
Ion channels activated by cold and menthol in cultured rat dorsal
root ganglion neurones

Gordon Reid*, Maria-Luiza Flonta

Department of Animal Physiology and Biophysics, Faculty of Biology, University of Bucharest,

Splaiul Independent,ei 91-95, 76201 Bucharest, Romania

Received 23 January 2002; received in revised form 18 February 2002; accepted 18 February 2002

Abstract

A cold- and menthol-activated ionic current has been described in sensory neurones, which probably has a role in

temperature sensing. Here we describe the ion channels underlying this current. Cooling activated non-selective cation

channels (conductance, about 22 pS; reversal potential, 24.2 mV) in outside-out patches from cold-sensitive rat dorsal

root ganglion neurones, and their activity was strongly increased by menthol. The activation threshold was 17.9 8C,

shifting to 24.3 8C in 100 mM (-)-menthol, about 10 8C colder than observed in intact neurones. Channels in excised

patches did not adapt to sustained cooling, unlike the current in intact neurones. We conclude that the ion channels

underlying the cold- and menthol-induced current are directly activated by these stimuli, although other modulatory

factors appear to be important in determining threshold and adaptation. q 2002 Elsevier Science Ireland Ltd. All rights

reserved.
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Skin temperature is detected by specific warm and cold

receptors. Although the responses of these receptors to ther-

mal stimuli have been intensively studied [7,14], thermal

transduction is still probably the least understood of any

sensory modality. The main obstacle to progress has been

the inaccessibility of cutaneous receptor terminals to direct

electrophysiological measurement. The cell body of a

sensory ganglion neurone maintained in culture is a good

model of its receptor terminal [3], and it has been shown that

cold transduction in this model depends on at least two

mechanisms. Firstly, cooling activates an inward non-selec-

tive cation current [11,17], and secondly, it inhibits a back-

ground K1 current [12] with similar properties to the

TREK-1 channel which had already been suggested as a

possible cold sensor [9]. The inward current is sensitized

by the cold receptor stimulant (-)-menthol, and it shares

several characteristics with intact cold receptors, including

adaptation and modulation by Ca21 [11]; it therefore seems

likely that it plays the dominant role in cold sensing.

It is not yet clear whether this cold-activated inward

current results from direct activation of an ion channel by

cold, analogous to the direct activation of some ion channels

by heat [4,5], or whether temperature acts on an intracellular

signalling pathway which modulates activity of a tempera-

ture-insensitive ion channel, as has been suggested for a

warm-activated current in sensory neurones [10]. The

present study was intended to answer this question by test-

ing whether ion channels are activated by cold and menthol

in excised membrane patches from cold-sensitive neurones,

and to investigate to what extent these channels share the

properties of the whole-cell current.

Cultures of adult rat dorsal root ganglion (DRG) neurones

were prepared essentially as previously described [12], but

without the use of capsaicin and with 10% horse serum

(Sigma) in place of the serum-free supplement. Experiments

were carried out after 1–4 days in culture. Basal temperature

during recordings was maintained at 32 8C, close to

mammalian skin temperature [7], and cooling stimuli were

applied locally with a system already described [13]. The

standard extracellular solution and K2SO4-based pipette

solution were the same as used previously [12]; experiments

including voltage ramps were made with a CsCl-based

pipette solution (140 mM CsCl, 6 mM NaCl, 10 mM

HEPES, 2 mM EGTA, 7.6 mM NaOH, pH 7.2 at 25 8C)

to inhibit outward K1 currents. Pipette solutions did not

contain adenosine triphosphate or guanosine triphosphate.
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(-)-Menthol (Sigma) was added to the extracellular solution

from a 200 mM stock solution in ethanol, which was stored

in a glass bottle at 220 8C to avoid evaporation; fresh work-

ing solutions were made every 2 h.

