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TRPA1 functions as an excitatory ionotropic receptor in sensory
neurons. It was originally described as a noxious cold-activated
channel, but its cold sensitivity has been disputed in later studies,
and the contribution of TRPA1 to thermosensing is currently a
matter of strong debate. Here, we provide several lines of evidence
to establish that TRPA1 acts as a cold sensor in vitro and in vivo.
First, we demonstrate that heterologously expressed TRPA1 is acti-
vated by cold in a Ca2*-independent and Ca?* store-independent
manner; temperature-dependent gating of TRPA1 is mechanisti-
cally analogous to that of other temperature-sensitive TRP chan-
nels, and it is preserved after treatment with the TRPA1 agonist
mustard oil. Second, we identify and characterize a specific subset
of cold-sensitive trigeminal ganglion neurons that is absent in TRPA1-
deficient mice. Finally, cold plate and tail-flick experiments reveal
TRPA1-dependent, cold-induced nociceptive behavior in mice. We
conclude that TRPA1 acts as a major sensor for noxious cold.
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S ensing the environmental temperature is essential for animals
to maintain thermal homeostasis and to avoid prolonged con-
tact with harmfully hot or cold objects (1). Our understanding of the
molecular basis of thermosensation has made great strides with the
discovery that several members of the transient receptor potential
(TRP) cation channel family exhibit highly temperature-sensitive
gating and are expressed in cells of the sensory system (1). Mice
lacking specific temperature-sensitive TRP channels illustrate how
these channels serve as molecular thermometers in the peripheral
sensory system (2). At least 3 heat-activated members of the TRPV
subfamily (TRPV1, TRPV3, and TRPV4) are critically involved in
sensing hot temperatures. TRPMS, a channel activated by cold
temperatures and cooling compounds, such as menthol, plays a
major role in cold sensing (1). Importantly, although TRPMS-
deficient mice exhibit significant deficits in cold sensing in the
temperature range between 28°C and 15°C, they retain a normal
response to noxious cold temperatures, demonstrating the exis-
tence of TRPMS8-independent mechanisms to detect noxious cold
(3-5). TRPAL1 has been put forward as a potential candidate to
mediate detection of noxious cold, based on its expression in
nociceptive neurons, and on the finding that heterologously ex-
pressed TRPA1 in CHO cells is activated by cold temperatures with
a lower temperature threshold for activation than TRPMS (6-38).

At this point, however, the role of TRPA1 in (noxious) cold
sensing is highly controversial. First, there is no consensus as to
whether TRPA1 is directly gated by cold temperatures. Two groups
have reported that they failed to detect cold-induced activation of
heterologously expressed TRPAL1 (9, 10), and a third report sug-
gested that cold-induced activation of TRPAL1 in overexpression
systems is an indirect effect, caused by cold-induced Ca?* release
from intracellular stores and subsequent Ca?*-dependent activa-
tion of the channel (11). Second, several studies have shown a lack
of correlation between mustard oil (MO) responses and cold
sensitivity in somatosensory neurons, which led to the conclusion
that many TRPAl-expressing neurons are not cold-sensitive (9, 12,
13). Third, behavioral experiments with Trpal '~ mice did not
provide unequivocal evidence for an in vivo role in (noxious) cold
sensing: whereas one study reported mild and sex-dependent al-
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terations in the behavioral response to prolonged exposure to
noxious cold in Trpal '~ mice (14), a second study found no signs
for altered cold sensitivity in these mice (13).

In the present study we have reevaluated the role of TRPA1 in
cold sensation, and we provide several novel lines of evidence to
demonstrate that TRPA1 acts a noxious cold sensor. First, we
establish Ca?*-independent and Ca?* store-independent activation
of heterologously expressed TRPA1 by cold, and we show that the
temperature-dependent gating of TRPA1 is mechanistically similar
to that of other temperature-sensitive TRP channels. Second, we
identify a subset of cold-sensitive trigeminal ganglion (TG) neurons
that rely on TRPAL1 for their cold responses. Finally, we provide
behavioral evidence showing that TRPAL is required for the
normal nociceptive response to noxious cold.

