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Cellular/Molecular

Variable Threshold of Trigeminal Cold-Thermosensitive
Neurons Is Determined by a Balance between TRPMS8 and
Kvl1 Potassium Channels

Rodolfo Madrid,"** Elvira de la Pefia,"* Tansy Donovan-Rodriguez,' Carlos Belmonte,' and Félix Viana'
nstituto de Neurociencias de Alicante, Universidad Miguel Herndndez-Consejo Superior de Investigaciones Cientificas, 03550 San Juan de Alicante, Spain,
and 2Departamento de Biologfa, Facultad de Quimica y Biologfa, Universidad de Santiago de Chile, Santiago 9160000, Chile

Molecular determinants of threshold differences among cold thermoreceptors are unknown. Here we show that such differences corre-
late with the relative expression of I}, a current dependent on Shaker-like Kv1 channels that acts as an excitability brake, and I;ppyg, @
cold-activated excitatory current. Neurons responding to small temperature changes have high functional expression of TRPMS (tran-
sient receptor potential cation channel, subfamily M, member 8) and low expression of Iy, In contrast, neurons activated by lower
temperatures have a lower expression of TRPMS8 and a prominent I,. Otherwise, both subpopulations have nearly identical membrane
and firing properties, suggesting that they belong to the same neuronal pool. Blockade of I |, shifts the threshold of cold-sensitive neurons
to higher temperatures and augments cold-evoked nocifensive responses in mice. Similar behavioral effects of I;, blockade were ob-
served in TRPA1~/~ mice. Moreover, only a small percentage of trigeminal cold-sensitive neurons were activated by TRPA1 agonists,
suggesting that TRPA1 does not play a major role in the detection of low temperatures by uninjured somatic cold-specific thermosensory
neurons under physiological conditions. Collectively, these findings suggest that innocuous cooling sensations and cold discomfort are
signaled by specific low- and high-threshold cold thermoreceptor neurons, differing primarily in their relative expression of two ion
channels having antagonistic effects on neuronal excitability. Thus, although TRPMS8 appears to function as a critical cold sensor in the
majority of peripheral sensory neurons, the expression of Kvl channels in the same terminals seem to play an important role in the

peripheral gating of cold-evoked discomfort and pain.

Introduction

Low external temperatures can evoke a variety of perceptual
sensations that include pleasant cool feelings, unpleasant cold
sensations, and overt pain (Hensel, 1981; Morin and Bushnell,
1998; Davis and Pope, 2002). There is a general consensus that
cold sensations evoked by non-noxious temperatures and
painful sensations evoked by strong cold involve activation of
separate subsets of low- and high-threshold cold-sensitive fi-
bers (reviewed by Green, 2004; Reid, 2005). However, the cel-
lular and molecular mechanisms underlying the marked dif-
ferences in thermal threshold among cold sensory afferents
have not been clarified yet. One model contends that TRPMS8
(transient receptor potential cation channel, subfamily M,
member 8), a nonselective, calcium-permeable, cation chan-
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nel that is activated by cooling and menthol (McKemy et al.,
2002; Peier et al., 2002), is responsible for innocuous cold
sensing, whereas a second TRP channel, TRPAI, is activated
by noxious cold (Story et al., 2003; Sawada et al., 2007). How-
ever, the activation of TRPA1 by cold is controversial (Bautista
etal., 2005; Reid, 2005; Zurborg et al., 2007), and some recent
behavioral, structural, and genetic studies support the view
that TRPMS8 could be the principal determinant of the respon-
siveness of a thermoreceptor to innocuous and noxious cold
(Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007;
Green and Schoen, 2007; Takashima et al., 2007). Early func-
tional studies characterizing low- and high-threshold cold-
sensitive neurons also documented a significant overlap in
their properties, in particular, menthol sensitivity (Nealen et
al., 2003; Thut et al., 2003). The recent description of menthol
sensitivity of TRPA1 channels (Karashima et al., 2007) com-
plicates the interpretation of these results. If TRPMS can func-
tion as a temperature sensor for innocuous and noxious cold,
an unsolved fundamental question is how a single molecular
sensor can operate over such a large range of temperatures.
Additional molecular mechanisms participate in cold detec-
tion by peripheral sensory terminals (Reid, 2005; Munns et al.,
2007), including rapidly inactivating cation channels of un-
known molecular nature (Babes et al., 2006) and thermosensitive
leak or background K™ channels that are closed by cooling,
thereby causing depolarization and impulse firing in sensory
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neurons (Reid and Flonta, 2001; Viana et al., 2002). The impor-
tance of these latter mechanisms in discriminating innocuous
and unpleasant cold sensations has not been determined yet.

In the present work we explored the molecular mechanisms
involved in the determination of threshold to cold stimuli in
thermoreceptor neurons, and found that threshold differences
are determined by the relative expression of two ion channels,
TRPMS and Shaker-like Kv1 channels, having antagonistic effects
on neuronal excitability. These results suggest an important role
for Kv1 channels in the peripheral gating of cold-evoked discom-
fort and pain.

Materials and Methods

Animals

Studies were performed on neonatal (P1-P6) and adult OF1 mice, or
adult TRPA1~/~ mice generously provided by Dr. D. Corey (Harvard
Medical School, Boston, MA). The genotype was established by PCR,
using previously published primers (Kwan et al., 2006). All experiments
were conducted according to European Community animal use
guidelines.

Cell culture

Trigeminal ganglion (TG) neurons were cultured as described previously
(Viana et al., 2001). Ganglia were dissected out and incubated with 1
mg/ml collagenase type IA (Sigma) for 45 min at 37°C in 5% CO,, and
cultured in 45% DMEM, 45% F-12, 10% fetal bovine serum (Invitro-
gen), supplemented with 4 mm r-glutamine (Invitrogen), 200 pg/ml
streptomycin, 125 ug/ml penicillin, 17 mwm glucose, and nerve growth
factor (NGF) (mouse 7S, 100 ng/ml; Sigma). Cells were plated on poly-
L-lysine-coated glass coverslips and used after 1-2 d in culture.

Ca®" imaging

Neurons were incubated with 5 um fura-2 AM dissolved in standard
extracellular solution and 0.02% Pluronic (Invitrogen) for 45 min at
37°C. Fluorescence measurements were made with a Leica DM IRE2
inverted microscope fitted with a 12-bit cooled CCD camera (Imago QE
Sensicam, Till Photonics). fura-2 was excited at 340 and 380 nm with a
Polychrome IV monochromator (Till Photonics), and the emitted fluo-
rescence was filtered with a 510 nm longpass filter. Calibrated ratios (0.5
Hz) were displayed online with TillVision software v4.01 (Till Photon-
ics). Bath temperature was sampled simultaneously (see below), and
threshold temperature values for [Ca®"]; elevation were estimated by
linearly interpolating the temperature at the midpoint between the last
baseline point and the first point at which a rise in [Ca>"]; deviated by at
least four times the SD of the baseline.

