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Abstract Icilin is recognized as a chemical agonist of

nociceptors and can activate TRPM8 channels. However,

whether this agent has any effects on immune cells remains

unknown. In this study, the effects of icilin on ion currents

were investigated in RAW 264.7 murine macrophage-like

cells. Icilin (1–100 lM) increased the amplitude of non-

selective (NS) cation current (INS) in a concentration-

dependent manner with an EC50 value of 8.6 lM. LaCl3
(100 lM) or capsazepine (30 lM) reversed icilin-induced

INS; however, neither apamin (200 nM) nor iberiotoxin

(200 nM) had any effects on it. In cell-attached configu-

ration, when the electrode was filled with icilin (30 lM), a

unique population of NS cation channels were activated

with single-channel conductance of 158 pS. With the use

of a long-lasting ramp pulse protocol, increasing icilin

concentration produced a left shift in the activation curve

of NS channels, with no change in the slope factor of the

curve. The probability of channel opening enhanced by

icilin was increased by either elevated extracellular Ca2?

or application of ionomycin (10 lM), while it was reduced

by BAPTA-AM (10 lM). Icilin-stimulated activity is

associated with an increase in mean open time and a

reduction in mean closed time. Under current-clamp con-

ditions, icilin caused membrane depolarization. Therefore,

icilin interacts with the TRPM8-like channel to increase

INS and depolarizes the membrane in these cells.

Keywords Icilin � Nonselective cation channel � RAW

264.7 macrophage � Membrane potential

Introduction

Transient receptor potential melastatin 8 (TRPM8 or trp-

p8), a member of the melastatin subfamily, has been rec-

ognized as a cold receptor and functions as a transducer of

innocuous cold stimuli in the somatosensory system

(McKemy et al. 2002). It is a ligand-gated cation channel,

with moderate to high selectivity of Ca2? ions. TRPM8 is

activated by chemicals that elicit sensations of cold, with

an activation temperature of *25–28�C (Harteneck 2005;

Wang and Woolf 2005). Mice lacking TRPM8 were noted

to display deficiencies in response to icilin, menthol and

noxious cold (Colburn et al. 2007). Aside from its

restricted localization in sensory neurons, the human

ortholog of TRPM8 is expressed in the testis, bladder

urothelium, prostate tissue, breast cancer cells and neuro-

endocrine tumor cells (Chodon et al. 2010; Mergler et al.

2007; Valero et al. 2011; Zholos 2010). It is also noted that

activation of the TRPM8 variant in human lung epithelial

cells might cause increased expression of several cytokine

and chemokine genes (Sabnis et al. 2008). However, the

function of TRPM8 in nonneuronal tissues, particularly in

immune cells, is largely unknown, although it is reported to

be functionally expressed in the vasculature (Johnson et al.

2009; Zholos 2010).

RAW 264.7 cells, a macrophage-like, Abelson leukemia

virus–transformed cell line, are known to possess the

characteristics of macrophages. They have attracted
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growing interest as a suitable model for studies of func-

tional activities, signaling cascade and morphological

characteristics in macrophages (Channon and Leslie 1990;

Kuo et al. 2005; Pan et al. 2008). Macrophages and neu-

trophils are reported to express TRPM2 or TRPV2, and

elevation of intracellular Ca2? through activation of this

channel may be an important part of respiratory burst and

may regulate other aspects of the inflammatory response,

including cytokine production (Perraud et al. 2004; Miller

2006; Yamashiro et al. 2010). Together with TRPV3 and

TRPV4, TRPV2 has been characterized as a heat or

warmth thermosensor (Tominaga and Caterina 2004).

Icilin, a synthetic chemical compound, contains hexa-

cyclic aromatic rings in its structure and is known to

activate TRPM8 channels with high efficacy and potency

(Chuang et al. 2004; McKemy et al. 2002). There is

growing evidence that the magnitude of TRPM8-encoded

currents activated by menthol or icilin is involved in the

inflammation-induced sensitivity to cold (Colburn et al.

