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Modulation of the cold-activated cation channel TRPM8
by surface charge screening

Frank Mahieu, Annelies Janssens, Maarten Gees, Karel Talavera, Bernd Nilius and Thomas Voets

KU Leuven, Laboratory of Ion Channel Research, Department of Molecular Cell Biology, Herestraat 49 bus 802, 3000 Leuven, Belgium

TRPM8, a cation channel activated by cold and by cooling agents such as menthol and icilin,
is critically involved in somatosensory cold sensation. Ion fluxes through TRPM8 are highly
sensitive to changes in extracellular Ca2+ and pH, but the mechanisms underlying this type of
modulation are poorly understood. Here we provide evidence that inhibition of TRPM8 currents
by extracellular divalent cations and protons is due to surface charge screening. We demonstrate
that increasing concentrations of divalent cations or protons cause parallel shifts of the voltage
dependence of TRPM8 activation towards positive potentials. These shifts were interpreted
using the Gouy–Chapman–Stern theory, yielding an estimate for the density of fixed negative
surface charge between 0.0098 and 0.0126 equivalent charges per Å2. These results represent
the first description of the effects of surface charge screening on a TRP channel and provide
a straightforward explanation for the known effects of extracellular Ca2+ on cold-sensitive
neurons.
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Abbreviations δ, distance in the electrical field; σ, planar surface charge; �, potential at the charged surface; G,
whole-cell conductance; PIP2, phosphatidylinositol 4,5-bisphosphate; V 1/2, voltage for half-maximal activation; s,
slope factor.

Introduction

In 1986, Schäfer and colleagues reported that application
of calcium inhibits the stimulating effect of menthol
on feline nasal and lingual cold receptor nerves. In
the presence of menthol, Ca2+ reduced the cold fibre
activity back to control values, indicating that the presence
of extracellular Ca2+ was influencing the sensitivity
of cold sensors (Schafer et al. 1986). Whereas at that
time the nature of the thermosensitive molecules in
temperature-sensing neurons was unknown, research
in the last decade has revealed that cation channels
of the TRP superfamily act as thermosensors in the
somatosensory system (Dhaka et al. 2006; Damann
et al. 2008; Talavera et al. 2008). One of these
temperature-sensitive TRP channels, TRPM8, expresses
as a plasma membrane Ca2+-permeable cation channel
activated by cooling and by compounds such as menthol,
eucalyptol and icilin (McKemy et al. 2002; Peier et al.
2002). Detailed biophysical analysis revealed that TRPM8
is a voltage-gated channel activated upon depolarization,
and that cooling and menthol increase channel opening
by altering the voltage dependence of activation (Brauchi
et al. 2004; Voets et al. 2004, 2007). TRPM8 is expressed
in a subset of dorsal root and trigeminal neurons

(McKemy et al. 2002; Peier et al. 2002), and a number of
recent studies have demonstrated that TRPM8−/− mice
exhibit strong deficits in environmental cold sensation
(Bautista et al. 2007; Colburn et al. 2007; Dhaka et al.
2007). Thus, TRPM8 is an important cold and menthol
sensor, and may contribute significantly to the Ca2+- and
menthol-sensitive cold responses observed by Schafer et al.
(1986).

Indeed, several studies have reported important effects
of Ca2+ on TRPM8 activity. First, activation of TRPM8
by menthol, icilin or cold is followed by gradual
channel desensitization, which depends on the presence
of Ca2+ in the extracellular medium (McKemy
et al. 2002). Accumulating evidence indicates that
phosphatidylinositol 4,5-bisphosphate (PIP2) plays a
crucial role in this Ca2+-dependent desensitisation process
(Liu & Qin, 2005; Rohacs et al. 2005). PIP2 acts as a
positive modulator of TRPM8 channel sensitivity and
prevents channel rundown in excised membrane patches
(Liu & Qin, 2005; Rohacs et al. 2005). Ca2+ influx
through TRPM8 causes activation of Ca2+-dependent
phospholipase C, leading to depletion of the cellular PIP2