Results and Discussion

Cold Activation of Heterologous TRPA1. We investigated whether
heterologously expressed TRPA1 is activated by cooling by using
whole-cell patch clamp recordings on murine TRPA1-expressing
CHO cells. At 26°C and in the presence of extracellular Ca?* (2
mM), voltage ramps from —150 to +150 mV elicited sizable,
strongly outwardly rectifying TRPA1 currents (Fig. 14). Consistent
with previous reports (6, 7), we found that cooling to 10°C resulted
in a robust increase of both outward and inward currents (Fig. 14).
In contrast, the small background current in nontransfected CHO
cells was linear, and its amplitude did not increase upon cooling
(data not shown). The time course of the TRPALI current during
cooling in the presence of extracellular Ca?* typically showed 3
phases: a phase of slow current activation, followed by a phase with
more rapid activation and, finally, rapid current decay (Fig. 14). In
line with previous studies, we attribute the second phase of rapid
current activation to Ca®>"-dependent TRPA1 activation by Ca>*
ions entering through the channel pore, and the decay phase to
Ca?*-induced channel desensitization (10, 15).

TRPAL is directly activated by intracellular Ca?* ions (11, 15),
which has led to the hypothesis that cold-induced activation of
TRPA1 represents Ca?*-induced channel activation secondary to
cold-induced Ca?* release from intracellular stores (11). To inves-
tigate this possibility, we first tested cold sensitivity of TRPA1 in the
absence of Ca?>" by omitting extracellular Ca?* and including 10
mM 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetate
(BAPTA) into the pipette. After allowing BAPTA to diffuse into
the cell for 180 s, yielding an intracellular BAPTA concentration of
at least 8 mM, we could still measure robust cold activation of
TRPALI currents [Fig. 1B and supporting information (SI) Fig. S1].
Simultaneous monitoring of Fura-2 demonstrated that under this
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Fig. 1. Ca?*-independent and Ca?* store-independent activation of heterolo-
gously expressed TRPA1 by cold. (4) Time course of whole-cell TRPA1 currents at
+50 and —75 mV during cooling in extracellular solution containing 2 mM Ca2*
(Left). Current-voltage relations were obtained at the indicated time points
(Right). (B) Same as for A, but using Ca2*-free intracellular and extracellular
solutions. (C) Same as for A, but now using a Ca2*-free extracellular solution and
an intracellular solution containing 10 uM free Ca2*. (D) Average inward current
amplitudes at =75 mV for the conditions shown in A, B, and C and for cells
preincubated for 30 min with 10 uM CPA in CaZ*-free solution.

condition, cold did not evoke an increase in intracellular Ca?* (Fig.
S1). Note, however, that the second phase of rapid current activa-
tion and the subsequent current decay were no longer observed, in
line with the notion that these 2 phases represent Ca>*-dependent
processes (10, 15). Importantly, we also found that cooling-induced
activation of TRPA1 was fully preserved in cells pretreated for 30
min in Ca?"-free medium supplemented with the SERCA pump
inhibitor cyclopiazonic acid (CPA) to deplete intracellular Ca?*
stores before cooling (Fig. 1D). Taken together, these data dem-
onstrate that cold activation of TRPA1 does not require Ca?*
release from intracellular Ca?* stores.

Although these results show that Ca?* is not required for cold
activation of TRPA1, they do not exclude that Ca?>* and cold act via
the same mechanism to activate TRPAIL. If this is the case,
activation of TRPAL1 by high intracellular Ca?* would mask sub-
sequent activation by cold. To investigate this, we tested the cold
sensitivity of TRPAL in cells dialyzed with a pipette containing 10
uM free Ca?*. In line with previous reports, we measured strongly
outwardly rectifying Ca?"-activated TRPA1 currents (11, 15), and
subsequent cooling caused a further current increase, especially at
negative potentials (Fig. 1C). These data indicate that elevated
intracellular Ca?* does not compromise subsequent cold activation
of TRPAL1. Moreover, the maximum amplitude of the cold-induced
current was larger with high than with low [Ca?*]; (Fig. 1D),
indicating that the effects of Ca?* and cold on channel activity are
at least partially additive.