2007; Sabnis et al. 2008). It has long been recognized that

macrophages are activated in the inflammatory process.

However, the issue of how icilin can interact with ion

currents in macrophages remains elusive. In this study, we

provide evidence that chemical stimulation of RAW 264.7

cells by icilin can interact with a large-conductance non-

selective (NS) cation channel to increase the amplitude of

NS cation current (INS) and to depolarize the membrane.

Materials and Methods

Cell Preparation

The murine macrophage cell line RAW 264.7 was obtained

from the American Type Culture Collection (TIB-71;

Manassas, VA). Cells were routinely grown in Dulbecco’s

modified Eagle medium supplemented with 10% heat-

inactivated fetal bovine serum, 100 U/ml penicillin and

100 lg/ml streptomycin (Kuo et al. 2005). They were

maintained in a 95% air and 5% CO2 humidified atmosphere

at 37�C. Cell viability was often assessed by the trypan blue

dye-exclusion test. To observe cell growth, a Nikon Eclipse

Ti-E inverted microscope (Li Trading, Taipei, Taiwan)

equipped with a 5-megapixel cooled digital camera was

used. The digital camera was connected to a personal com-

puter controlled by NIS-Elements BR3.0 software (Nikon,

Kanagawa, Japan). Some cells displayed an irregular form

with accelerated spreading and formation of pseudopodia

(Fig. 1). Treatment of RAW 264.7 cells with lipopolysac-

charide (0.5 lg/ml) for 2 days was found to significantly

increase the number of cells with such morphologic changes

(Pan et al. 2008). For subculturing, cells were trypsin-dis-

sociated and passaged every 2–3 days.

Electrophysiological Measurement

Before each experiment, RAW 264.7 cells were dissociated

and an aliquot of the cell suspension was subsequently

transferred to a recording chamber mounted on the stage of

an inverted DM-IL microscope (Leica, Wetzlar, Germany).

Cells were immersed at room temperature (23 ± 2�C,

n = 12) in normal Tyrode’s solution. Patch pipettes were

pulled from Kimax-51 glass capillaries (Kimble, Vineland,

NJ) using a two-stage electrode puller (PP-830; Narishige,

Tokyo, Japan), and their tips were fire-polished with an

MF-83 microforge (Narishige). The pipette had a resistance

of 3–5 MX when immersed in normal Tyrode’s solution.

Ion currents were measured with glass pipettes in standard

patch-clamp technique using an RK-400 amplifier (Bio-

Logic, Claix, France) (Wu et al. 2003, 2008). All potentials

were corrected for liquid junction potential, which devel-

ops at the tip of the electrode when the composition of the

internal solution differs from that in the bath.

Data Recording and Analyses

Data were stored online in a TravelMate-6253 laptop

computer (Acer, Taipei, Taiwan) at 10 kHz through a

Digidata-1322A interface (Molecular Devices, Sunnyvale,

CA). The interface device was equipped with an Adaptec

(Milpitas, CA) SlimSCSI card via a PCMCIA slot and

controlled by pCLAMP 9.2 (Molecular Devices). Current

signals were low-pass-filtered at 1 or 3 kHz. pCLAMP-

generated voltage-step protocols were used to evaluate the

current–voltage (I–V) relationships for ion currents (e.g.,

INS). Signals were analyzed using Origin 8.0 (OriginLab,

Northampton, MA) or custom-made macros built in Excel

Fig. 1 Morphology of RAW 264.7 macrophages. Living cells were

photographed under phase contrast (9200). Notably, a few cells

displayed an irregular form with pseudopodia
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2007 spreadsheet running under Windows-7 (Microsoft,

Redmond, WA).