We have shown previously a very tight correlation between threshold
temperature detected on the [Ca”"]; signal and the threshold of action
potential firing detected in the cell-attach mode (Viana et al., 2002; Ma-
drid et al., 2006).

Electrophysiology

Perforated-patch or whole-cell voltage- or current-clamp recordings
were performed simultaneously with temperature recordings. The stan-
dard bath solution contained (in mm): 124 NaCl, 5 KCI, 1.2 KH,PO,, 26
NaHCO;, 1 MgCl,, 2 CaCl,, 10 glucose. The solution was continuously
bubbled with carbogen (5% CO, + 95% O,) and had a pH of 7.4. Stan-
dard patch-pipettes (4—6 M{) resistance) contained (in mm): 140 KCI, 10
NaCl, 4 Mg-ATP, 0.4 Na-GTP, 10 HEPES (300 mOsm/kg, pH 7.3 ad-
justed with KOH). During perforated-patch recordings they contained
(in mm): 105 K-gluconate, 35 KCI, 10 NaCl, 10 HEPES, 0.1 EGTA, and 1
mg/ml amphotericin B (Sigma). Current and voltage signals were re-
corded with an EPC-8 patch-clamp amplifier (Heka Elektronik) or with
an Axopatch 200B (Molecular Devices). Stimulus delivery and data ac-
quisition were performed using pClamp 9 software (Molecular Devices).

Temperature stimulation

Coverslip pieces with cultured cells were placed in a microchamber and
continuously perfused (~1 ml/min) with solutions warmed at 34 = 1°C.
The temperature was adjusted with a water-cooled Peltier device (model
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RDTC-1, ReidDan Electronics), with the outlet close to the imaging field,
and controlled by a feedback device. Cold sensitivity was investigated
with an ~50 s duration ramp-like temperature drop to ~19°C, applied in
control solution and in the presence of various drugs.

Experimental protocol
The first step in the protocol consisted in the determination of the tem-
perature response threshold to a cooling ramp, using the elevation in
[Ca®*],. Thereafter, cells were approached with a patch-pipette and,
after attainment of the whole-cell configuration, neurons were recorded
in whole-cell current-clamp or voltage-clamp mode. In current-clamp
mode, neurons were held at —60 mV, and a series of negative and positive
depolarizing steps (Ai = 25 pA) of 500 ms duration were delivered to the
cell to calculate basic electrophysiological properties: input resistance,
rheobase, spike duration, inward rectification, and firing pattern. In volt-
age clamp, the neurons were initially held at —50 mV. A 500 ms hyper-
polarizing pulse to —120 mV was used to estimate I;,. The slow outward
current, measured 1 s after the return to —50 mV (—40 mV in a second
set of experiments) was taken as Iy, Thereafter, cells were held at —60
mV and cooled from 34 & 1°C to ~20°C. The difference between holding
current at both temperatures is the cold-sensitive current (I,14)- Itrpms
was taken as the inward current potentiated by 100 um menthol at 20°C.
To characterize I}, in more detail, we used standard activation and
inactivation pulse protocols combined with pharmacological manipula-
tions. The current-voltage (I-V) relationship for the total K™ current
was determined from a series of depolarizing voltage steps (1.5 s dura-
tion) between —70 and +60 mV, in 10 mV increments, delivered at a rate
of 0.1 Hz, in the presence of 0.5 um TTX. Pulses were delivered from the
holding potential of —50 mV or after a prepulse (0.5 s) to —120 mV. This
protocol was repeated in the presence of 100 um 4-AP. The inactivation
protocol consisted of a fixed pulse to 0 mV (1.4 s) preceded by a variable
prepulse (0.5 s duration) between —120 and —10 mV, in 10 mV incre-
ments, delivered at a rate of 0.1 Hz.

Data analysis

The 4-AP-sensitive current (i.e., I,) was obtained by digital subtraction
of the records to the same potential before and after application of the
drug at 100 M.

Conductance—voltage (G-V) curves were constructed from the I-V
curves of individual neurons by dividing the evoked current by the driv-
ing force, according to the following equation: G = I/(V,,, — V,.,), where
V.. is the testing potential and V., is the theoretical reversal potential of
the current determined from the Nernst equation for K * ions.

Steady-state activation and inactivation data were fitted with a Boltz-
mann function: G = G, /(1 + exp[(V;,, — V)/s]), where G is the
observed whole-cell conductance, G,,, is the fitted maximal conduc-
tance, V,, is the potential for half-maximal activation, and s is the slope
factor. Data were subsequently normalized to G, ..

Data are reported as mean = SEM. Statistical significance ( p < 0.05)
was assessed by Student’s ¢ test.

Behavioral assays

Thirty-one adult male wild-type OF1 mice (36.3 = 0.4 g) and 17 adult
TRPA1 knock-out mice (31.1 * 0.7 g) (Kwan et al., 2006) were used in
the behavioral studies. Animals were housed six per cage, maximum, on
a 12 hlight/dark cycle (all experiments performed in light) with food and
water ad libitum. Mice were habituated to the behavior room for a min-
imum of 3 h before testing and to the testing chambers for at least 1 h
before testing. The same investigator performed the scoring in all of the
behavioral tests, which were performed blind with respect to the different
solutions injected.

Acetone testing. For acetone-evoked evaporative cooling, mice were
placed in round plastic chambers on a metal mesh platform. A drop (~50
ul) of acetone was applied to the plantar surface of the left and right
hindpaws, and the number of each of the following nocifensive events
was counted over the next 60 s: lifting, licking, biting, shaking, and guard-
ing. At least 5 min separated testing on the left and right hindpaws. The
number of events counted for the contralateral paw (opposite paw to that
which will receive injection) was subtracted from that for the ipsilateral
paw to give the acetone score; thus, a value close to zero indicates no
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difference between cold-evoked sensations of A
the ipsilateral and contralateral hindpaws,
whereas a highly positive value indicates cold
allodynia, and a highly negative value indicates
cold hypoalgesia in the injected hindpaw.

Cold plate testing. The temperature of the
cold plate was maintained at 0 = 0.5°C by a
feedback-controlled Peltier device. Mice were
placed on the cold plate, and the latency to one
of the following nocifensive behaviors was mea-
sured with a cutoff of 60 s to avoid tissue injury:
licking, biting, lifting, guarding, or shaking of
the hindpaws, or jumping.