levels and subsequent channel desensitization (Rohacs
et al. 2005). Similar effects of PIP2 have been found in
several other TRP channels (Rohacs, 2007; Voets & Nilius,
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2007). Second, elevated intracellular Ca2+ is a prerequisite
for the activation of TRPM8 by the synthetic cooling
compound icilin, indicating that TRPM8 can act as a
coincidence detector (Chuang et al. 2004). Finally, there
is evidence that Ca2+ can also inhibit TRPM8 activity
from the extracellular side, but the origin of this effect
is currently unclear.

In this study we investigated the mechanism under-
lying the effects of extracellular cations on the gating
of TRPM8. We demonstrate that divalent cations and
protons mainly act by shifting the voltage dependence
of TRPM8 activation, which can be accurately described
by the Gouy–Chapman–Stern theory of surface charge
screening.

Methods

Human embryonic kidney cells (HEK293) were
grown in Dulbecco’s modified Eagle’s medium
(Gibco) containing 10% (v/v) fetal calf serum
(Sigma-Aldrich), 4 mM L-alanyl-L-glutamine (Glutamax,
Gibco), 100 U ml−1 penicillin, 100 μg ml−1 streptomycin
and MEM non-essential amino acids (1×) (Gibco) at 37◦C
in a humidity controlled incubator with 10% (v/v) CO2.
HEK293 cells were transiently transfected with human
TRPM8 cloned in the bicistronic pCAGGS-IRES-GFP
vector using TransIT-293 transfection reagent (Mirus
Corp., Madison, WI, USA) following the manufacturer’s
protocol. All experiments were carried out between 16 and
24 h after transfection.

Patch-clamp experiments were performed in the
whole cell configuration using an EPC-9 amplifier
and Pulse or Patchmaster software (HEKA Elektronik,
Lambrecht/Pfalz, Germany). Electrode resistances were
between 2 and 3.5 M� when filled with pipette solution.
Whole-cell series resistance was compensated by 60–80%,
ensuring voltage errors < 10 mV. An agar bridge was used
in experiments where the extracellular Cl− concentration
changed by > 10 mM. Experiments were performed at
25◦C, unless mentioned otherwise.

The divalent free extracellular solution consisted of
(in mM): 125 NaCl, 10 Hepes, 60 mannitol and 1
EDTA, titrated to pH 7.4 with NaOH. All other
solutions contained 125 NaCl, 10 Hepes and the indicated
concentrations of CaCl2, MgCl2 or BaCl2 and were
titrated to the indicated pH with NaOH. Mannitol was
added to these solutions in order to keep osmolarity at
310 ± 10 mosmol l–1.

The standard pipette solution contained (in mM): 150
NaCl, 5 MgCl2, 5 EGTA and 10 Hepes, pH 7.4 with NaOH.
When indicated, the EGTA concentration was reduced
to 1 mM. In experiments where intracellular Ca2+ was
measured and manipulated, the pipette solution contained
(in mM): 120 NaCl2, 2 Fura-2FF and 20 Hepes, pH 7.4.

This solution was further supplemented with either 2 mM

DM-nitrophen and 1.5 mM CaCl2, or 5 mM NP-EGTA and
3 mM CaCl2.

Intracellular Ca2+ was measured using a mono-
chromator based system consisting of a Polychrome
IV monochromator and photodiode detector (TILL
Photonics, Gräfelfing, Germany), controlled by Pulse
or Patchmaster software. Fluorescence was measured
during excitation at alternating wavelengths (350
and 380 nm), corrected by subtraction of the back-
ground fluorescence before establishing the whole-cell
configuration. Absolute Ca2+ concentrations were
determined from the fluorescence ratios, using calibration
constants as described elsewhere (Voets, 2000). Rapid
photolytic release of Ca2+ was achieved by subjecting
the cell to brief (∼1 ms) UV flashes applied from a
JML-C2 flash lamp system (Rapp OptoElectronic GmbH,
Hamburg, Germany), leading to step-wise, spatially
uniform increases in intracellular Ca2+.