Taken together, these data establish that cooling from 26°C to
10°C activates TRPA1 in a Ca?>"-independent and Ca?* store-
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independent manner, and that incoming Ca®* can further poten-
tiate channel activity. There are notable differences in the shape of
the whole-cell TRPA1 current-voltage relations, ranging from
strongly outwardly rectifying at 26°C to moderately outwardly
rectifying at 16°C under Ca®*-free conditions, and virtually linear
at 16°C with 10 uM intracellular Ca?* (Fig. 1 A-C). We attribute
these different degrees of rectification to shifts in the voltage
dependence of channel activation induced by Ca?* ions (11) and
cold (see below).

Cooling-induced activation of TRPA1 was also consistently
measured in cell-attached patch-clamp recordings, even when Ca?*
was omitted from the extracellular and pipette solutions (Fig. S2).
Channel activity (quantified as NPopen) at 50 mV increased ~10-
fold upon cooling from 26°C to 16°C (10.3 = 1.5-fold increase; n =
4). As expected for ion diffusion through a pore and consistent with
a previous report (8), we observed a substantial decrease in the
single-channel amplitude upon cooling. The single-channel con-
ductance decreased from 91 * 4 pS at 25°C to 40 = 2 pS at 10°C,
corresponding to a Qqg of 1.7.

Effect of Temperature on TRPA1 Gating. Thermal activation of
certain TRP channels, including the cold-activated TRPMS and the
heat-activated TRPV1, TRPM4, and TRPMS, reflects a tempera-
ture-induced shift of their voltage-dependent activation curve, and
the effects of temperature on channel gating can be approximated
by a 2-state model (2, 16, 17). Because TRPA1 also exhibits
voltage-dependent activation (11, 18, 19), we analyzed whether cold
activation of TRPA1 responds to the same general mechanism and
whether the 2-state model can be used to describe cold activation
of TRPA1. We determined the voltage dependence as well as the
kinetics of channel activation and deactivation at different temper-
atures by measuring whole-cell currents during a voltage step
protocol consisting of 400-ms voltage steps to test potentials ranging
from —150 mV to +100 mV, followed by an invariant step to
—150 mV. These experiments were performed in Ca*-free con-
ditions to exclude the influence of Ca®* on the voltage dependence
of TRPALI (11).

TRPALI currents in response to the voltage step protocol applied
at 26°C and 13°C are shown in Fig. 24. From these data we
measured the peak inward tail current at —150 mV (Fig. 2B), which
revealed that the voltage dependence of channel activation is
shifted toward more negative voltages upon cooling, similar to what
has been shown previously for TRPMS. In addition, we determined
the relaxation time constants at different voltages by fitting a
monoexponential function to the current traces (Fig. 2C). Similarly
to the behavior of TRPMS, cooling caused a drastic slowing of
current relaxation, especially for the closing transition at negative
voltages (Fig. 2C). Next, we performed a global fit of the 2-state
model to the time constants and tail current amplitudes at different
voltages and temperatures, taking into account the effect of tem-
perature on the single-channel conductance. This analysis resulted
in values for the changes in enthalpy and entropy associated with
channel opening and closing (Fig. S2). A gating charge (z) of 0.375
ep was obtained by fitting Boltzmann equations to the plots of tail
current amplitudes as a function of test voltage, and was assumed
to be constant over the investigated temperature range. Using these
parameters, we simulated the kinetics of TRPA1 channel activation
and inactivation during voltage steps at different temperatures (Fig.
2D), current-voltage (I-V)) curves as obtained during voltage ramps
(Fig. 2E), and steady-state currents at different voltages as a
function of temperature (Fig. 2F), and found a good agreement
with the corresponding experimental data.

In essence, activation of TRPA1 is associated with a decrease in
entropy and enthalpy, similar to what has been determined for
TRPMS (16) (Fig. S3). Consequently, the rate of activation of these
cold-sensitive channels is much less temperature-sensitive than the
rate of channel deactivation, leading to an increase in open prob-
ability upon cooling. A 2-state model is obviously a simplification
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Fig. 2. Effects of cooling on the voltage-dependent gating and kinetics of
TRPA1. (A) Whole-cell currents in Ca?*-free intracellular and extracellular
solutions in response to the indicated voltage step protocol applied at 26°C
and 13°C. (B) Average peak inward tail currentsat —150 mV (n = 8) at 26°Cand
13°C. (C) Average time constants obtained from monoexponential fits to the
time course of current relaxation at different voltages and temperatures. Solid
linesin Band Crepresent a global fit of the 2-state model to the experimental
data. (D) Model predictions of TRPA1 currents at 26°Cand 13°Cin response to
the voltage step protocol in A. (E) Model predictions of TRPA1 currents during
400-ms voltage ramps, such as those used in Fig. 1. (F) Average TRPA1 currents
atdifferenttemperaturesand at —75 and +50 mV, normalized to the maximal
current in the tested temperature range. Dotted lines represent the corre-
sponding model prediction.