Hot plate testing. The temperature of the hot
plate was maintained at 52 * 0.5°C and the
latencies to nocifensive behavior were mea-
sured as described above for the cold plate test.

Mechanical threshold. Thresholds (in milli-
newtons) to punctate mechanical stimuli were
determined using calibrated von Frey mono-
filaments applied to the plantar side of the
hindpaw according to a modified version of the
Dixon up-down paradigm (Chaplan et al,
1994).

To establish baseline values, two acetone,
cold plate, hot plate, and von Frey threshold
tests were performed with a minimum of 2 h
between each testing period before injection of
drug or vehicle. The means of the two baseline
responses were calculated for comparison with postinjection values.

Solutions, either drug or solvent, were injected into the plantar surface
of the hindpaw in a volume of 10 wl using a 30 gauge needle coupled to a
Hamilton syringe. In the 10 (4-AP) or 20 min [a-dendrotoxin (a-DTx)]
after injection, nocifensive behavior (licking, biting, shaking, lifting, and
guarding of the hindpaws) was measured as time spent in seconds per-
forming these actions during each minute of the observation period. The
nocifensive behaviors provoked by injection subsided within this period.
The acetone and cold plate tests were then repeated in the animals and the
values obtained were compared with the mean of the baseline responses.

500+

Figure 1.

Reagents

4-(3-Chloro-pyridin-2-yl)-piperazine-1-carboxylic acid (4-tert-butyl-
phenyl)-amide (BCTC) was a generous gift from Griinenthal AG.
L-Menthol was purchased from Scharlau Chemie. TTX citrate, 4-AP, allyl
isothiocyanate (AITC), capsaicin, and tetraethylammonium (TEA) were
purchased from Sigma-Aldrich. a-Dendrotoxin, dendrotoxin K (DTx-
K), and tityustoxin-Ka (TsTx) were purchased from Alomone.

Results

Cold-sensitive neurons display different

temperature thresholds

The threshold of cold-sensitive (CS) trigeminal sensory neurons
in culture, identified with intracellular calcium imaging (Fig.
1A), varies over a wide range as evidenced when two CS neurons
are recorded simultaneously (Fig. 1 B) (see also Thut et al., 2003).
Figure 1C shows the distribution of threshold temperatures in a
large population of CS trigeminal neurons (n = 393) during
temperature ramps down to 19°C. Because of pronounced ther-
mal gradients across the skin, this range of temperatures (from 35
to 19°C) in culture covers those values to which intracutaneous
sensory nerve endings of humans are subjected in vivo, even dur-
ing maintained surface exposure to noxious cold temperatures
(Morin and Bushnell, 1998; Mauderli et al., 2003). We considered
low-threshold CS neurons (LT-CS) those with a threshold tem-
perature >26.5°C. They represented 75% of the population
(mean threshold = 31.30 = 0.01°C). The high-threshold CS neu-
rons (HT-CS) were less frequent (25%; mean threshold =
24.20 = 0.03°C).
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Variable temperature threshold of cold-sensitive neurons of the trigeminal ganglion. 4, Transmitted and pseudo-
color fluorescence images of [Ca 2 *; responses in cultured trigeminal neurons during a cooling pulse. Scale bar, 20 wm. B, Time
course of [Ca”" ], elevation n the two CS neurons displayed in A, showing the large difference in temperature thresholds, marked
by arrowheads (30.4°C for the HT-CS and 22.7°C for the HT-CS neuron). The time points in blue correspond to the fluorescence
images in A. C, Histogram of temperature thresholds during cooling in CS trigeminal neurons (n = 393).

The two, operationally defined subpopulations of CS neurons
were indistinguishable in terms of their basic electrophysiological
characteristics (supplemental Fig. S1, available at www.jneurosci.org
as supplemental material) and distinct from other functional classes
of sensory neurons such as low threshold mechanoreceptor or poly-
modal nociceptor neurons (Perl, 1996; Viana et al., 2001; Lawson,
2002).

TRPA1 channels are not the main determinants of cold
detection within innocuous and unpleasant cold temperature
ranges in trigeminal neurons
TRPAL is a contested sensor of noxious cold (Story et al., 2003;
Jordt et al., 2004; Obata et al., 2005; Bautista et al., 2006; Sawada
et al., 2007; Zurborg et al., 2007). To reliably determine cold
sensitivity in TRPA1-expressing TG neurons, we identified this
population using AITC, a pungent compound that activates
TRPAIL channels selectively (Bandell et al., 2004; Jordt et al.,
2004). The great majority, 61 of 66, of AITC-sensitive adult TG
neurons lacked responses during cooling ramps to ~19°C (Fig.
2A). Only five neurons were activated by these ramps (1 LT, 4
HT). As a matter of fact, cooling produced a significant (p <
0.001) inhibition of the AITC-evoked [Ca*"]; signal (Fig. 2 A, B).
To explore the possibility that some of the CI neurons had a
thermal threshold below 19°C, we applied stronger cooling stim-
uli (~8°C) to 166 neurons that were originally classified as CI
when cooled to ~19°C (Fig. 2C-E). Of those, 8 became CS at this
lower temperature. Two of the eight were insensitive to AITC and
potentiated by menthol, resembling HT-CS neurons (Fig. 2C).
The other six were sensitive to AITC, menthol, and capsaicin, a
phenotype characteristic of polymodal nociceptors probably ex-
pressing TRPA1 channels (Jordt et al., 2004; Fajardo et al., 2008).
Interestingly, we noted that cooling inhibited the responses to
menthol and AITC in these neurons (Fig. 2 D). The same double
cooling step protocol was applied to neurons derived from
TRPA1™/~ mice (Fig. 2F-H). As expected, none of them re-
sponded to AITC. In TRPA1 ™/~ mice, 8 of 160 neurons insensi-
tive to cooling down to 19°C responded to cooling to ~8°C: in 5
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TRPAT does not mediate low- and high-threshold cold responses in TG neurons. 4, Protocol used to evaluate the cold sensitivity of TRPAT-expressing neurons. A microscopic field

containing atleast one CS neuron (red trace) was bathed in menthol (100 ru) followed by the specific TRPAT agonist AITC (100 wum). During the perfusion of chemical agonists, a cooling pulse similar
to the one in control solution was applied. Note the marked inhibition in the chemically evoked [Ca*]; responses during the cooling pulse, observed only in the AITC-responding cell. B, Bar
histogram summarizing the effect of cold and chemical agonists (100 .M menthol or 100 wm AITC) on [Ca*]; responses in AITC-sensitive neurons. Note the lack of significant cold responses in this
subpopulation of neurons. €, Protocol used to investigate the phenotype of neurons activated by very low temperatures. Neurons were probed with a cooling pulse to ~19°Cfollowed by a second
cooling pulse to ~8°C. Thereafter, neurons were tested for responsiveness to menthol (100 wm), AITC (100 wum) and capsaicin (500 nwm), at baseline temperature (35°C) and during a cooling pulse
to ~19°C. Note the lack of response to AITCand the potentiation of the cold-evoked response by menthol. D, Same protocol as in Cbut in a different neuron. Note the responsiveness of this neuron
to the three chemical agonists, and the transient inhibition in the response to menthol and AITC during cooling. E, Bar histogram summarizing the effect of the two different cold temperatures and
chemical agonists (100 pm AITC and 500 nm capsaicin) on [Ca Z+]i responses. The datain F, G, and H present the same protocol in neurons from TRPA1 '~ mice.