To calculate the concentration-dependent increase of

icilin on the amplitude of INS, each cell was held at

-50 mV, ramp pulses from -80 to ?30 mV were applied

and current amplitudes at -60 mV were measured during

exposure to icilin (1–100 lM). The INS amplitude during

cell exposure to 100 lM icilin was taken as 1.0. The

concentration required to stimulate 50% of current ampli-

tude was then determined by means of a Hill function:

Relative amplitude ¼ Emax � ½C�nH

ECnH

50 þ ½C�
nH

where [C] is the concentration of icilin; EC50 and nH are

the concentration required for a 50% stimulation and the

Hill coefficient, respectively; and Emax is the maximal

increase in current amplitude caused by icilin.

Single-Channel Analyses

Single-channel currents recorded from RAW 264.7 cells

were analyzed using pCLAMP 10.2 software (Molecular

Devices). Single-channel amplitudes were often deter-

mined by fitting gaussian distributions to the amplitude

histograms of the closed and open states. Channel activity

was defined as N � PO, a product of channel number (N) and

open probability (PO). Single-channel conductance was

calculated by a linear regression using mean values of

current amplitudes measured at different potentials. Open

and closed lifetime distributions were fitted with logarith-

mically scaled bin width. Origin 8.0 was used for fitting of

experimental data.

To determine the effect of icilin on the activation curve of

NS channels, ramp pulses from -30 to ?50 mV over a 1-s

period were applied to the patch. The activation curve was

calculated by averaging current traces in response to 20

voltage ramps and subsequently by dividing each point of the

mean current by unitary amplitude for each potential after

leakage currents were corrected (Carl and Sanders 1990).

The activation curves obtained in the presence of 3 and

30 lM icilin were then fitted with the Boltzmann equation:

Relative N � PO ¼
nP

1þ exp �ðV � aÞ=b½ �;

where nP is the maximal relative N � PO, b is the slope

factor of the voltage-dependent activation (i.e., change in

the potential required to result in an e-fold increase in the

activation) and a is the voltage at which there is half-

maximal activation. Because the linearization procedure

causes adverse effects on the determination of the best-fit

parameter values, nonlinear least-squares fitting was made

in the Solver-add-in bundled with Microsoft Excel 2007

(Kemmer and Keller 2010).

The data of macroscopic or single-channel currents are

presented as means ± SEM, with sample sizes (n) indicat-

ing the number of cells examined. Paired or unpaired

Student’s t-test and one-way analyses of variance with a

least-significance difference method for multiple-group

comparisons were used for the statistical evaluation of

differences among means. To evaluate the sum of squared

residuals (SSR), 99% confidence intervals were estimated

with the use of Fisher’s F distribution. Differences were

considered statistically significant at P \ 0.05.

Drugs and Solution

Icilin (AG-3-5, 3,4-dihydro-3-[2-hydroxyphenyl]6-[3-nitro-

phenyl]-[1H]-pyrimidin-2-one, 1-[2-hydroxyphenyl]-4-[3-

nitrophenyl]-1,2,3,6-tetrahydropyrimidin-2-one) and nonactin

were obtained from Tocris Cookson (Bristol, UK),

DL-menthol and lipopolysaccharide were from Sigma-

Aldrich (St. Louis, MO), ionomycin and 1,2-bis(2-amino-

phenoxymethyl)ethane-N,N,N0,N0-tetraacetic acid tetrakis

(acetoxymethyl ester) (BAPTA-AM) were from Invitrogen

(Taipei, Taiwan), iberiotoxin and apamin were from Alomone

Labs (Jerusalem, Israel) and capsazepine was from Enzo

(Plymouth Meeting, PA). Icilin was prepared as 10–30 mM

stock solutions in dimethyl sulfoxide (DMSO) and added to

bath solution at the indicated final concentration. All culture

media, fetal calf serum, L-glutamine, trypsin/EDTA and

penicillin–streptomycin were obtained from Invitrogen. All

other chemicals were commercially available and of reagent

grade. Deionized water used in all experiments was made from

a Milli-Q water purification system (Millipore, Bedford, MA).