Group data are expressed as means ± S.E.M. Statistical
analysis and fitting were performed using Origin 7.0
software (OriginLab Corp., Northampton, MA, USA) or
home-written routines in Igor (WaveMetrics, Inc., Lake
Oswego, OR, USA). Steady-state whole-cell conductance
(G) was determined as the steady-state current at the end
of a voltage step, divided by the net driving force (i.e.
the applied voltage (V ) minus the reversal potential of
the TRPM8 current). Voltage-dependent activation curves
(G vs. V ) were fitted using a Boltzmann equation of the
form:

G (V) = G max

1 + exp
(
− (V−V1/2)

s

) ,

where Gmax is the maximal whole-cell conductance, V 1/2

the voltage for half-maximal activation and s the slope
factor.

Results

Figure 1A shows a typical experiment illustrating the
effects of extracellular menthol and Ca2+ on whole-cell
TRPM8 currents measured at −100 and +100 mV. In line
with previous work, TRPM8 carries significant current
at room temperature (25◦C), especially at depolarising
potentials (McKemy et al. 2002; Peier et al. 2002; Brauchi
et al. 2004; Voets et al. 2004, 2007). Application of
100 μM menthol in Ca2+-free medium evokes a rapid and
sustained current activation, whereas subsequent addition
of Ca2+ (20 mM) to the extracellular medium, in the
continued presence of menthol, causes inhibition of the
current, in line with previous work (Rohacs et al. 2005;
Daniels et al. 2009). Two distinct phases were evident
during Ca2+-induced current inhibition: a rapid phase,
which is virtually completed as soon as the extracellular
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solution is replaced, and a slower phase of gradual current
decay continuing for >5 min (Fig. 1A). Note that these
experiments were performed with a pipette solution
containing 1 mM EGTA as the sole intracellular Ca2+

buffer, which may be insufficient to fully prevent changes
in intracellular Ca2+, especially in the close vicinity of
the channel but also globally during prolonged opening
of Ca2+-permeable TRPM8 channels. To distinguish
between intra- and extracellular effects of Ca2+ on
TRPM8 activity, we performed whole-cell patch-clamp
experiments using a Ca2+-free extracellular solution and
evoked step-wise and spatially uniform increases in
intracellular Ca2+ ([Ca2+]i) by flash-photolysis of the
photolabile Ca2+ chelator DM-nitrophen (Fig. 1B). In
the presence of 2 μM icilin, flash-uncaging of Ca2+ to

supramicromolar concentrations (6 ± 2 μM) caused rapid
current activation, increasing the outward current at
+100 mV to 620 ± 30% (n = 5) of the current amplitude
before the UV flash (Fig. 1B and C), in line with the known
requirement of a [Ca2+]i rise to obtain a full icilin response
(Chuang et al. 2004). In contrast, transient increases
in [Ca2+]i to concentrations as high as 10 μm had no
significant immediate effect on basal TRPM8 currents or
on the currents in the presence of 100 μM menthol (Fig. 1B
and C). Based on these latter results we conclude that the
rapid current inhibition upon increasing the extracellular
Ca2+ concentration (see Fig. 1A) is a direct effect of Ca2+

ions acting extracellularly, rather than a secondary effect
of Ca2+ ions entering via the pore and acting on an intra-
cellular site.