of them, the cold-evoked response was potentiated by menthol
(Fig. 2 F), suggesting that they express TRPMS, whereas the other
3 were menthol-insensitive, suggesting a different cold transduc-
tion mechanism (Babes et al., 2004). Six of the eight responded to
capsaicin. The percentage of CS neurons in adult TRPA1 ™/~ mice
(13.2% in WT vs 11.6% in KO) and the distribution of thermal
thresholds were very similar to those found in adult wild-type
animals [47% HT-CS and 53% LT-CS in WT (n = 45) vs 57%
HT-CS and 43% LT-CS in KO (n = 21); p = 0.85 (Z test)].

These results suggest that TRPA1 ion channels of trigeminal
ganglion neurons are not important for cold detection within a
wide range of cold temperatures, in contrast with visceral neu-
rons in which this channel appears to be the main determinant of
cold sensitivity (Fajardo et al. 2008).

Menthol effects are stronger in low-threshold CS neurons
because of higher TRPMS8 channel expression

Menthol activates TRPMS8 channels, shifting their thermal
threshold (McKemy et al., 2002; Jordt et al., 2003; Voets et al.,
2004). Menthol also activates TRPA1 (Karashima et al., 2007). As

reported by Karashima et al. (2007), a fraction (56%) of AITC-
sensitive neurons was also activated by menthol (n = 66) (Fig.
2A). Unlike the effects on TRPMS, in just 4 of these neurons (n =
37) was the response to cold sensitized by menthol. In the great
majority (89%) cooling inhibited the menthol response (p <
0.01) (Fig. 2B), suggesting that menthol sensitivity in CS TG
neurons is a reliable marker of TRPMS expression.

Next we compared menthol effects between LT-CS and HT-CS
neurons. In 46 LT-CS neurons, all except 3 (94%) showed a robust
increase in [Ca®™ |, (mean elevation of 214 = 24 nMm) to applications
of menthol (100 uMm) (supplemental Fig. S2A, available at
www.jneurosci.org as supplemental material). In contrast, in 40
HT-CS neurons, menthol augmented [Ca*"]; in only 62% of the
cells ( p < 0.001, Ztest) (see also Thut et al., 2003). Compared with
LT-CS neurons, HT-CS neurons also showed significantly smaller
calcium increments during cooling or menthol application (supple-
mental Fig. S2A, available at www.jneurosci.org as supplemental
material). Both temperature threshold and amplitude of the [Ca*" ]
increases in response to cold did not vary in either group of neurons
with repeated cooling pulses in control condition. Failure of HT-CS
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to elevate [Ca®"]; at basal temperature A
(~34°C) should not be interpreted as a lack
of effect of menthol (supplemental Fig. S2 B,
available at www.jneurosci.org as supple-
mental material). As a matter of fact, in all
HT-CS neurons lacking a response to men-
thol at 34°C, this drug shifted thermal
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High TRPMS8 expression levels are
associated with low cold

temperature thresholds

Next, we asked whether expression levels
of TRPMS8 influence the temperature
threshold. To this end, we established dose-response curves to
different concentrations (1-300 um) of menthol in LT-CS and
HT-CS neurons. Very low concentrations of menthol were able
to evoke a clear [Ca®"]; increase in LT-CS neurons, whereas
responses in HT-CS neurons started at higher concentrations of
menthol and were of smaller amplitude (Fig. 3A4). The ECs, of
menthol-induced [Ca?* ], elevation was 5 um for LT-CS neurons
(n = 37) and 272 pm for HT-CS neurons (n = 13) (Fig. 3B),
suggesting that the former express higher TRPMS levels.

A second, direct determination of functional TRPMS8 chan-
nels was obtained with electrophysiological recordings during
stimulation with cold (I_,4) and cold plus 100 um menthol
(Itrpms) (Fig. 3C). In LT-CS neurons, mean I g was —5.5 = 1.1
PA/pF (n = 24). In contrast, in HT neurons I was significantly
smaller (mean = —0.4 = 0.3 pA/pF, n = 22; p = 0.0002, ¢ test).
LT-CS neurons had, on average, significantly higher densities of
Itrpms than did HT-CS neurons (—43.5 = 4.7 pA/pF: n = 24 vs
—12.8 = 3.0 pA/pF: n = 22; p < 0.0001, ¢ test). Overall, there was
a positive correlation (r = 0.67; p < 0.0001) between thermal
threshold and amplitude of I 1zpyg in individual trigeminal neu-
rons (Fig. 3D), suggesting that expression levels of TRPMS influ-
ence the temperature threshold of cold thermoreceptors. A sim-
ilar positive correlation was observed between I,y and thermal
threshold in the same cells (r = 0.63, p < 0.0001; data not shown).

Previously, we demonstrated that BCTC is a very effective
blocker of cold-evoked currents in recombinant TRPM8 chan-
nels, lacking inhibitory actions on TRPA1 (Madrid et al., 2006).
BCTC (1 uMm, a dose blocking ~70% of I,y in recombinant
channels) caused a reversible shift in temperature threshold to-
ward colder values in trigeminal neurons (supplemental Fig.
S3A, B, available at www.jneurosci.org as supplemental mate-
rial). The thermal shift was more pronounced for LT-CS neurons
compared with HT-CS (4.6 = 0.5°C,n =24 vs 3.0 = 0.3°C,n = 5;

response curve for HT-CS and LT-CS neurons. €, Simultaneous recording of membrane current (top trace) and bath temperature
(bottom trace) during a long cooling step combined with application of menthol (100 wum). The record on the leftis from an HT-CS
neuron (26.0°C) and the record on the right is from an LT-CS neuron (33.5°C). D, Correlation between threshold temperature and
100 wum menthol-evoked current at 20°Cin 46 CS neurons.

p <0.01) (supplemental Fig. S3C, available at www.jneurosci.org
as supplemental material), suggesting that in the former popula-
tion, TRPMS8 currents play a more important role in the determi-
nation of cold-evoked firing threshold.