The composition of normal Tyrode’s solution used in this

study was as follows (in mM): NaCl 136.5, KCl 5.4, CaCl2 1.8,

MgCl2 0.53, glucose 5.5 and HEPES-NaOH buffer 5.5 (pH

7.4). To record icilin-induced INS, the patch pipette was filled

with the following solution (in mM): Cs-aspartate 130, CsCl

20, MgCl2 1, Na2ATP 3, Na2GTP 0.1, EGTA 0.1 and HEPES-

KOH buffer 5.5 (pH 7.2). In experiments designed to evaluate

cation selectivity of icilin-elicited INS, Cs? was replaced with

equimolar concentrations of Na?, K? or NMDG?. To deter-

mine anion selectivity, aspartate was replaced with Cl-. To

measure membrane potential or K? current, Cs? ions inside

the pipette solution were replaced with equimolar K? ions

and the pH was adjusted to 7.2 with KOH. Ca2?-free solution

used was a solution where CaCl2 was not added.

Results

Effect of Icilin on INS in RAW 264.7 Cells

In the initial set of experiments, a whole-cell configuration

was used to investigate the electrical properties of
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macroscopic INS in these cells. Cells were bathed in Ca2?-

free Tyrode’s solution, and the recording pipette was filled

with a Cs?-containing pipette solution. When the cell was

held at -50 mV, ramp pulses from -80 to ?20 mV with a

duration of 1 s were applied. As shown in Fig. 2a, when

cells were exposed to icilin, the amplitude of INS was

greatly increased. For example, at the level of -60 mV,

icilin (30 lM) significantly increased the amplitude of INS

from 45 ± 9 to 302 ± 22 pA (n = 8). After washout of the

compound, the current amplitude returned to 187 ± 13 pA

(n = 5). When Cs? ions in the pipette solution were

replaced with equimolar concentrations of Na?, K? or

NMDG?, this current could still be induced by icilin

(30 lM). The relationship between the icilin concentration

and the relative amplitude of INS was constructed (Fig. 2b).

The half-maximal concentration required for its stimulation

of INS was 8.6 ± 0.9 lM (n = 12). In the SSR plot shown

in the inset of Fig. 2b, a horizontal line at SSR = 0.344

was made to determine the two EC50 values. For a 99%

confidence interval, the lower and upper values were 5.84

and 12.94 lM, respectively. Because there was a steep

slope on both sides of the minimum, the value for relative

amplitude of INS was determined with high confidence.

Similarly, menthol (1 mM) was able to increase the INS

amplitude in these cells. Subsequent application of 100 lM

LaCl3 or 30 lM capsazepine reversed the increased

amplitude of INS induced by icilin (30 lM) (Fig. 2c). In

contrast, the inhibitors of Ca2?-activated K? (KCa) chan-

nels, such as iberiotoxin (200 nM) and apamin (200 nM),

produced no effects on icilin-stimulated INS (Fig. 2c).

Therefore, results from these observations reflect that, in

RAW 264.7 cells, icilin has a stimulatory effect on INS,

rather than on KCa, currents (Wondergem and Bartley

2009).

Electric Properties of Icilin-Induced NS Channels

Recorded from RAW 264.7 Cells

The icilin-stimulated increase of INS described above could

be due to either the increased open probability, an increase

in the number of active channels or changes in the channel

gating. The effects of this compound on the activity of NS

channels were further investigated. In these experiments,

RAW 264.7 cells were bathed in Ca2?-free solution, and

single-channel recordings with cell-attached configuration

were conducted when the recording pipette was filled with

a Cs?-containing solution in which 30 lM icilin was

included. The reason that Ca2?-free solution was used in

this set of experiments is that the activity of KCa channels

expressed in RAW 264.7 cells might be contaminated. In

cell-attached patches from the recording pipette filled

without icilin, little or no activity of NS channels was

observed at -70 mV, a value that is near the resting

potential of cells. However, when the recording pipette was

filled with 30 lM icilin, there was a drastic increase in NS-

channel activity at the same level (Fig. 3). The single-

channel amplitude at -150 mV was 24.7 ± 2.1 pA

(n = 8). Figure 3c illustrates an ohmic I–V relationship of

NS channels in RAW 264.7 cells. A fit of the data using a

linear I–V relationship yielded the single-channel conduc-

tance and reversal potential of 158 ± 10 pS and

-5.8 ± 1.1 mV (n = 9), respectively. A plot of SSR vs.