Figure 1. Effects of extra- and intracellular Ca2+ on
TRPM8 currents
A, whole-cell TRPM8 currents measured at −100 and
+100 mV illustrating the activating effect of menthol
(100 μM) and the inhibitory effect of Ca2+. The pipette
solution contained 1 mM EGTA. Representative example
for 5 similar experiments. B, simultaneous
measurements of intracellular Ca2+ and whole-cell
TRPM8 current at +100 mV under basal conditions and
upon stimulation with menthol (100 μM) or icilin (2 μM).
At the time points indicated by a red dotted line, a brief
UV flash was applied causing photolysis of
DM-nitrophen and rapid increases in intracellular Ca2+.
C, currents measured during voltage steps to +100 mV
at the time points indicated in B. The arrows indicate the
exact time point at which the UV flash was applied.
Representative example for 7 similar experiments.
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Next, we investigated the dose dependence of the rapid
inhibition of TRPM8 by extracellular Ca2+. We performed
whole-cell recordings using a pipette solution containing
a high concentration (5 mM) of EGTA, thereby avoiding
large fluctuations in [Ca2+]i. In the presence of 100 μM

menthol, increasing extracellular Ca2+ resulted in a rapid
decrease of both the inward and outward component
of the TRPM8 current (Fig. 2A), and this inhibition
was almost fully reversible upon returning to Ca2+-free
solution. The inhibitory effect of Ca2+ showed strong
voltage dependence: the inward current at −80 mV was
reduced with an IC50 of 2.3 ± 0.2 mM, whereas the outward

current at +100 mV was reduced by only 24 ± 10% at
20 mM Ca2+ (Fig. 2C). In the absence of menthol, when
channel activity is only obvious at depolarising potentials,
we found that the reduction of the outward current at
+100 mV by Ca2+ was much stronger than in the presence
of menthol (IC50 = 4.9 ± 0.3; Fig. 2B and C). Analysis
of the voltage dependence of channel activation further
revealed that extracellular Ca2+ ions induced a parallel
shift of the activation curves along the voltage axis, both
in the absence and in the presence of menthol (Fig. 2D).
In particular, the slope of the activation curves was not
altered by extracellular Ca2+ (s = 29 ± 2 mV in Ca2+-free

Figure 2. Extracellular Ca2+ inhibits TRPM8 by shifting the voltage dependence of activation
A and B, time course of the menthol-stimulated (A) or basal (B) whole-cell TRPM8 currents measured at the end
of 100 ms voltage steps to −80 and +100 mV illustrating the inhibitory effect of extracellular Ca2+. C, dose
dependence of the effect of Ca2+ on the currents at +100 mV (circles) or −80 mV (squares) in the absence (open
symbols) or presence (filled symbols) of 100 μM menthol. Lines represent fits using the Hill equation. D, activation
curves showing the whole-cell conductance as a function of voltage for TRPM8 current at 25◦C in the absence
(open symbols) and presence (filled symbols) of 100 μM menthol, with the indicated concentrations of extracellular
Ca2+. Continuous lines represent fits using the Boltzmann equation, where s and Gmax were kept constant for all
six experimental conditions, as expected in the case of surface charge screening.
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solution, 28 ± 2 mV in 2 mM Ca2+ and 28 ± 1 mV in
20 mM Ca2+; n = 10–15).

We initially considered voltage-dependent pore block
as the mechanism underlying the effects of extracellular
Ca2+ ions on TRPM8. Following the theorem developed
by Woodhull (1973), we assumed that Ca2+ blocks
the channel pore by binding to a site at a
distance δ in the electrical field. However, there were
significant discrepancies between the predictions for
voltage-dependent pore block and our experimental data
(see Supplementary Fig. 1). In particular, Woodhull-type
models of voltage-dependent pore block underestimate
the effect of Ca2+ ions on the outward conductance in
the absence of menthol, and predict significant changes
in the slope of the voltage-dependent activation curve
(Supplementary Fig. 1), contrary to our findings (Fig. 2D).
From this analysis we conclude that the rapid inhibitory
effect of external Ca2+ on TRPM8 is not produced by
voltage-dependent pore block.