Together, our data show that the population of LT-CS neu-
rons has a higher sensitivity to menthol than have the HT-CS
cells. This finding and the higher density of menthol-sensitive
currents in LT-CS neurons strongly suggest that they express
higher levels of TRPMS. A similar conclusion was reached previ-
ously in rat trigeminal (Thut et al., 2003) and dorsal root ganglion
(DRG) (Xing et al., 2006) neurons.

High I, expression levels are associated with high cold
temperature thresholds

Ixp is a voltage-dependent, slowly inactivating, 4-AP-sensitive
K™ current active at membrane potentials that are subthreshold
for action potential generation (Storm, 1988; Viana et al., 2002).
After obtaining a measure of the temperature threshold with
Ca** imaging, we estimated the level of I, expression in whole-
cell voltage-clamp mode (see Materials and Methods). Figure 4 A
presents recordings of two CS neurons representative of the LT
and HT class. Both cells display a prominent noninactivating
inward current during the hyperpolarizing voltage step. The prop-
erties of this current, and the blockade by 4-(N-ethyl-N-phe-
nylamino)-1,2-dimethyl-6-(methylamino)pyrimidinium chloride
(ZD7288) (data not shown), are characteristic of the I, current car-
ried by HCN channels (Robinson and Siegelbaum, 2003). The
record on the left is typical of a neuron with a high temperature
threshold, 20°C in this particular case. The end of the hyperpo-
larizing step and the return of the membrane potential to —50
mV is accompanied by the appearance of a slowly decaying out-
ward current (i.e., Ixp). On the right a typical neuron with a low
temperature threshold (33°C) is shown. In this case, the return to
the holding potential gives rise to a rapid inward tail current that
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Kv1 channels are the molecular
counterparts of I, in

cold-sensitive neurons

We tested whether a-DTx (Stithmer et al.,
1989; Harvey and Robertson, 2004), a spe-
cific blocker of some Shaker potassium
channel subunits (Kv1.1, Kvl.2, and
Kv1.6) affected Iy, and thermal threshold
in identified CS neurons. A 1 uMm concen-
tration of a-DTx blocked a slow outward
current activated at subthreshold poten-
tials (Fig. 5D). At —40 mV the block aver-
aged 58 £ 12% (n = 3), very similar to the
effects observed with 100 um 4-AP. Appli-
cation of a-DTx also produced a dose-
dependent (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental
material), reversible shift in the cold

LT-CS
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o 1
20 25 !
5o @i

20 22 24 26 28 30 32 34
temperature threshold (°C)

Figure4.

is suppressed by ZD7288 (data not shown), and no slowly decay-
ing outward current was observed.

In the case of I, and opposite to the results for Iypyg, there
was a negative correlation (r = —0.44; p < 0.0001) between
temperature threshold and I, expression (Fig. 4 B). On average,
the amplitude of I, in HT-CS neurons was approximately twice
as large as that in LT-CS neurons (3.1 = 0.5 pA/pF, in HT-CS
neurons, 7 = 35 vs 1.4 = 0.3 pA/pF in LT-CS neurons, n = 46,
p = 0.008, t test). In contrast, the density of I, did not vary
between HT-CS neurons and LT-CS neurons (28.7 * 3.7 vs
29.7 £ 3.2 pA/pF, p = 0.83). In a fraction of neurons (n = 17), we
measured both currents, I1gpyg and Ip,. Figure 4C plots current
densities as a function of thermal threshold for individual cells.
The reciprocal pattern of Irgpys and Iy, current expression
among LT- and HT-CS neurons is very obvious.

The K™ channel blocker 4-AP produced a substantial block of
Ixp (Fig. 5A). In 14 CS neurons expressing Iy, 100 uMm 4-AP
blocked 51.2 = 4.9% of the late outward current at —40 mV.
Blockade of Iy, produced a large, reversible shift in thermal
threshold toward warmer temperatures (Fig. 5B). The average
shift in threshold was larger (10.5 = 0.9°C, n = 10) in HT-CS
neurons compared with LT-CS neurons (3.3 = 0.6°C, n = 14)
(p < 0.01). In essence, all CS neurons, regardless of initial tem-
perature threshold, were transformed into low-threshold CS
neurons in the presence of low doses of 4-AP (Fig. 5C).

Altogether, our results indicate that I, is an important deter-
minant of thermal threshold in trigeminal cold thermoreceptors
and plays a major inhibitory role in cold sensitivity.

Differential /,,, expression in low- and high-threshold cold-sensitive neurons. A, Whole-cell current response to a 500
ms hyperpolarizing voltage step to — 120 mV from a holding potential of —50 mV. Left, an HT-CS neuron (threshold = 20°C).
Right, An LT-CS neuron (threshold = 33°C). B, Correlation between threshold temperature and /y;, current density in 81 CS
neurons. €, Plot of /s and . current density in individual CS neurons. The abscissa represents the thermal threshold, measured
with [Ca® "], imaging. /,, was measured at —40 mV from a holding potential of —120 mV, in the presence of 0.5 wum TTX.

threshold of trigeminal neurons (Fig.
5E,F). On average, 1 uM a-DTx shifted
the threshold by 2.7 = 0.6°C (n = 19), a
value that was nearly identical to the effect
of 4-AP on the same neurons (mean
shift = 3.0 = 0.6°C; p = 0.52). Except in
one case, the lack of effect of a-DTx was
paralleled by a lack of action of 4-AP (data
not shown).

The effects of DTx-K, a related
polypeptide that selectively blocks Kv1.1-
containing channels (Harvey and Robert-
son, 2004) on the cold threshold, were
nearly identical to those observed with
a-DTx. On average, 1 um DTx-K shifted
the threshold by 3.5 = 0.8°C (n = 19)
(supplemental Table 1, available at www.jneurosci.org as supple-
mental material).

TsTx, from the scorpion Tityus serrulatus, blocks Kv1.2 and
Kvl.3-containing channels (Rodrigues et al., 2003). TsTx (100
nM) also produced a significant shift in cold threshold (supple-
mental Table 1, available at www.jneurosci.org as supplemental
material). Homotetrameric Kv1.1 and Kv1.2 show very different
sensitivities to the K™ channel blocker TEA, with the former
being very sensitive (IC5, <0.5 mm), whereas the latter is virtually
insensitive (IC5, >100 mMm), and with heteromeric channels fall-
ing in between (Christie et al., 1990). We tested 1-10 mm TEA on
the cold sensitivity of TG neurons. The thermal shift produced by
TEA was only significant at 10 mM (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material).