We identified cold-sensitive DRG neurones by measuring

the intracellular Ca21 concentration ([Ca21]i) during cooling

ramps to 18–20 8C [15]. Cells were loaded at 37 8C for 30

min with 2 mM Calcium Green-AM in standard extracellu-

lar solution containing 0.02% Pluronic (both from Molecu-

lar Probes, Leiden, the Netherlands). Fluorescent images

were collected with a £ 40/NA 0.95 dry objective (Nikon)

and a COHU 4910 integrating camera (COHU, San Diego,

CA), using software written by G.R., and analyzed using

programs written in the IDL language (Research Systems,

Boulder, CO). The change in fluorescence (DF) relative to

its initial level (F0) was used as an index of [Ca21]i [16].

Neurones showing an abrupt increase in fluorescence at a

distinct threshold temperature and a peak DF/F0 of at least

0.15 were selected for electrophysiological recording; these

constitute about 7% of the total [11].

Outside-out patches from cold-sensitive neurones were

recorded at 280 mV with an EPC-7 amplifier (HEKA,

Lambrecht, Germany) using borosilicate glass pipettes

(GC150T, Harvard Apparatus), heat-polished to a resistance

of 6–10 MV and coated with Sylgard 184 (World Precision

Instruments, Berlin, Germany). Currents were filtered at 10

kHz (three-pole Bessel) and recorded on video tape using a

modified Sony pulse code modulation audio processor, then

sampled offline at 40 kHz with GATHER software on a

Labmaster 160 kHz DMA interface (both from Scientific

Solutions, Mentor, OH). Data were analyzed using

programs written in IDL and with pClamp 6 (Axon Instru-

ments, Union City, CA). All values are expressed as

means ^ SD. The present report is based on 32 outside-

out patches from 21 cold-sensitive neurones.

From a base temperature of 32 8C, cooling elicited chan-

nel openings in 28 of 32 patches (Fig. 1A). The threshold

temperature for channel activation during 30-s ramps from

32 to 13 8C was 17.9 ^ 1.7 8C (range, 15.4–19.8 8C,

n ¼ 10). Application of (-)-menthol (100 mM) induced a

dramatic increase in channel activity at low temperatures

in all of these 28 patches, with no activity at the base

temperature of 32 8C (Fig. 1A), and shifted the activation

threshold to 24.3 ^ 2.0 8C (20.7–29.3 8C, n ¼ 18). The

mean threshold shift induced by menthol was 6.1 ^ 1.8 8C

(4.2–9.1 8C, n ¼ 9). Menthol did not induce any channel

activity in the four patches that contained no cold-activated

channels. Cyclohexanol, the cyclic alcohol on which

menthol is based, did not induce channel openings or alter

cold-induced channel activity (n ¼ 4).

Cold-activated channels showed sporadic brief openings,

with a very low open probability even at 5 8C; open prob-

ability was very much higher in the presence of menthol

(Fig. 1B). The single-channel current at 280 mV was

measured using all-points histograms based on channel

openings of sufficient duration to reach a well-defined

open level. Without menthol, the single-channel current

was 1.67 ^ 0.26 pA (1.43–2.23 pA, n ¼ 8) and in 100

mM (-)-menthol it was 1.73 ^ 0.25 pA (1.44–2.02 pA,

n ¼ 7); this difference is not significant (P ¼ 0:67, two-

tailed paired t-test, n ¼ 7). Some channel openings, espe-

cially in menthol, had an amplitude about twice the main

level (see Fig. 1B, right panel), with a clear transition from

the main level to the higher level or vice versa. During

periods of low open probability, such transitions were

more frequent than would be expected from the opening

of two independent channels, raising the possibility either

of an additional conductance level larger than the main one,

or of cooperativity between neighbouring channels. These

possibilities were not investigated further in the present

study. The reversal potential of the single-channel current

was 24.2 ^ 3.4 mV with CsCl-based pipette solution (27.0

to 10.5 mV, n ¼ 4; Fig. 2A), indicating a low degree of

selectivity between monovalent cations. The single-channel

conductance calculated from this current amplitude and

reversal potential is approximately 22 pS for inward current,

but outward rectification was strong (Fig. 2A).

Although the channels did not require any component

outside the membrane for their activation by cold and

menthol, we observed pronounced differences between

their behaviour in excised patches and in the intact neurone.

