 c

o
ld

-e
v
o

k
e

d

re
s
p

o
n

s
e

 (
s
p

ik
e

s
 s

–
1
)

8

6

2

4

0

32 ºC

2 ºC 5
0

 µ
V

10 s

1
0

0
 µ

V
10 s

TRPM8+/+

TRPM8+/+

TRPM8–/–

32 ºC

2 ºC

32 ºC

2 ºC

TRPM8+/+

TRPM8–/–

TRPM8–/–

10

A
v
e

ra
g

e
 c

o
ld

-e
v
o

k
e

d

re
s
p

o
n

s
e

 (
s
p

ik
e

s
 s

–
1
)

8

6

2

4

0

TRPM8+/+

TRPM8–/–

Figure 3 | TRPM8-deficient nerve fibres show loss of cold sensitivity.
a, Typical response of wild-type (top) and TRPM8-deficient (bottom)
cutaneous C fibre to a cold ramp (32 to 2 uC, over 20 s). Action potential
waveform is shown to right of trace. b, Percentage of C fibres responding to
cold ramp in wild-type (black; n 5 60) versus TRPM82/2 (red; n 5 56) mice
(left). Average cold-evoked action potential firing rate in C fibres of wild-type
(n 5 21) versus TRPM82/2 (n 5 3) mice (right; mean 6 s.e.m.). c, Typical
response of wild-type (top) and TRPM8-deficient (bottom) cutaneous AM
fibre to a cold ramp (32 to 2 uC, over 20 s). d, Percentage of AM fibres
responding to cold ramp in wild-type (black; n 5 24) versus TRPM82/2 (red;
n 5 26) mice (left). Average cold-evoked action potential firing rate in AM
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(right). ***P , 0.001, Student’s t-test or Fisher’s exact test.
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surfaces. Animals were allowed to explore adjacent surfaces, with one
held at 30 uC and the other ranging from 49 to 5 uC (Fig. 4b). The
percentage of time spent on the 30 uC surface was measured over a
5 min period. When placed on equivalent temperatures (both 30 uC),
neither wild-type nor mutant mice displayed a preference, spending
equal time on each side, as expected (Fig. 4c). As the variable plate
was cooled, wild-type mice showed a clear preference for the 30 uC
side, spending less time on the cold side as temperature decreased.
In striking contrast, TRPM8-deficient littermates showed relatively
little, if any, preference for the 30 uC side until the adjacent surface
dropped below 15 uC (Fig. 4c), a threshold that has been suggested to
represent a demarcation between innocuous cool and noxious cold in
primates20. But even at these lower temperatures, TRPM82/2 mice
explored the cold surface for an extended period, taking substantially
more time than wild-type littermates to appreciate the aversive nat-
ure of the environment relative to the warmer side. Wild-type and
mutant mice also exhibited striking differences in their patterns of

exploratory behaviour when approaching a cold surface. After their
initial contact with the colder surface, wild-type animals approached
the plate with apparent trepidation, making only rapid and brief
contact with their front paws before withdrawing to the warmer side.
In contrast, TRPM8-deficient mice made full transitions to the cold
side and showed relatively uninhibited exploratory behaviour, as
reflected by the greater number of crossings between adjacent sur-
faces (Supplementary Video 1). Nonetheless, mutant mice displayed
normal preference for 30 uC over noxious heat (49 uC), and thus did
not exhibit a general deficiency in thermosensation (Fig. 4c).

We also examined nocifensive behaviours by placing animals on a
single plate set to a variety of noxious temperatures. Equivalent lick-
ing, flinching or shivering responses were observed when TRPM8-
deficient or wild-type mice were placed on a plate set to 52, 10, 0 or
25 uC (Fig. 4d). No behavioural responses were observed at non-
noxious settings of 20 and 30 uC (not shown). Similar findings were
obtained using a behavioural paradigm that measures time to paw
withdrawal from a radiant heat source, where mutant and wild-type
mice showed similar latencies (11.8 6 0.42 s and 12.2 6 0.49 s,
respectively; n 5 11 per genotype; Supplementary Fig. 3). Baseline
mechanical sensitivity was also normal in TRPM8-deficient mice;
paw-withdrawal thresholds to graded mechanical force did not differ
with genotype (0.77 6 0.12 g and 0.73 6 0.09 g for TRPM82/2 and
TRPM81/1 littermates, respectively; n 5 23 per genotype; Supple-
mentary Fig. 3). Taken together, our results show that TRPM8 is
specifically required for normal cold sensation, but not for the detec-
tion of pressure or heat.