of the complex gating behavior of TRPA1 and, for instance, does
not account for the effects of intracellular Ca?>* or other ligands.
However, we have previously shown that the use of more complex
models to describe the temperature sensitivity of TRP channels (20)
yields very similar values for the changes in enthalpy and entropy
during channel gating (21).

We conclude that the effects of temperature on TRPAI gating
are mechanistically similar to what has been described for other
temperature-sensitive TRP channels.

Combined Effects of Cold and MO on TRPA1. Agonists such as MO,
acrolein, and cinnamaldehyde activate TRPA1 via covalent mod-
ification of cysteine and/or lysine residues in the cytosolic part of the
channel (18, 22). Given that this activation mechanism is funda-
mentally distinct from cold-induced activation, we investigated the
combined effects of cold and MO on TRPA1. Consistent with a
previous study (9), we found that cooling reduced the amplitude of
TRPALI currents preactivated by MO (Fig. 34). However, this does
not necessarily imply that the effect of cold on TRPA1 gating is
absent in the presence of MO. Indeed, cooling results in a substan-
tial decrease in the single-channel conductance of TRPA1, which
may explain the observed decrease in whole-cell currents. To
quantify this, we divided each individual data point of the inward
and outward whole-cell currents in Fig. 34 by the single-channel
amplitude at the corresponding temperature, yielding the time
course of NPgpen (Fig. 34, red dashed line). Interestingly, this
analysis revealed that even after stimulation with MO, cooling
increases the open probability of TRPAL.

Next, we examined the MO sensitivity of TRPA1 preactivated by
cold. As shown in Fig. 3B, MO caused only a modest increase of
inward and outward TRPA1 currents when applied at 10°C. The
amplitude of the MO-induced current at 10°C was ~10-fold lower
than when MO was applied at room temperature (Fig. 3C). This
difference cannot be explained solely by the effect of cooling on the
single-channel amplitude of TRPAI, indicating that cooling inter-
feres with the process of MO-induced TRPA1 activation. More-
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Fig.3. Combined effects of cold and MO on TRPA1 currents. (A) Time course
of inward and outward TRPA1 currents during application of MO. Cooling
leads to a decrease inthe MO-activated current. The red dotted line represents
the same data points normalized to the single-channel current amplitude at
the corresponding temperature, which yields a direct measure of NPopen. Note
the increase in NPgpen upon cooling. (B) Time course of inward and outward
TRPAT1 currents cooling and subsequent stimulation with MO. (C) Average
inward TRPA1 currents evoked by MO and/or cooling.

over, we found that rewarming of the solution in the continued
presence of MO caused a drastic increase in the amplitude of
inward and outward currents (Fig. 3B). One possible explanation
could be that the covalent binding of MO to the reactive cysteines
on TRPAL1, which occurs rapidly at room temperature, is strongly
attenuated at 10°C.

From these data we conclude that stimulation of TRPAI1 with
MO does not abolish the effects of cold on channel gating.
However, cooling reduces the amplitude of MO-induced TRPA1
currents, both by lowering the single-channel current amplitude and
by inhibiting the process of MO-induced channel activation. Com-
parison of TRPALI current amplitudes upon stimulation with either
cold or MO also reveals that MO is a much stronger stimulus than
cold: maximal MO-induced inward TRPALI currents at —75 mV
were 10-fold larger than TRPAI1 currents activated by a 10°C cold
stimulus (Fig. 3C). The relatively small amplitude together with the
substantial effect of cooling on the TRPA1 single-channel conduc-
tance may explain why cold-activated TRPAI1 currents have es-
caped detection in certain expression systems and experimental
conditions (9, 10). Moreover, the substantial difference in potency
has to be taken into account when comparing cold- and MO-
induced responses in TRPA1-expressing sensory neurons.