single-channel conductance of icilin-induced NS channels

is shown in the inset of Fig. 3c. The steep slope on both

sides of the minimum indicates that the value of single-

channel conductance is determined with high confidence.

The values for these channels in the presence of 30 lM

icilin did not differ significantly from those obtained in

the pipette filled with 3 lM icilin (156 ± 11 pS and

-5.9 ± 1.2 mV, n = 6). The results indicate that this

compound increases the activity of NS channels observed

in RAW 264.7 cells in a membrane-delimited manner.

Similarly, in inside–out configuration, when icilin (30 lM)

was applied to the internal surface of the detached patch,

the activity of NS channels was also activated.

Effect of Icilin on Voltage-Dependent Activation of NS

Channels from RAW 264.7 Cells

Experiments were next carried out to examine the voltage

dependence of icilin-induced activity of NS channels with

the use of long-lasting ramp pulses (Fig. 4). In this set of

experiments, cells were bathed in Ca2?-free solution and

single-channel recordings with cell-attached configuration

were conducted. Figure 4a shows a representative graph of

the effect of icilin on the activity of NS channels in the

recording pipette filled with 30 lM icilin. Icilin-induced

NS-channel activity observed in RAW 264.7 cells dis-

played outward rectification. There appeared to be syn-

chronized openings of several channels, particularly at the

level of depolarizing potentials. The activation curves of

NS channels in the electrodes filled with 3 and 30 lM icilin

are depicted in Fig. 4b. In these experiments, the activation

curve of NS channels was obtained by the use of a con-

secutive upsloping ramp protocol in which each pulse was

digitally generated and applied from -30 to ?50 mV with

a duration of 1 s at a rate of 0.05 Hz. The plots of the

probability of channel openings as a function of membrane

potential were constructed and fitted with the Boltzmann

distribution as described in Materials and Methods. In the

electrode filled with 3 lM icilin nP = 1.61 ± 0.11, a =

24 ± 3 mV and b = 11.1 ± 1.9 mV (n = 6), and in that

with 30 lM icilin nP = 3.62 ± 0.41, a = 8 ± 1 mV and

b = 9.7 ± 1.2 mV (n = 6). In light of these data, increasing

the icilin concentration from 3 to 30 lM caused an

approximately 16-mV leftward shift in voltage-dependent

14 S.-N. Wu et al.: Icilin Effect on Nonselective Channel
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activation of NS channels, despite its ability to increase the

probability of channel openings. However, there was no

significant change in the slope factor (i.e., b value) of the

activation curve in RAW 264.7 cells. It is clear that in

addition to the increased open probability, icilin can modify

the voltage dependence of these channels in these cells.

Effect of Internal Ca2? Concentration on Icilin-

Stimulated NS-Channel Activity in RAW 264.7 Cells

Whether the icilin-induced increase in the activity of NS

channels is associated with internal Ca2? concentration

was also studied. In these experiments, with cell-attached

patches, the recording pipettes were filled with 30 lM

icilin and cells were bathed in Ca2?-free Tyrode’s solution.