Cloning of the capsaicin receptor TRPV1 and its heat-sensitive
homologue TRPV2 led to the prediction that a family of TRP channel
subtypes mediates peripheral temperature detection over a wide
physiological range, from hot to cold2. Molecular characterization
of TRPM8 bolstered this hypothesis because the electrophysiological
and pharmacological properties of the cloned channel resemble those
of a major subclass of native cold-evoked membrane currents5,10,15,21.
However, some studies have suggested that a significant component
of cold-evoked neuronal depolarization or fibre excitation is mediated
by other entities, such as epithelial sodium channels, TRPA1, back-
ground potassium channels, or ion pumps7,8,14,22–24. It has also been
proposed that cold evokes psychophysical sensations through its
effects on vascular tone, which are then transduced to sensory affer-
ents indirectly25,26. Our present results show that TRPM8 is essential
for a large component of cold sensitivity, whether assessed at the
cellular, nerve terminal or behavioural level. These findings solidify
the importance of this channel, and the primary afferent nerve fibre,
for the direct detection of environmental cold. More generally, our
results confirm the hypothesis that TRP channels serve as the principal
transducers of thermal stimuli within the mammalian peripheral
nervous system.

TRPM8-deficient mice retain a small, but finite number of cold-
sensitive neurons, consistent with our fibre recordings showing a
small residual population of cold-sensitive C and AM units. More-
over, these animals display aversion to cold at temperatures below
15 uC, which is considered to be an approximate demarcation
between innocuous cool and noxious cold20,27. These observations
suggest that TRPM8-independent mechanisms exist for the detection
of cold, and are consistent with a number of cellular studies des-
cribing a population of menthol-insensitive, cold-sensitive neu-
rons11,14,28. The residual cold-sensitive neurons and fibres that we
observe in TRPM8-deficient mice probably correspond to this
population on the basis of the similar prevalence and activation
threshold of ,12 uC. The molecular mechanism underlying this
small, but finite cold sensitivity remains unknown, but could involve
modulation of other excitatory or inhibitory channels on primary
afferent sensory neurons. The mustard-oil receptor TRPA1 has been
proposed to function as a detector of noxious cold by menthol-
insensitive nociceptors14, although recent electrophysiological and
genetic studies suggest otherwise11,15,29,30. In any case, our present
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results show that the residual cold-sensitive neurons in TRPM8-
deficient mice are not mustard-oil-sensitive, suggesting that
TRPA1 does not underlie this response. Consistent with these cellular
findings, TRPA1-deficient mice (males or females) were indistin-
guishable from wild-type littermates when examined for behavioural
responses to cold using the two-plate choice test (Supplementary Fig.
4). Furthermore, a recent analysis of skin-nerve preparations from
TRPA1-deficient mice showed no deficit in cold responsiveness in
either C or A fibre nociceptors (C.L.S. and personal communication
from K. Y. Kwan).

Our behavioural analysis shows that TRPM8 constitutes the prim-
ary, if not sole determinant of thermosensitivity in the cool range,
and that it also contributes to the detection of noxious cold, defined
as temperatures below 15 uC. It remains to be determined whether
the small residual population of cold-sensitive neurons and fibres
enables TRPM82/2 mice to recognize noxious cold. In addition to
activating TRPM8, noxious cold may also activate sensory nerve
fibres indirectly by provoking tissue injury or changes in vascular
tone, thereby leading to the production or release of pro-algesic
agents that evoke pain by stimulating nociceptors. Alternatively,
aversion to noxious cold may be triggered by the inhibition of
warm-sensing fibres. TRPM8-deficient mice now provide a genetic
model with which to dissect this residual aspect of cold sensation.