TRPA1-Mediated Cold Responses in TG Neurons. To investigate the
contribution of TRPAT1 to the cold sensitivity of sensory neurons,
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Fig. 4. TRPA1-dependent cold responses in TG neurons. (A) Ratiometric
measurement of changes in intracellular Ca2* in response to cold, menthol
(100 M), MO (100 pM), or capsaicin (1 uM), illustrating the 3 types of
cold-sensitive TG neurons. (B) Comparison of the percentage of cells respond-
ing to cold and chemical stimuli in preparations from WT and Trpa?~/~ mice.
(C) Pie charts showing the percentage of cold-insensitive and the 3 types of
cold-sensitive neurons in TG from WT and Trpal~/~ mice. (D) Histogram
comparing temperature thresholds in cold-sensitive TG from WT and Trpa?—/~
mice. The temperature threshold was defined as the temperature at which the
ratio was increased by 10% of the maximal cold-induced increase. (E) Corre-
lation of the amplitude of the MO and cold responses in MO-sensitive neurons
from WT mice (n = 177). The solid line represents a linear fit to the data.

we performed intracellular Ca?* recordings on TG neurons from
29 WT and 19 Trpal '~ mice, aged between 8 and 12 weeks. Some
representative examples of [Ca?*]; traces from cold-sensitive WT
neurons are shown in Fig. 44. TG neurons were also tested for their
sensitivity to menthol, MO, and capsaicin, knowing that menthol
((-)-menthol; 100 uM) activates both TRPMS-expressing and
TRPAI1-expressing neurons (19), whereas responses to MO (100
uM) are almost exclusively limited to TRPA1-expressing neurons
(13, 19), and capsaicin activates exclusively TRPV1-expressing
neurons (23, 24). In line with previous studies (13, 19), we observed
a ~60% reduction in the fraction of menthol-sensitive cells and a
~99% reduction in the fraction of MO-sensitive cells in prepara-
tions from Trpal '~ mice, whereas the responsiveness to capsaicin
remained unaltered (Fig. 4B). Notably, we found a significant
reduction of the total fraction of cold-sensitive neurons from 23.6%
(211 of 894) in WT mice to 10.2% (49 of 481 mice; P < 0.001) in
Trpal~'~ mice (Fig. 4B).

Cold-sensitive neurons from WT mice could be categorized into
3 groups: (/) MO-sensitive neurons, implying expression of TRPA1
(TRPAL1"); (if) MO-insensitive and menthol-sensitive neurons
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(TRPMS8*/TRPA1"); and (iii) MO- and menthol-insensitive neu-
rons (TRPMS8~/TRPA1") (Fig. 4C). Note that many neurons in the
TRPA1* group also respond to menthol, which we interpret as
activation of TRPA1 by menthol (19, 25). In preparations from
Trpal~'~ mice, the fractions of cold-sensitive neurons that could be
categorized as TRPM8*/TRPA1~ or TRPM8 /TRPA1~ were not
significantly altered (Fig. 4C), suggesting that the reduced number
of cold-sensitive neurons in Trpal /= mice is due to the selective
elimination of a population of TRPA1* cold-sensitive neurons. The
distribution of temperature thresholds in cold-sensitive TG neurons
from Trpal '~ mice was significantly shifted toward higher tem-
peratures compared with WT (P < 0.001; Fig. 4D), indicating the
elimination of cold-sensitive neurons with a threshold temperature
lower than 20°C.

Our analysis revealed that a substantial fraction of MO-sensitive
(TRPA1") TG neurons were insensitive to a cold stimulus (Fig.
4B), in line with findings from previous studies (9, 12, 13). One
possible explanation for this apparent inconsistency lies in the
strong difference in the potency of MO and cold to activate TRPAL1
(Fig. 3C): In cells expressing a relatively low number of TRPA1
channels, a weaker stimulus, such as cold or menthol, may not be
sufficient to evoke a measurable Ca?* response, in contrast to a
stronger stimulus, such as MO. Indeed, when we plotted the
amplitude of the cold response in MO-positive cells in function of
the amplitude MO response (ARatiopo), we found a clear positive
correlation (r = 0.641, n = 295; P < 0.0001; Fig. 4E). When we
analyzed only those cells that belonged to the upper 20% of MO
responses (ARatiopo > 0.15), we found that more than 90% (53 of
59) showed a significant cold response. In contrast, a cold response
was found in only 37% (22 of 59) of the cells that belonged to the
lower 20% of MO responses (ARatiopo < 0.06). Thus, the odds of
detecting cold responses in TRPA1-expressing neurons increase
with the level of functional TRPA1 expression. Note that TRPA1
expression is low at birth and increases strongly during the first
postnatal weeks (26), which may explain why TRPA1-mediated
cold responses have escaped detection in studies that used TG or
DRG neurons isolated from neonatal or young animals (9, 13). In
line with this notion, we found that only 4.3% of TG neurons
prepared from young WT mice (first postnatal week) could be
classified as TRPA1* cold-sensitive (Fig. S4), compared with
14.9% in preparations from adult WT mice (Fig. 4C).