These results strongly suggest that dendrotoxins and 4-AP
target the same population of voltage-gated K™ channels. Given
that Kv1.1 and Kv1.2 homotetrameric channels are essentially
absent in the nervous system (Koschak et al., 1998; Manganas and
Trimmer, 2000), it is likely that in CS neurons, I, is formed by a
heteromer of Kv1.1 and Kv1.2, but additional Kv1 subunits can-
not be excluded at present. Mean thermal shifts produced by all
Kv1 blockers were always more prominent in HT-CS neurons,
entirely consistent with a higher expression of I, in them (sup-
plemental Table 1, available at www.jneurosci.org as supplemen-
tal material).

The biophysical properties of I, in CS neurons were charac-
terized in detail, using standard biophysical protocols and phar-
macological isolation of the current with 4-AP (Fig. 6A,B). Ixp
starts to activate negative to —50 mV, near the resting membrane
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Figure 5.
the presence of 100 m 4-AP. B, Effect of 100 um 4-AP on thermal threshold in a CS neuron. The green dots correspond to the pseudocolor images on the top row. ¢, Summary of effect of 100
4-AP on cold-evoked temperature threshold in 24 CS neurons. D, Effect of 1 v c-DTx on /. Same protocol as in A. E, Effect of 1 uum o-DTx on thermal threshold. F, Shifts in thermal threshold in
individual CS neurons (n = 19) produced by T um a-DTx.

potential of the cell, and the amplitude of the current increases
steeply with voltage (Fig. 6C,D). The voltage for half-maximal
activation (V,,) of Iy, averaged —13 * 2 mV, with a slope factor
of21 = 2 (n = 6). Inactivation is also voltage dependent (Fig. 6 E).
The V,,, for steady-state inactivation curve averaged —71 * 2
mV and the slope, —13 £ 1 (n = 6), with a significant overlap
between both curves, giving rise to a window current (Fig. 6 F).
The low activation threshold of I, and the slow inactivation
imply that it will dampen the depolarizing influence of I1zpys
during cooling, resulting in a higher thermal threshold and a
reduction in the maximal response.

Cold threshold is determined by the combined effects of I,
and TRPM8

Our results, so far, indicate that many CS trigeminal neurons express
both Igpms and Ixp, each of them having opposing actions on tem-
perature threshold. This was tested directly in 20 neurons, applying
blockers of TRPMS and Iy, sequentially. The behavior of the cell
shown in Figure 7A was typical of LT-CS neurons (n = 12), in this
particular case, with a threshold of 33.4°C. Application of 3 um
BCTC produced a strong shift in threshold to colder temperatures,
consistent with the potent inhibitory action of BCTC on TRPMS8
channels (Madrid et al., 2006). Notably, perfusion with 75 um 4-AP
in the continuous presence of 3 um BCTC recovered most of the
cold-evoked response with a threshold of 31.1°C. In HT-CS neurons
(n = 8),3 uM BCTC produced a full inhibition of the cold-evoked

= AN
2I6 I 3I0 l 314

temperature threshold (°C)

Thermal modulation of cold-sensitive neurons by 4-AP and ce-DTx. A, Whole-cell current in a CS neuron during a bipolar voltage step from — 120 to —40 mV in control solution and in

response (Fig. 7B), and coapplication of 75 uM 4-AP recovered the
thermal sensitivity almost fully, suggesting that lowered TRPM8 ac-
tivity can still evoke a thermal signal provided sufficient excitability
brake is removed. The effects of sequential application of BCTC and
4-AP on thermal sensitivity of LT-CS (open circles) and HT-CS (red
circles) are summarized in Figure 7C. In an additional set of 33 CS
neurons, we applied the same blockers in the opposite sequence:
first, 75 uM 4-AP alone and thereafter combined with 3 um BCTC
(Fig. 7D). As expected, application of 4-AP alone shifted the thresh-
old to higher temperatures, whereas coapplication of 4-AP and
BCTC shifted the threshold in the opposite direction (Fig. 7E). A
similar, antagonistic effect was observed on the amplitude of cold-
evoked [Ca*"]; signals (data not shown).

To confirm that the changes in temperature threshold pro-
duced by the blockers reflected real changes in neuronal excit-
ability, we performed the same protocol during whole-cell
current-clamp recordings. As shown in Figure 8 A, application
of 75 uM 4-AP to a CS neuron produced a strong shift in
thermal threshold that was accompanied by a large increase in
the number and frequency of action potentials during the
cooling pulse. Notably, coapplication of 4-AP and 3 um BCTC
fully reversed the shift in thermal threshold and the increased
firing produced by 4-AP alone. The average results for 7 neu-
rons are summarized in Figure 8, B and C.

These results show that Iy, and Irgppys exert opposite influ-
ences on cold temperature-dependent excitability. Furthermore,
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Figure 6.  Pharmacological isolation and biophysical properties of /. A, Activation properties of whole-cell outward currents in a S trigeminal neuron. The 0.5 s hyperpolarizing prepulse to
—120 mV was followed by a family of 1.5 s voltage steps that varied from —70to +60 mV in 10 mV increments (in the figure only alternate steps are represented). The records on the left were
obtained in control external solution and those in the middle were obtained in the same cell after applying 100 v 4-AP. Digital subtraction of both sets of records yields the 4-AP-sensitive current
(right panel). Note the very slow inactivation at negative membrane potentials. The absolute values of the calibration bars apply to the three panels. B, Steady-state inactivation of the 4-AP-sensitive
current (i.e., /). The voltage protocol is shown at the bottom. C, /-V relationship of the peak and steady-state 4-AP-sensitive current. D, Activation curve of the 4-AP-sensitive current. The
normalized conductance was fitted with a Boltzmann function with V;,, = —5 mV and the slope factor s = 17. E, Steady-state inactivation properties of the transient outward current. The data
have been fitted to a Boltzmann function with V,,, = —71 mV and the slope factor s = —13. Data for A~E are from the same (S neuron (threshold = 25.4°C). F, Average activation and
steady-state inactivation curves in 6 CS neurons. Note the window current around the resting membrane potential.
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Figure 7.  /,;, and TRPM8 blockers exert an opposite influence on the thermal threshold of cold thermoreceptor neurons. 4,
Effect of 3 m BCTCalone and in combination with 75 wum 4-AP on the amplitude and temperature threshold of an LT-CS neuron,
evaluated with [Ca”]i imaging. B, Same protocol as in A but in an HT-CS neuron. ¢, Histogram summarizing the effect of the X !
different combinations of blockers on average thermal threshold for LT-CS (open circles) and HT-CS (red circles) neurons. Note the the cold plate late.ncy (Flg. 9A, B), suggesting
nearly full reversal of the inhibitory effect of 3 um BCTC by coapplication with 75 um 4-AP. D, Effect of 75 pum 4-AP alone and in that the mechanism behind the cold hyper-
combination with 3 um BCTC on the amplitude and threshold of cold-evoked responses. E, Summary of the effects of 4-AP and algesia observed is independent of TRPA1
4-AP plus BCTC on the thermal threshold of 33 CS neurons. expression.
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The fact that sensitization caused by
4-AP and a-DTx is restricted to cold and
not to heat or mechanical stimulation, as
would be expected if the drug had aug-
mented the excitability of polymodal noci-
ceptor endings, suggests that intense cold
stimulates a population of high-threshold
cold receptor neurons connected centrally
with nociceptive pathways, which are dis-
tinct from polymodal (e.g., mechano-
heat) nociceptor neurons. Specific block-
ade of Iy, with a-DTx in mice increases
sensitivity of these neurons to cold stimuli
in such a way that nocifensive responses
will thereafter be evoked with innocuous
temperatures.