METHODS
Mouse genetics. TRPM8-deficient mice were generated through homologous

recombination in E14Tg2A.4 embryonic stem cells. Positive clones were injected

into C57/Bl6 blastocysts and male chimaeras mated to C57/Bl6 females.

Heterozygotes thus produced were crossed to generate paired F2 littermates

for all studies.

Histology. Frozen paraformaldehyde-fixed tissue sections were prepared from
trigeminal ganglia of wild-type or TRPM8-deficient mice and incubated with a

variety of previously characterized antibody or nucleic acid probes. For any given

marker, quantification of labelled cells was assessed while blind to genotype.

Cell and nerve fibre physiology. Dissociated sensory neurons from trigeminal

or dorsal root ganglia of wild-type and TRPM8-deficient mice were placed in

culture and analysed for chemical or thermal sensitivity using Fura 2-AM based

ratiometric calcium imaging. The skin-nerve preparation was used to obtain

electrophysiological recordings from desheathed saphenous nerve. Single affer-

ent units were identified using an unbiased electrical search stimulus and sub-

sequently examined for responsiveness to a cold ramp in which perfusate

temperature decreased from 32 to 2 uC over 20 s. Both calcium imaging and

nerve fibre recording were carried out with preparations from individual litter-

mates while blind to genotype.

Behaviour. Cold sensitivity was assessed using acetone-evoked evaporative cool-

ing or two-plate choice tests. Response latencies to noxious temperatures were

measured using radiant heating or single hot/cold plate paradigms. Mechanical

thresholds were determined using calibrated von Frey filaments. Behavioural

studies were carried out with paired littermates while blind to genotype. All

experiments were performed according to the policies and recommendations
of the International Association for the Study of Pain and approved by the

University of California, San Francisco Institution Animal Care and Use

Committee.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
TRPM8 gene disruption. The targeting construct deleted 569 base pairs of

genomic sequence within exons 13 and 14. Genomic DNA flanking the deleted

region (1.9 and 8.7 kb) was PCR-amplified with KOD polymerase (Novagen/

Toboyo) from clones 326P3 and 572M11 of the RPCI-22 Bac library

(Invitrogen), subcloned and sequenced. Fragments were transferred to pACN,

a vector with a neomycin cassette that is removed through self-excision in the

male germline31. Linearized targeting construct was transfected into E14Tg2A.4

mouse embryonic stem cells (UCSF Core Facility). G418-resistant clones were

screened for homologous recombination by PCR and verified by Southern blot-

ting using 59 and 39 flanking probes as well as a neomycin cassette probe.

Targeted embryonic stem cell clones were injected into C57/Bl6 blastocysts
and chimaeric mice mated to C57/Bl6 females. Heterozygotes were mated to

produce paired littermates for all studies. Germline transmission of the mutated

allele and excision of the selection cassette were verified by PCR analysis and

Southern blotting.

Histology and PCR. Cryostat sections (15mm thick) were prepared from para-

formaldehyde-fixed trigeminal ganglia as described2. Sections were incubated

overnight at 4 uC with affinity purified guinea pig anti-mouse TRPV1 antiserum

diluted 1:1,000 (Julius laboratory), affinity purified rabbit anti-rat TRPM8 anti-

serum diluted 1:1,000 (kindly provided by M. Tominaga), guinea pig anti-

substance P antiserum diluted 1:20,000 (kindly provided by J. Maggio), or goat

anti-peripherin antiserum (Santa Cruz Biotechnology). Primary antisera were

visualized by subsequent incubation with AlexaFluor 594- or 488-coupled

secondary antibody (Invitrogen). For RT–PCR, total RNA was isolated from
trigeminal ganglia of TRPM82/2 or TRPM81/1 mice and 1 mg was used to

synthesize first-strand complementary DNA using SuperScript II reverse tran-

scriptase (Invitrogen) according to the manufacturer’s protocol. PCR was

carried out using primer pairs corresponding to nucleotides 1909–1933 and

2907–2931 for mouse TRPM8, and 1681–1710 and 2453–2481 for mouse

TRPA1.