Comparison of TRPA1* and TRPM8* Cold-Sensitive TG Neurons. A
further comparison of cold-sensitive TG neurons from WT mice
revealed several distinctive properties of cells expressing TRPMS8*
(MO-insensitive, menthol-sensitive) and TRPA1* (MO-sensitive)
(Fig. 5).

First, TRPA1* TG neurons were characterized by a significantly
lower (colder) temperature threshold (18.9 = 0.4°C; n = 152) than
TRPMS8™ neurons (25.0 = 0.3°C; n = 61; P < 107; Fig. 54). The
lower temperature threshold of TRPA1* neurons also underlies the
altered distribution of temperature thresholds in TG neurons from
Trpal~'~ mice (Fig. 4D).

Second, the time course of the cold response in TRPA1" neurons
was clearly slower than in TRPM8* neurons. Analysis of the time
needed to reach 80% of the maximal response (fgo%; Fig. 5B)
revealed a swift response to a cold stimulus in all TRPM8* TG
neurons (fs0% = 33 = 2s;n = 73), whereas the rate of Ca?" increase
in TRPA1" neurons was much more variable and significantly
slower (fso, = 84 + 6 s;n = 146; P < 1073). The slow time course
of the cold-induced Ca?* signal in TRPA1" neurons may also help
to explain why previous studies using cold stimuli of short duration
(<60 s) failed to detect consistent cold responses in MO-positive
somatosensory neurons (9, 13, 27).

Third, TRPA1* and TRPMS8™ cold-sensitive neurons differed in
their sensitivity to capsaicin, which is generally used as a marker of
nociceptor neurons (Fig. 5C). Only approximately one third of
TRPMS8* neurons were sensitive to capsaicin, in line with recent
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Fig. 5. Comparison of TRPM8- and TRPA1-dependent, cold-sensitive neu-
rons. (A) Histogram comparing the temperature threshold in MO-sensitive TG
neurons (n = 88) and MO-insensitive, menthol-sensitive TG neurons (n = 65).
(B) Histogram obtained from the same cells as for A, comparing the time
needed to reach 80% of the maximal cold response (tgo%). (C) Comparison of
the capsaicin sensitivity between MO-insensitive, menthol-sensitive (n = 52),
and MO-sensitive (n = 133) cold-sensitive neurons.

GFP labeling studies (28, 29). In contrast, ~94% (125 of 133) of the
TRPA1* cold-sensitive neurons responded to capsaicin. Concom-
itantly, 36.6% (164 of 448) of all capsaicin-responsive neurons from
WT mice showed sensitivity to cold, compared with only 9.8% (38
of 386) of capsaicin-sensitive neurons from Trpal '~ mice.

Finally, TRPA1" and TRPMS8* cold-sensitive neurons exhibited
opposite sensitivity to the antimycotic drug clotrimazole (CLT). We
reported recently that CLT is a potent inhibitor of TRPMS-
mediated menthol responses, whereas it has an agonistic effect on
TRPAL1 (25). In line with this, we found that cold responses in
TRPMS8* TG neurons were inhibited by 10 uM CLT (85 * 3%
inhibition of the cold response; n = 5; Fig. S5), whereas cold
responses in TRPA1* neurons were potentiated by CLT (to 145 =
25% of the cold response; n = 7; Fig. S5).