As shown in Fig. 5a, when extracellular Ca2? was elevated

to 1.8 mM, the probability of channel openings induced by

icilin was progressively increased. Figure 5b shows a

summary of data on the effect of ionomycin or BAPTA-

AM on icilin-stimulated activity of NS channels in RAW

264.7 cells. Ionomycin is a Ca2? ionophore, while BAPTA-

AM is a chelator of intracellular Ca2?. However, in another

set of experiments, cell-attached recordings with no inclu-

sion of icilin inside the pipette showed that addition of ion-

omycin (10 lM) into the bath had no effect on channel

activity. The results show that ionomycin (10 lM) can

potentiate icilin-induced channel activity, while BAPTA-

AM (10 lM) attenuates it. Moreover, the activity of KCa

channels was not involved in the icilin-stimulated effect

observed in these experiments. However, nonactin (10 lM),

a neutral ionophore, had no effect on icilin-induced activity

(data not shown). Therefore, it is clear from these data that

icilin-stimulated NS-channel activity in these cells is closely

linked to the level of intracellular Ca2?.

Effect of Icilin on Kinetic Behavior of NS Channels

in RAW264.7 Cells

The effect of icilin on the kinetic behavior of NS channels

was further analyzed. As shown in Fig. 6, open- and
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Fig. 2 Activation of nonselective cation current (INS) by icilin in

RAW 264.7 macrophages. In these experiments, cells were bathed in

Ca2?-free Tyrode’s solution and the patch pipette was filled with a

Cs? solution. a Superimposed current traces in response to voltage

ramp pulses. The cell was held at -50 mV and ramp pulses from -80

to ?20 mV with a duration of 1 s were applied at a rate of 0.01 Hz. a,

control; b, 3 lM icilin; c, 30 lM icilin. Arrowhead indicates the level

of reversal potential (-5.7 mV). b The relationship between the

relative amplitude of INS and the icilin concentration. At the level of

-60 mV, current amplitude in the presence of 100 lM icilin was

considered to be 1.0. The values for EC50, Hill coefficient and

maximal relative amplitude of INS during cell exposure to icilin were

8.6 lM, 1.4 and 1.0, respectively. Each point represents the

mean ± SEM (n = 7–12). Inset shows confidence assessment of

best-fit parameter values. The parameter range corresponds to the

approximate 99% confidence intervals. Blue/thin line marks param-

eter value (i.e., EC50) at which the sum of squared residuals (SSR)

amounts to 344.56%2. c Bar graph showing summary of the effect of

icilin (30 lM), menthol (1 mM), icilin plus LaCl3 (100 lM), icilin

plus capsazepine (CPZ, 30 lM), icilin plus iberiotoxin (Iber, 200 nM)

and icilin plus apamin (Apa, 200 nM) on the amplitude of INS in RAW

264.7 cells. In the experiments with icilin plus each agent (e.g., LaCl3,

capsazepine, iberiotoxin and apamin), each compound was applied

after the addition of icilin (30 lM). Each bar represents the

mean ± SEM (n = 6–12). *Significantly different from control and

**from icilin (30 lM) alone group (Color figure online)
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closed-time histograms of NS channels at the level of

-80 mV can be fitted by one- and two-exponential curves.

The time constants of the open-time histogram in the

presence of 3 and 30 lM icilin were 1.9 ± 0.3 and

3.5 ± 0.6 ms (n = 6), respectively. The time constants for

the fast and slow components of the closed-time histogram

in the presence of 3 lM icilin were 5.6 ± 0.8 and

35.1 ± 1.3 ms (n = 6), respectively, while those in the

presence of 30 lM icilin were significantly reduced to

3.2 ± 0.7 and 28.7 ± 1.1 ms (n = 6), respectively.

Therefore, it is clear that increasing the icilin concentration

can cause a lengthening of mean open and a shortening of

mean closed times in these cells.