The Ca2+-induced parallel shifts of the TRPM8
activation curves are reminiscent of the effects of
extracellular Ca2+ ions on voltage-dependent Na+, K+

and Ca2+ channels (see e.g. Gilbert & Ehrenstein, 1969;
Hille et al. 1975; Zhou & Jones, 1995; Hille, 2001). In these
channels, the effects of Ca2+ have mainly been ascribed
to surface-charge screening, whereby Ca2+ ions bind to
fixed negative charges on the extracellular side of the
membrane and thus alter the electrical field applied to the
voltage sensors (Hille, 2001). If extracellular Ca2+ affects
TRPM8 activity by screening of negative charges on the
extracellular side of the membrane, then other counter-
ions, including divalent cations and protons, should have
a similar effect. Indeed, extracellular Mg2+ and Ba2+ ions
also reduced TRPM8 currents, and this inhibition could
be attributed to a rightward shift of the voltage-dependent
activation curve (Fig. 3A and B). Figure 3C shows the
concentration dependence of the effect of the divalent
cations on V 1/2. Mg2+ and Ba2+ did not affect the slope of
the activation curve, as evidenced by the unchanged slope
factors (values for s were 29 ± 2 mV in 20 mM Mg2+ and
27 ± 3 mV in 20 mM Ba2+, n = 6).

The Gouy–Chapman–Stern theory has been previously
used to describe screening effects of extracellular cations
on the gating of voltage-dependent Ca2+ and K+ channels.
According to the Gouy–Chapman model, the relation
between a uniform planar surface charge (σ) and the
potential at the charged surface (�) in an electrolyte
solution is given by:

σ = 1

G

√√√√ n∑
i=1

Ci(exp(−ziF�/RT) − 1),

where Ci and zi are the concentration and charge of
the ith extracellular cation, F the Faraday constant, R

the gas constant, T the absolute temperature, and G a
constant equal to 270 Å2 e−1 M1/2 (Grahame, 1947; Gilbert
& Ehrenstein, 1969). As σ is fixed, changes in ionic
concentration will lead to changes in �, and thus to
equivalent changes in the transmembrane electrical field
sensed by the channel’s voltage sensor. The effects of
extracellular Mg2+ on V 1/2 could be accurately described
using the Gouy–Chapman model, and the best fit yielded
a value for σ of 0.0122 e− Å−2, which corresponds to
1 e− per 82 Å2. Note, however, that the Gouy–Chapman
predicts that all divalent cations have an equivalent
effect on V 1/2, whereas our results indicate that Ca2+

ions have a significantly stronger effect than Mg2+ ions
(Fig. 3C). Such differences can be accounted for by
the Gouy–Chapman–Stern model, which adds specific
binding sites for the different ions (Hille et al. 1975;
Zhou & Jones, 1995; Hille, 2001). This yields the following
equation:

σ =

√
n∑

i=1
Ci(exp(−ziF�/RT) − 1)

G

(
1 +

n∑
i=1

Ci

K i
exp(−ziF�/RT)

) ,

where Ki represents the affinity of the extracellular negative
charges for binding of the ith cation. The best fit of this
model to the experimental data for the changes in V 1/2

upon varying extracellular Ca2+ and Mg2+ was achieved
with σ = 0.0122 e− Å−2, K Ca = 6.7 M and no significant
binding affinity for Mg2+ ions (K Mg > 2000 M). It has been
pointed out that very similar relations between � and
divalent cation concentrations can be obtained by a range
of σ values, when higher affinities for Ca2+ and Mg2+

are used for lower σ values (Hille, 2001). We therefore
determined the minimal sum of squares of the residuals
(SSR, i.e. the deviation between data points and the pre-
dictions of the Gouy–Chapman–Stern model; Fig. 3D) as
well as the corresponding values for K Ca and K Mg (Fig. 3E)
for σ ranging from 0.001 to 0.025 e− Å−2. This analysis
indicates that acceptable fits, with sum of squares of the
residuals within 20% of the minimum, could be obtained
with σ between 0.0098 and 0.0126 e− Å−2 (Fig. 3D). The
corresponding values for K Ca ranged from 2.4 M and 7.7 M