Taken together, these data demonstrate that TRPA1 and
TRPMS act as primary cold sensors in 2 distinct subsets of TG
neurons. When compared to TRPM8* neurons, TRPA1™" cold-
sensitive TG neurons exhibit a lower temperature threshold, a
slower cold response, a more general capsaicin sensitivity, and an
inverse response to CLT. In line with previous studies (13, 30, 31),
we also found evidence for a subset of cold-sensitive TG neurons
that do not rely on TRPMS8 and TRPA1 for their cold response. The
molecular mechanisms underlying the cold sensitivity of these
neurons are currently unknown, but they may involve other ther-
mosensitive ion channels, such as TREK-1 (32), the epithelial
sodium channel ENaC (33), background potassium channels (34,
35), and the voltage-gated Na* channel Nay1.8 (36, 37).

Cold-Induced Nocifencive Behavior in Trpa1—/— Mice. The results from
the Ca’?* imaging experiments on TG neurons indicate that
Trpal =~ mice have significantly fewer cold-sensitive, capsaicin-
positive nociceptors. To investigate whether this leads to altered
cold-induced nociception in vivo, we compared WT and Trpal ~'~
mice in 2 behavioral assays. In a first assay, WT and Trpal '~ mice
were placed on a metal cold plate set at a temperature of 0°C, and
their behavior was observed. During prolonged exposure to noxious
cold stimuli, we could distinguish at least 2 distinct phases in the
behavioral response: an acute cold response corresponding with
shivering and rubbing together of the paws, followed by brisk lifting
of the hind paws and other cold avoidance behaviors (38). Given
that a previous report (14) showed significant sex-related differ-
ences in cold sensitivity, male and female mice were analyzed
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Fig. 6. Altered cold-induced nociceptive behavior in Trpal~/~ mice. (A)

Latency to the first behavior reaction to cold upon placement on a cold plate
at 0°C in mice of different sex and genotype. The numbers of mice tested on
the cold plate were as follows: WT male (n = 13), WT female (n = 12), Trpal~/~
male (n = 15), and Trpal~/~ female (n = 13). (B) Average number of jumps
during a 2-min period on a cold plate at 0°C. No jumps were observed when
the plate was set to 30°C. (C) Cumulative probability plot showing the latency
to the first jump off the cold plate in WT and Trpal~/~ mice. (D) Tail-flick
latency upon tail immersion in a water—-methanol mixture at —10°Cin WT (n =
32) and Trpal~/~ (n = 34) male mice.

separately. In line with a previous study (13), we did not observe a
significant difference between genotypes or sex in the latency to the
first cold-related response (e.g., rubbing of the forepaws or shiv-
ering) (Fig. 64). However, when left on the cold plate for a 2-min
period, we found that Trpal~/~ mice showed significantly less
nocifensive behavior than the WT mice, consistent with findings in
a previous report (14). Importantly, we observed a striking differ-
ence in the type of pain-related behavior between genotypes. Most
WT mice (10 of 13 males and 9 of 12 females) started jumping,
suggesting that the cold plate induces significant pain (Fig. 6 B and
C, and Movie S1). In contrast, only 3 of 25 Trpal ~/~ mice (1 female
and 2 males) jumped at least once, and for both sexes the total
number of jumps was significantly lower in knockout mice of both
sexes (Fig. 6B and Movie S1). Moreover, the latency to the first
jump was significantly longer in the Trpal ~'~ mice (Fig. 6C). These
data confirm that Trpal ~/~ mice are still able to sense cold, but also
indicate that the behavioral response to noxious cold is significantly
reduced in the absence of TRPAL. Note that we never observed
such cold-induced jumping behavior in WT or Trpal ~/~ mice when
they were placed on a cold plate set at 10°C (0 of 12 mice tested for
each genotype). Moreover, in line with previous work (14), we did
not observe differences between WT and Trpal '~ mice in their
nociceptive behavior when placed on a hot plate at 55°C (data not
shown), confirming that Trpal '~ mice still feel pain.

To exclude the possibility that the deficit in cold-induced jumping
behavior in Trpal~/~ mice is caused by an effect of TRPA1 gene
targeting or unidentified environmental factors on higher neural
structures, we used the cold tail-flick test, whereby the latency to tail
withdrawal was measured upon immersion of the distal part of the
tail in a solution at —10°C. This procedure is known to induce acute
pain (39), and tail-flicking in such a condition is considered a spinal
reflex (38). For WT mice, we obtained a tail-flick latency of 11.8 =
2.5s (n = 32), with 2 of 32 animals (6%) that did not respond before
the cutoff time (60 s; Fig. 6D). Trpal '~ mice exhibited significantly
longer tail-flick latencies (P < 0.0001), with a mean latency of
38.1 = 3.4 s (n = 34), and 14 of 34 animals (41%) did not respond
before the cutoff time. The difference between genotypes was again
sex-independent (data not shown). Taken together, these behav-
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ioral data demonstrate that TRPA1 plays an important role in
noxious cold sensing in vivo.