Effect of Icilin on Resting Potential in RAW 264.7

Cells

In the final set of experiments, the effect of icilin on

membrane potential was studied. Cells were bathed in

normal Tyrode’s solution containing 1.8 mM CaCl2, and

the recording pipette was filled with a K?-containing

solution. This type of macrophage had a resting membrane

potential of -58 ± 6 mV (n = 17) under our current-

clamp conditions. As shown in Fig. 7, application of icilin

progressively caused membrane depolarization. During cell

exposure to icilin (30 lM), the cell was depolarized to

-18 ± 6 mV from a control value of -58 ± 5 mV

(n = 8). After washout of icilin, the resting potential

returned to -38 ± 6 mV (n = 6). In the continued pres-

ence of icilin (30 lM), neither iberiotoxin (200 nM) nor

apamin (200 nM) caused any effect on changes in mem-

brane potential. However, a further application of LaCl3
(100 lM) reversed icilin-induced membrane depolarization

(data not shown). The results suggest that the icilin-induced

change in membrane polarization is associated with its

activation of INS in RAW 264.7 cells.

Discussion

The major findings of this study are as follows. First, icilin,

a chemical cooling agent, was effective at increasing the

amplitude of INS in RAW 264.7 macrophage-like cells.

Second, icilin activated a population of NS channels. As

the icilin concentration was increased, the increased

channel activity was accompanied by a shift of the steady-

state activation toward a less depolarized range. Third,

increasing the icilin concentration elevated the mean open
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Fig. 3 Stimulatory effect of icilin on the activity of nonselective

(NS) cation channels recorded from RAW 264.7 cells. Experiments

were conducted in Ca2?-free Tyrode’s solution and cell-attached

configuration and the recording pipette was filled with icilin (30 lM).

Holding potential was set at -70 mV. a Original current traces

obtained during exposure to 30 lM icilin. The lower part in a shows

current traces obtained in an expanded time scale corresponding to

those in the uppermost part of a. Downward deflection shown in this

and the following figures indicates the opening events of the channel.

b Amplitude histogram of icilin-induced NS channels in a RAW

264.7 cell. c I–V relationship of icilin-induced NS channels. The

single-channel conductance of a unitary inward current was calcu-

lated to be 158 pS, with a reversal potential of -5.8 mV. Inset shows

confidence assessment of best-fit parameter value. The range of

single-channel conductance corresponds to the approximate 99%

confidence intervals. Blue/thin line marks parameter value (i.e.,

single-channel conductance) at which the sum of squared residuals

(SSR) amounts to 10.18 pA2 (Color figure online)
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time and reduced the mean closed time of the channels,

thereby leading to an increase in channel open probability.

Fourth, application of icilin caused membrane depolariza-

tion in these cells. The stimulatory effect of icilin on

endogenous NS channels could be an important mechanism

underlying icilin-induced action in macrophages if similar

results occur in vivo.

A previous study showed the ability of menthol, another

cooling agent, to stimulate the activity of large-conduc-

tance KCa channels in human glioblastoma cells (Won-

dergem and Bartley 2009). In our study, neither iberiotoxin

nor apamin caused any effects on icilin-stimulated INS;

however, LaCl3 or capsazepine was effective at reversing

the icilin-induced increase of INS. Therefore, the results

excluded the possibility that icilin increased the probability

of channel openings through activation of KCa channels in

RAW 264.7 cells. The inability of iberiotoxin or apamin to

reverse icilin-induced membrane depolarization is also

consistent with these findings.

The amplitude of macroscopic INS enhanced by icilin

was believed to be primarily due to an increase in channel

open probability accompanied by both increased open

dwell time and decreased closed dwell time, which is

consistent with a recent study in TRPM8-expressing

HEK293 cells (Fernández et al. 2011). Moreover, as the

icilin concentration was elevated, no discernible change in

the slope factor of the activation curve of its NS channels

was seen. The results indicate that the stimulatory effect of

icilin on NS channels in RAW 264.7 cells is not mediated

by a direct effect on the voltage sensor per se and that its

binding site may lie outside of the transmembrane field

around the channel.

It was found that icilin stimulated the activity of NS

channels to a greater magnitude when intracellular Ca2?

with either elevated extracellular Ca2? or application of

ionomycin was elevated. Further application of BAPTA-

AM, an intracellular Ca2? chelator, reversed the icilin-

stimulated activity of NS channels. The results led us to

suggest that, consistent with previous studies (Hui et al.