Discussion

Our data show that expression levels of
TRPMS and Iy, play a critical role in de-
termining the thermal excitability of many
low- and high-threshold trigeminal cold-
sensitive neurons. This proposal qualifies
the view presented in many earlier studies
(reviewed by Reid, 2005; Dhaka et al,
2006), which considered TRPMS8 and
TRPALI channels as the specific receptors
responsible for low- and high-threshold
cold sensitivity, respectively. The evidence
presented here suggests a more complex
picture and, together with contributions
of many recent studies (see below), em-
phasizes the need of rejecting conceptually
attractive but oversimplified models of
cold temperature sensing by peripheral
neurons.

Our findings support the current ca-
nonical view that regards TRPM8 as a crit-
ical transducer for innocuous cold sensing.
Thus, most low-threshold CS neurons
were activated and/or sensitized by men-
thol. Furthermore, these cold responses
were blocked by BCTC, an effective
TRPMS8 channel blocker with sensitizing
actions on TRPA1 (Madrid et al., 2006; Fa-
jardo et al., 2008). The majority of studies,
including phenotypic analysis of TRPMS8
knock-out mice, agree with this view
(McKemy, 2005; Reid, 2005; Daniels and
McKemy, 2007). In addition, we find that
many high-threshold CS neurons also ex-
press TRPMS8 (i.e., cold responses were
sensitized by menthol and inhibited by
BCTC) and provide a molecular explana-
tion for their difference in threshold (see
below). There is now growing morpholog-
ical (Takashima et al., 2007), functional
(Bautista etal., 2007; Xing et al., 2007), and
behavioral evidence that TRPMS also par-

ticipates in sensing cold as unpleasant or painful (Green and
McAuliffe, 2000; Acosta et al., 2001; Wasner et al., 2004; Namer et
al., 2005; Green and Schoen, 2007). In this regard, it is most
relevant that deletion of TRPMS in mice produces a marked re-
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Figure8. /,and TRPM8 exertan opposite influence on the thermal threshold and excitability of cold thermoreceptor neurons.
A, Simultaneous recording of membrane potential (top trace) and bath temperature (bottom trace) during 4 consecutive cooling
ramps in a cold-sensitive TG neuron recorded in perforated-patch current-clamp mode (/,,,,; = 0 pA). Application of 75 jum 4-AP
shifted the temperature threshold and greatly enhanced the firing of action potentials during the cooling ramp. Coapplication of
75 pum 4-AP with 3 um BCTC produced a reversible reduction in the cold-induced depolarization and shifted the firing threshold
toward lower temperature. B, Summary of the effects of 4-AP and 4-AP plus BCTC on the thermal threshold of 7 CS neurons. The
shift in thermal threshold produced by 75 um 4-AP averaged 4.7 == 1.4°C( p < 0.05). ¢, Summary of the effects on mean firing
frequency using the same protocol. Mean firing frequency was calculated by dividing by 10 the number of action potentials during
a 105 period after the first action potential evoked by cooling. The increase in firing produced by 75 pum4-AP was significant ( p <
0.05).
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Figure9. Blockade of /,, enhances cold-evoked nocifensive behaviors selectively. A, Number of nocifensive behavior events in

1 min after application of acetone to the plantar surface of the hindpaw. Scores have been obtained before and after injection of
10 wl of 10 mm4-AP or 100 uum ce-DTx to the hindpaw in wild-type (n = 6) and TRPAT™/~ (n = 4 —8) animals. B, Cold plate (0°C)
withdrawal latency. C, Hot plate (52°C) withdrawal latency. D, Withdrawal threshold to punctate mechanical stimuli (in milli-
newtons). In all cases, no differences in scores were observed before and after injection of 10 wul of vehicle to the hindpaw (data
not shown).

duction in the response of high-threshold cold-sensitive afferent
fibers (Bautista et al., 2007), and reduces hyperalgesia to cold
(Colburn et al., 2007). Early studies characterizing low- and high-
threshold cold responses already signaled the strong overlap in
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their pharmacological characteristics: for example, both groups
were menthol sensitive (Thut et al., 2003). We found no differ-
ence in the basic electrophysiological properties of LT- and
HT-CS neurons, suggesting that they are part of the same ances-
tor pool of neurons, and that threshold differences between cold
thermoreceptor neurons is determined by a rather specific
mechanism.