Calcium imaging. Dissociation and culturing of mouse trigeminal or dorsal root

ganglion neurons and ratiometric calcium imaging were carried out as prev-

iously described11. For calcium imaging experiments, analysis was performed on

neurons cultured from individual littermates while blind to genotype. Thermal

threshold were defined as the temperature at which the response exceeds the

standard deviation of the baseline by fivefold.

Skin-nerve preparation and fibre analysis. Mice were anaesthetized with iso-

fluorane and sacrificed via cervical dislocation. Saphenous nerve and skin from

the medial dorsum of the hind paw were dissected free and placed corium side up

into a tissue bath superfused with oxygen-saturated synthetic interstitial fluid

containing (in mM): 123 NaCl, 3.5 KCl, 0.7 MgSO4, 1.7 NaH2PO4, 2.0 CaCl2, 9.5

sodium gluconate, 5.5 glucose, 7.5 sucrose and 10 HEPES, 290 mOsm, pH 7.45 6

0.05, at 32.0 6 0.5 uC. The saphenous nerve was desheathed and teased into fine

filaments for extracellular recordings as previously described16,17. Single afferent

units were identified using an electrical search stimulus in which a Teflon-coated

steel needle electrode (2 MV impedance, uninsulated tip diameter of 10 mm) was

inserted systematically across the skin preparation while square-wave pulses

(500ms, 6 mA) were applied. Following action potential (signal-to-noise
ratio . 3) identification, the surrounding tissue was probed to identify the low-

est electrical threshold. This point corresponded reliably to the most mechanic-

ally sensitive part of the receptive field in mechanically sensitive fibres as

determined by calibrated von Frey filaments. Conduction velocity was calculated

as previously described16. Units conducting slower than 1.2 m s21 were classified

as unmyelinated C fibres, those conducting between 1.2 and 10 m s21 were

classified as thinly myelinated Ad fibres, and those exhibiting slowly adapting

responses to sustained force were further classified as AM fibres. C fibres and AM

fibres were characterized for cold responsiveness. Cold stimuli were delivered

as follows: first, physiological zero buffer (32 uC) was applied to the isolated

receptive field for 20 s. Next, a cold ramp was applied from 32 to 2 uC over a

20 s duration. Action potentials were recorded and analysed as previously

described16. The number of action potentials evoked during a 32 uC buffer stimu-

lus (20 s) was subtracted from the total number evoked during the cold ramp.

For each fibre, the cold threshold was identified as the temperature at which the

firing rate exceeded five times the standard deviation of the baseline firing rate

sampled during the 32 uC stimulus. All experiments and analyses were per-

formed blind to genotype. One-way ANOVA and Student’s t-test were used to

determine significance between wild-type and mutant responses, as indicated in
the figure legends.

Behaviour. All mice (20–35 g) were housed with 12 h light–dark cycle at an

ambient temperature of 21 uC and experiments were performed under the pol-

icies and recommendations of the International Association for the Study of Pain

and approved by the University of California, San Francisco Institution Animal

Care and Use Committee. Core body temperature was measured rectally with a

thermocouple probe (Physitemp). A 50% mechanical threshold was determined
with von Frey hair filaments using the ‘up and down paradigm’ starting with

0.1 g and ending with a 2.0 g filament as a cut-off value. Noxious thermal thresh-

olds were determined using an adaptation of the radiant heat test32, and cold/hot

plate tests in which the temperature of the platform was varied between 152 to –

10 uC. Time to first response for shivering, flinching or hind paw lifting was

recorded with a cut-off value of 300 s for cold or 20 s for heat to prevent thermal

injury. Responses to evaporative cooling were assessed by applying acetone to the

hind paw as previously described11. For the two-plate choice test, animals were

placed in a chamber containing identical adjacent platforms with one set to 30 uC
and the other adjusted to various temperatures. Mice were free to explore and the

total time spent on each surface was recorded over a 5 min period. All data sets

were analysed using two- or one-way ANOVA analysis followed by Tukey’s HSD

post-hoc analysis. All behavioural tests were performed by a single individual

who was blind to genotype. Behavioural experiments were performed with F2

generation littermates and thus it is formally possible that strain-polymorphic

determinants could contribute to cold preference behaviour if they are closely

linked to the TRPM8 locus. Future analysis of animals on a more uniform genetic

background will address this issue.
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