Firstly, there was virtually no accommodation in excised

patches: during long periods of cooling (1–3 min, to 6 8C

(n ¼ 12) and 11–12 8C (n ¼ 5) in the absence of menthol,

and to 6 8C (n ¼ 19), 11–12 8C (n ¼ 9) and 16–18 8C

(n ¼ 6) in 100 mM (-)-menthol), channel activity remained

constant or declined only slightly (Fig. 1A). This suggests

that the near-complete accommodation we observed over a

similar period in intact neurones [11] is not a property of the

ion channels themselves, but depends on a modulatory

factor that is lost on patch excision. Secondly, the tempera-

ture thresholds mentioned above in excised patches are 10–

15 8C lower than those in intact neurones [11] (Fig. 2B). To

exclude the possibility that we underestimated the activation

threshold by measuring it from the first channel opening

during a cooling ramp, we confirmed the thresholds in 100

mM menthol in five patches that were stable for long enough

periods to allow activity during several cooling ramps to be

averaged (trace (a) in Fig. 2B). The same threshold values

were obtained from averaged currents as from single-chan-

nel activity in the same patch (mean difference, 0.4 ^ 1.8

8C; range, 21.7 to 12.6 8C, n ¼ 5). To exclude a major

change in the properties of the whole-cell current between

the previous study and this one, thresholds were compared

directly in five intact neurones (using perforated-patch

recording; see Ref. [12] for methods) and in five outside-

out patches from the same neurones. In 100 mM (-)-menthol,

the threshold in the patches was 13.4 ^ 2.5 8C lower than in

their parent neurones (range, 10.7–16.3 8C, n ¼ 5). The shift

in temperature sensitivity on patch excision is therefore real

and substantial.

In this study, we have described cold- and menthol-acti-
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vated ion channels that are likely to underlie the cold- and

menthol-induced current previously reported [11,17]. The

channels are directly sensitive to temperature; cold is there-

fore not sensed by an intracellular modulatory pathway

acting on a temperature-insensitive ion channel. Menthol

activation is also independent of soluble intracellular

factors. However, channels in excised patches do show

two striking differences from those in the intact cell: they

are substantially less sensitive to cold, and they do not adapt

on sustained cooling. This suggests that activation threshold
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Fig. 1. Ion channel activity induced by cold and menthol in outside-out patches. (A) Activation by cooling (bars) from a base temperature

of 32 8C to the temperatures shown, in the absence (a) and presence (b) of 100 mM (-)-menthol, in the same outside-out patch. Note the

lack of adaptation on prolonged cooling. (B) Brief periods of channel activity from this recording on an expanded time scale, showing

five consecutive periods of 200 (cold) or 100 ms (menthol), running from top to bottom. Holding potential, 280 mV; K2SO4-based pipette

solution.



and adaptation depend to an important degree on intracel-

lular mechanisms, as yet unidentified, which are lost on

patch excision.

The channels activated by menthol are strongly cold-

sensitive: menthol increased channel activity dramatically

at low temperatures but induced no channel activity at the

base temperature of 32 8C (Fig. 1A). Cold and menthol

therefore act on the same receptor, an ion channel that

appears to be directly activated by these stimuli in a manner

roughly analogous to the modulation of the vanilloid recep-

tor VR1 by capsaicin, protons and heat [4,18] or cold [2].

The present study does not give a clear indication of what

family of ion channels this receptor might belong to,

although there are at least two clear candidates, the transient

receptor potential (TRP) channels [6] and the degenerins

[8]. These families account for most known transduction

channels, and some of their members are gated or modu-

lated by heat [4,5] or cold [1], respectively. The non-selec-

tivity and rectification of the putative cold/menthol receptor

described here are suggestive of the TRP family, whereas its

small conductance is more consistent with the degenerins;

its molecular identity will probably remain ambiguous until

the sequence of the cloned channel is published.

Note added in proof

A few weeks after submission of this article, the cloning

of a cold- and menthol-activated ion channel was reported

(McKemy et al., Nature 416:52–58 (2000); Peier et al., Cell

108:705–715 (2000)). This channel, named respectively

cold and menthol receptor-1 (CMR-1) or TRPM8, is a

member of the TRP family. Its properties are fully consis-

tent with those of the native cold- and menthol-activated

current.
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