and for K Mg from 27 M to >2000 M (Fig. 3E).
Previous work has shown that extracellular protons

can inhibit TRPM8 activity (Andersson et al. 2004;
Behrendt et al. 2004), but the mechanism(s) under-
lying this effect were unclear. Moreover, whereas some
studies reported that only cold- and icilin-activated but
not menthol-activated TRPM8 currents are inhibited by
extracellular protons (Andersson et al. 2004), other data
suggested that menthol-activated TRPM8 currents are also
pH sensitive (Behrendt et al. 2004). The effects of protons
on the voltage dependence of TRPM8 have not been
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previously reported. During stimulation with menthol
and in the presence of Mg2+ (1 mM) as the only divalent
cation, we found that lowering the extracellular pH from
7.4 to 6.0 had a rapid and reversible inhibitory effect
on TRPM8 current, whereas higher pH values caused
some potentiation of the current (Fig. 4A). The inward
TRPM8 current at −80 mV was much more sensitive to

pH changes than the outward current at +100 mV (Fig. 4A
and B), analogous to the effects of extracellular Ca2+

(Fig. 2B). Likewise, analysis of the voltage dependence of
the menthol-activated current showed that changes in pH
cause parallel shifts of the voltage-dependent activation
curves (Fig. 4C) with unchanged slope factors (values for
s were 30 ± 2 at pH 7.4, 29 ± 2 at pH 6.4 and 30 ± 3

Figure 3. TRPM8 voltage shifts with different divalent cations
A, non-stimulated whole-cell TRPM8 currents in response to 100 ms voltage steps to potentials between −120
and +160 mV measured in divalent cation-free solution (DVF) or in the presence of 20 mM Mg2+ or Ba2+. B,
comparison of activation curves in DVF or in the presence of 20 mM of the indicated divalent cation. Continuous
lines represent fits using the Boltzmann equation, where s and Gmax were kept constant for all four experimental
conditions, as expected in the case of surface charge screening. C, plot of the shift in V1/2 (�V1/2) as a function of
the concentration of the indicated divalent cations. The lines represent the best fit using the Gouy–Chapman–Stern
equation. D, plot of the minimal sum of squares of the residuals (SSR) as a function of σ . E, fitted dissociation
constants for Ca2+ (red line) and Mg2+ (black line). The dotted square in D and E represents the area where SSR
was within 20% of the minimum. See text for more details.
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at pH 8.4, n = 4). Note that similar pH-induced shifts
of the activation curve (quantified as �V 1/2) were also
observed in the absence of menthol, both at 25◦C and 15◦C
(Fig. 4D), indicating that the effect of extracellular proton
concentration on the voltage dependence of TRPM8
activation is independent of the activating stimulus. Even
in the presence of high extracellular Mg2+ (20 mM),
changing the extracellular pH from 7.4 to 6.4 shifted
the activation curve towards more positive potentials
(Fig. 4D). The pH-induced shifts could be described by
the Gouy–Chapman model assuming binding of protons
to negative surface charges (σ = 0.0122 e− Å−2, see above)
with a pK a of 5.7. Taken together, our findings are
consistent with the notion that extracellular protons, like

divalent cations, can screen negative surface charges, and
thereby alter the electrical field applied to the TRPM8
voltage sensor.