It should be noted that the difference in nociceptive behavior
between WT and Trpal ~/~ mice was only observed at temperatures
that are significantly lower than what is needed to see TRPA1
current activation in CHO cells or trigeminal neurons. An expla-
nation for this lies probably in the fact that the temperature at the
cold-sensitive nerve ends is not equal to the temperature of the cold
plate or cold solution because of the isolating effect of the skin and
the constant circulation of blood at 37°C throughout the body.
Similar temperature differences between in vitro TRP channel
activation and in vivo TRP channel-dependent nociceptive effects
have also been reported for TRPV1- and TRPV3-deficient mice
(23, 40).

A recent study reported that mice in which all Nay1.8-expressing
sensory neurons are eliminated by diphtheria toxin A (DTA mice)
show strong resistance to noxious cold, as assayed using a cold plate
set at 0°C (36), similar to what we observed in the Trpal =/~ mice.
TRPMS expression and the TRPM8-mediated behavioral response
to acetone cooling are not affected in these DTA mice (36).
Importantly, the DTA mice exhibit a strongly reduced expression of
TRPA1 in DRG neurons and lack TRPA1-mediated nociceptive
responses to formalin (36). Based on our present results, the loss of
a noxious cold response in the DTA mice can be fully attributed to
the loss of TRPA1-expressing sensory neurons. Thus, noxious cold
sensing in vivo requires somatosensory neurons that express both
Nay1.8 and TRPAI.

Final Conclusions. Our data establish the function of TRPA1 as a
cold sensor in vitro and in vivo. In addition, we provided data and
analyses that may explain why several previous studies could not
detect a significant role for TRPA1 as a cold sensor in heterologous
expression systems, sensory neurons, or awake-behaving animals.
TRPALI represents a promising target for the prevention or treat-
ment of cold-induced pain.
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Materials and Methods

Cells and Animals. We used a tetracycline-regulated system for inducible expres-
sion of TRPA1 in CHO cells, as described previously (6). Naive CHO cells were used
as controls. TG neurons from adult (postnatal weeks 8—12) or newborn (postnatal
week 1) mice were cultured as described previously (19). Trpa?~/~ mice (14) were
backcrossed 7 times in the C57BL/6J background, resulting in mice that exhibited
99.2% heterozygosity to the C57BL/6J strain, and WT C57BL/6J mice were used as
controls. Because we did not use littermates in our study, we cannot fully exclude
that subtle environmental effects (e.g., whether the animals were born to a WT
or Trpal~/~ mother) may have influenced the outcome of some of our experi-
ments. However, given that WT and Trpa?~/~ mice exhibited undistinguishable
cellular and behavioral responses to various TRPA1-independent sensory stimuli
(e.g., heat), we consider it highly unlikely that factors other than the lack of TRPA1
would underlie the observed phenotypic differences. All animal experiments
were carried out in accordance with the European Union Community Council
guidelines and were approved by the local ethics committee.

Cellular Recordings. lonic currents were recorded in the whole-cell and the
cell-attached configurations of the patch-clamp technique. Fura-2-based intra-
cellular Ca2* measurements were performed as described previously (25). See S/
Methods for details of the recording parameters and solutions.

Behavioral Tests. Cold-induced nocifensive behavior was tested by placing the
mice on a metal cold plate or by submerging the distal half of the tail in a cold
water—-methanol mixture. See SI Methods for apparatus and data acquisition
details.

Data Analysis. Data analysis, model simulations, and data display were per-
formed by using Origin 7.0 (OriginLab Corporation) or Igor Pro 4.0 (Wavemetrics).
Group data are expressed as mean = SEM from n independent experiments.
Significance between groups was tested by using the unpaired or paired Stu-
dent's t tests, the y? test, or the Kolmogorov-Smirnoyv, as appropriate.
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