Our results do not support the premise that the mechanism
differentiating LT and HT trigeminal CS neurons is determined
by TRPAL1 expression; nor do they favor an important role of
TRPAL in the detection of unpleasant cold by uninjured mouse
TG neurons. In our hands, only a very small percentage of TG CS
neurons were activated by TRPAI agonists. Moreover, cooling
produced a significant inhibition of these agonist-evoked re-
sponses. Our observations agree fully with the results presented
earlier by Jordt et al. (2004). These authors found that only 4% of
mustard oil-sensitive TG neurons responded to cooling down to
5°C. Similarly, in rat DRG neurons, Babes et al. (2004) found that
HT-CS neurons were insensitive to mustard oil and concluded
that TRPAL is not involved in cold sensing in the temperature
range between 32°C and 12°C. However, in their study, the trans-
ducer for HT-CS neurons appeared to be different from TRPMS8
because these neurons were not activated by menthol. Whether
this means that cold-transducing mechanisms in DRG and TG
are not identical should be clarified by future studies. Interspecies
and methodological differences may also play a role. In particu-
lar, our cooling stimuli were relatively short in duration. We
cannot exclude the idea that more intense or more sustained
cooling stimuli may recruit additional cold-sensitive neurons
with different phenotype (e.g., TRPAI positive). In any case, it is
very difficult to evaluate the physiological significance of cooling
stimuli applied to the soma of neurons in culture, especially when
their intensity and time course are far below the actual tempera-
tures capable of evoking unpleasant and painful cold sensations
when delivered to sensory nerve terminals in vivo, where overt
pain is clearly evoked by external temperatures that do not reduce
subcutaneous temperatures below 10°C. The few TRPAI-
positive CS neurons we observed are most likely nociceptors in-
volved in signaling the extreme cold temperatures that lead to
burning pain (Morin and Bushnell, 1998; Davis and Pope, 2002).
Results obtained in vivo by Simone and colleagues (Simone and
Kajander, 1996, 1997) showed that all A8- and C-type nocicep-
tors are activated by cold at subzero temperatures.

Our findings do not imply that TRPA1 is irrelevant for all
aspects of cold sensing. After peripheral nerve injury or inflam-
mation, conditions that are accompanied by cold hyperalgesia,
there is a clear involvement of TRPA1 in the functional and be-
havioral responses to cold (Katsura et al., 2006; Ji et al., 2008).
Furthermore, our negative results for TRPA1 in TG neurons con-
trast with our own observation in nodose visceral neurons. In this
case, the great majority of CS neurons, even those activated by
relatively mild cold temperatures, were activated by TRPA1 ago-
nists, whereas their cold response was blocked by TRPA1 antag-
onists (Fajardo et al., 2008). These findings were obtained under
experimental conditions identical to those used in the present
study. Thus, it is possible that tissue-specific posttranslational
modifications or other factors influence the sensitivity of TRPA1
channels to temperature.

Finally, other studies have provided clear evidence for the
contribution to cold sensing of additional mechanisms, indepen-
dent of TRPM8 and TRPA1, such as closure of leak K * channels,
and yet-to-be characterized mechanisms (Reid and Flonta, 2001;
Viana et al., 2002; Babes et al., 2004, 2006; Munns et al., 2007). It
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is not unreasonable to speculate that many of these mechanisms
will operate in concert in the intact animal, their relative contri-
bution depending on a variety of factors such as final temperature
at nerve endings, rate and duration of temperature reduction,
metabolic state, and pathological conditions such as inflamma-
tion and nerve injury.

Our new findings on the expression pattern and molecular
nature of Iy, expand our earlier description of a low-voltage-
activated K current acting as a molecular excitability break lim-
iting the size of the subpopulation of cold-sensitive fibers (Viana
etal., 2002; Roza et al., 2006). The blocking actions of DTx-K and
tityustoxin-Ke indicate that Kv1.1 and Kv1.2 are part of the
channel complex forming I, (Wang et al., 1999; Harvey and
Robertson, 2004) and excludes homomeric Kv1.2 channels,
which are insensitive to DTx-K. Intriguingly, Kv1.1 knock-out
mice show prominent cold-induced discharges in myelinated
motor nerves (Zhou et al., 1998).

Altogether, our experimental evidence favors the view that
detection of low temperatures in the psychophysical range of
pleasant cooling to unpleasant cold is primarily performed by
distinct subpopulations of cold thermoreceptors sharing a num-
ber of electrophysiological properties (i.e., short duration spikes,
low rheobase, prominent I, current) but thermally tuned by the
variable expression of TRPMS8 and Kv1 potassium channels and
perhaps other thermosensitive channels whose excitatory and in-
hibitory influences will modulate the final thermal excitability.
Both TRPMS8 and Kv1 currents are present in sensory nerve end-
ings (Kirchhoff et al., 1992; Madrid et al., 2006; Bautista et al.,
2007), and some of these endings are excited by menthol and by
low concentrations of 4-AP (Roza et al., 2006). Thus, we hypoth-
esize that evolutionary forces sculpted a population of low-
threshold cold receptors with the following characteristics: high
TRPMS levels and low or absent I, expression. In contrast, spe-
cific high-threshold cold neurons would result from the follow-
ing code: low TRPMS levels and high expression of Iyp,. This
population appears to be functionally distinct from conventional
C-type polymodal nociceptor neurons that exhibit broad spikes
and lack inward rectification (Scroggs et al., 1994; Fang et al.,
2005). The high-threshold cold receptors we describe probably
underlie the common sensation of unpleasant cold discomfort
(Mauderli etal., 2003), accompanying, for example, sudden body
immersion in cold water or exposure to very cold air. Polymodal
nociceptors that appear to respond only to overtly injurious cold,
and that elicit sensations of burning cold pain, may require more
prolonged and/or deeper cooling for activation and require fur-
ther study (Wahren et al., 1989; Simone and Kajander, 1997). An
additional important player in the detection of noxious cold is the
TTX resistant sodium channel (NaV1.8) (Akopian et al., 1996).
Although this channel is apparently not essential for cold sensing,
itis critical for propagation of nerve impulses at low temperatures
(Zimmermann et al., 2007). In its absence, nociceptor sensory
terminals become unexcitable at low temperatures, and it is at-
tractive to speculate that this channel is also expressed by high-
threshold cold thermoreceptors. A significant fraction of
menthol- and cold-sensitive neurons in DRGs were found to
express TTX-resistant sodium channels (Xing et al., 2006). A
schematic representation of our proposal is illustrated in supple-
mental Figure 4, available at www.jneurosci.org as supplemental
material.

Exacerbated cold sensitivity is a very frequent symptom after
peripheral nerve injury (Jerum et al., 2003). Furthermore, cold-
evoked hyperalgesia is a disabling condition in postherpetic neu-
ralgia (Pappagallo et al., 2000) and in neuropathies caused by
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cancer chemotherapy, often limiting the maximal dosage of pre-
scribed antitumoral drugs (Lehky et al., 2004). These effects have
been generally interpreted as the result of an altered processing of
the information provided by low-threshold cold receptors and
nociceptors at spinal cord neurons (Wahren et al., 1989). The
data obtained in this work open the possibility that alterations in
ion channels at peripheral terminals may additionally contribute
to cold-evoked pain after nerve injury. Our findings indicate that
disturbances of the expression ratio between peripheral TRPM8
and Kv1 potassium channels could give rise to hypersensitivity to
cold through altered threshold and augmented excitability of spe-
cific high-threshold cold neurons, opening new therapeutic pos-
sibilities for alleviating this severely disabling, painful condition.
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