Discussion

The activity of the cold sensor TRPM8 is modulated in
a complex manner by intra- and extracellular divalent
cations and protons. In this study, we have provided
evidence that divalent cations and protons can inhibit
TRPM8 from the extracellular side, by shifting the voltage
dependence of activation towards more positive potentials.
These findings are fully in line with a model in which

Figure 4. Extracellular protons shift the voltage dependence of TRPM8 activation
A, time course of menthol-stimulated whole-cell TRPM8 currents measured at the end of 100 ms voltage steps
to −80 and +100 mV illustrating the inhibitory effect of extracellular acidification. B, dose dependence of the
pH effect at +100 (black symbols) and −80 mV (red symbols). C, comparison of TRPM8 activation curves in the
presence of 100 μM menthol at the indicated pH values. Continuous lines represent fits using the Boltzmann
equation, where s and Gmax were kept constant for all three experimental conditions, as expected in the case
of surface charge screening. D, plot of the shift in V1/2 (�V1/2) as a function of pH, for TRPM8 currents at
15◦C or at 25◦C in the presence or absence of 100 μM menthol. The line represents the best fit using the
Gouy–Chapman–Stern equation. The red symbol represents the effect of pH at an extracellular Mg2+ concentration
of 20 mM. This data point was excluded from the fit. See text for more details.
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divalent cations and protons alter the voltage applied to the
TRPM8 voltage sensor, and could be described using the
Gouy–Chapman–Stern theory of surface charge screening.

Our results are reminiscent of previous work describing
the effects of extracellular cations and protons on other
voltage-gated cation channels (Hille, 2001). Indeed, it has
been shown that the voltage dependence of activation
of ‘classical’ voltage-gated Na+, Ca2+ and K+ channels
is shifted in a parallel manner towards more positive
potentials upon increasing the extracellular concentration
of cations/protons, an effect that has mainly been
attributed to surface charge screening (see e.g. Gilbert &
Ehrenstein, 1969; Hille et al. 1975; Zhou & Jones, 1995;
Hille, 2001). Using the Gouy–Chapman–Stern model, we
were able to estimate a value for the charge density σ

in the range between 0.0098 and 0.0126 e− Å−2, which
corresponds to 1 e− in between 79 and 101 Å2 or an
average distance of ∼9–10 Å between individual charges.
These values fall within the range of published estimates
for the surface charge density in voltage-gated Na+,
Ca2+ and K+ channels, which vary between 0.0020 and
0.0130 e− Å−2 (Hille, 2001). This suggests that the voltage
sensors of TRPM8 and of voltage-gated Na+, Ca2+ and
K+ channels, which are structurally related (Voets et al.
2007), are modulated by the membrane surface charges in
an analogous manner.

What is the nature of the relevant negative charges that
are neutralized by divalent cations or protons? Results
obtained with voltage-gated Na+ and K+ channels indicate
that both negatively charged head groups of membrane
phospholipids and negative charges on the channel protein
contribute to the negative surface potential (Moczydlowski
et al. 1985; Cukierman et al. 1988; Recio-Pinto et al. 1990;
Bennett et al. 1997; Elinder & Arhem, 1999; Johnson
& Bennett, 2008). In voltage-gated Na+ channels, it has
been shown that sialic acid residues on the glycosylated
channel contribute to the negative surface potential, and
that removal of these residues strongly reduces the shifts
of the voltage-dependent activation curves induced by
extracellular Ca2+ (Recio-Pinto et al. 1990; Bennett et al.
1997). To test a possible involvement of sialic acid residues,
we have also expressed the TRPM8 mutant N934Q, in
which the only functional glycosylation site is abolished
(Erler et al. 2006). These experiments (data not shown)
revealed no difference in sensitivity to divalent cations or
pH from wild-type TRPM8, suggesting that sialic acid
residues on TRPM8 do not contribute significantly to
the negative surface charge sensed by the voltage sensor.
Further research is needed to establish whether the relevant
negative surface charge mainly originates from the side
chain(s) of acidic amino acids closely associated with
the voltage sensor of TRPM8 or from negatively charged
head groups of membrane phospholipids. Interestingly,
a recent report has demonstrated that purified TRPM8
can be functionally reconstituted in artificial lipid bilayers

(Zakharian et al. 2009), which would enable the direct
testing of the influence of negatively charged lipid head
groups on the channel’s voltage dependence.

How does the surface charge screening influence the
sensitivity of TRPM8 to cold or menthol, for example
in a cold-sensitive neuron? We have previously shown
that cooling causes a parallel shift of the TRPM8
activation curve towards negative potentials, and found
a linear relation between V 1/2 and T with a slope
of ∼7 mV ◦C−1 (Voets et al. 2004; Voets et al. 2007).
Likewise, menthol causes a dose-dependent leftward shift
of the activation characterised by an EC50 value of 27 μM

and a maximal change in V 1/2 of 220 mV (Voets et al.
2004, 2007). Conversely, our current results demonstrate
that extracellular divalent cations and protons cause a
parallel shift of the activation curve towards more positive
potentials, thereby counteracting the effect of cooling
or menthol on the channel, similar to what has been
described for some small molecule TRPM8 inhibitors
(Malkia et al. 2007). Thus, a 35 mV increase in V 1/2, as
for example induced by a decrease in pH from 7.4 to
6.4 or an increase in extracellular Ca2+ from 1 to 10 mM,
corresponds to a shift of the temperature–response curve
of TRPM8 towards colder temperatures by ∼5◦C or an
annihilation of the stimulatory effect of ∼15 μM menthol.
This is, at least qualitatively, in good agreement with
published data on endogenous cold-activated currents in
isolated sensory neurons or intact cold receptors (Schafer
et al. 1986).

Exposure of mucosal and visceral sensory nerve endings
to high concentrations of cations is generally perceived as
painful (Agarwal et al. 2004; Ahern et al. 2005). Likewise,
tissue acidification, for example during inflammation,
leads to an increased sensitivity to painful stimuli (Julius
& Basbaum, 2001). Previous work has shown that the
heat- and capsaicin-activated TRPV1, which is highly
expressed in nociceptive neurons, is activated both by
extracellular cations and protons, and that this activation
contributes to the pain signalling (Tominaga et al. 1998;
Ahern et al. 2005). In contrast, activation of TRPM8, which
is mainly expressed in non-nociceptors, has been proposed
to evoke an analgesic soothing effect (Proudfoot et al.
2006). Inhibition of TRPM8 by cations or protons may
reduce this soothing component and thereby acerbate the
painful effects of acidification or divalent cations in vivo.

There are some (apparently) conflicting data in the
literature about the inhibitory effects of extracellular
protons on TRPM8 activity. In one study, Andersson
et al. (2004) reported that low extracellular pH inhibits
cold- and icilin-activated TRPM8 currents, but does not
affect activation of the channel by menthol. In contrast,
Behrendt et al. (2004) found that both icilin and menthol
responses of TRPM8 are inhibited by low pH. According
to our present results, lowering the extracellular pH
causes a leftward shift of the voltage-dependent activation
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curve of TRPM8, irrespective of the temperature and
both in the absence and presence of menthol. It should
be noted that prolonged exposure to acidic conditions
evokes changes in intracellular pH, which is also known to
modulate TRPM8 activity. In our experiments, changes in
extracellular pH were always brief, to exclude such changes
in intracellular pH (Andersson et al. 2004). In addition,
we found that the degree of inhibition is dependent
on the level of channel activation of TRPM8 (Fig. 2B).
As a consequence, the inhibitory effect of extracellular
acidification will be much less pronounced when using
a strong stimulus (e.g. 1 mM menthol) than when using
a weaker stimulus (e.g. cooling). Thus, differences in
the duration of the extracellular pH changes and/or the
concentration of menthol may explain, at least partly, the
apparent discrepancies between previous studies.

In conclusion, we have presented the first evidence
for modulation of TRP channel gating by surface charge
screening. Our results indicate that this screening effect
underlies the inhibition of TRPM8 by extracellular protons
and divalent cations, which may result in a reduced
sensitivity to cold and menthol in vivo. It will also be
of interest to investigate whether other voltage-dependent
TRP channels are modulated in a similar manner.
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