2005; Mahieu et al. 2010; Sherkheli et al. 2010), the acti-

vation by this compound of these channels is dependent on

the level of intracellular Ca2?. Both increased open and

decreased closed times caused by icilin are likely to be

associated with enhanced Ca2? sensitivity of the channel.

Therefore, this compound may bind to TRPM8-like chan-

nels at sites that are important for channel gating and are

coupled to Ca2? binding sites.

Previous studies showed that the sensitivity of TRPM8

to icilin depended on residues N799, D802 and G805,

located in the cytoplasmic loop connecting TM2 and TM3

and within TM3 of rat TRPM8 (Chuang et al. 2004).

However, in our study, the ability of icilin (30 lM) applied

to the internal leaflet of the detached patch to activate NS-

channel activity measured in the inside–out configuration

was found to be similar to that in the cell-attached con-

figuration, when the electrode was filled with the same

concentration of icilin. The finding that the stimulatory

effect of this cooling agent on NS channels in RAW 264.7

cells is not related to the sidedness of the membrane

appeared to be different from previous studies (Chuang
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Fig. 4 Voltage dependence in icilin-induced activity of nonselective

(NS) channels recorded from RAW 264.7 cells. a Original current trace

elicited by long-lasting ramp pulse ranging between -120 and

?70 mV with a duration of 3 s. The experiment was conducted in a

recording pipette filled with 30 lM icilin. The upper part indicates the

voltage protocol used. No leak compensation was made in this record.

b Relationship between the open probability of NS channels and

membrane potential in the electrode filled with 3 or 30 lM icilin. The

activation curves were obtained when the ramp pulses were applied

from -30 to ?50 mV with a duration of 1 s. Blue/smooth lines
represent the best fit to Boltzmann function as described under

Materials and Methods (mean ± SEM, n = 6–9 for each point) (Color

figure online)
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et al. 2004). Our results suggest that icilin is lipid-soluble

and able to reach the binding site when it is applied

extracellularly during cell-attached recordings. Different

concentrations of membrane phospholipid (e.g., phospha-

tidylinositol 4,5-bisphosphate) might also contribute to the

effect of icilin observed in this study (Zakharian et al.

2010). Moreover, the result that icilin-enhanced INS par-

tially recovered after washout of this agent makes it unli-

kely that this agent can covalently bind to the channel.

From the I–V relationship of the unitary currents, icilin-

elicited NS channels in RAW 264.7 cells were calculated

to yield a single-channel conductance of 158 ± 10 pS

(n = 9) at negative membrane potentials and appeared to

be nonselective among monovalent cations. However, this

value seemed to be greater than that of TRPM8 channels

expressed in human embryonic kidney cells (Fernández

et al. 2011; Hui et al. 2005) and reconstituted in planar

lipid bilayers (Zakharian et al. 2010). Moreover, based on

the excluded-volume equation (Sabovcik et al. 1995), the

pore size created by the presence of icilin in RAW 264.7

cells was numerically estimated to be at least as large as

29.8 Å in diameter (see supplementary material).

A unique population of endogenous NS channels acti-

vated by icilin in RAW 264.7 cells shares similar char-

acteristics in TRPM8 channels expressed in human

embryonic kidney tsa-201 and in human IMR32 neuro-

blastoma cells (Hui et al. 2005; Louhivuori et al. 2009) and

reconstituted in planar lipid bilayer (Zakharian et al. 2010).

A concentration-dependent increase in the amplitude of INS

with an EC50 value of 8.6 lM was observed in this study.

These results suggest that the TRPM8-like channel

expressed in macrophages may be an important target for

the action of this compound and other TRPM8 antagonists

(Parks et al. 2011). It is also necessary to elucidate their

characteristics and physiological/pathophysiological func-

tion because, with the very large conductance described

herein, opening of single channels can depolarize the cell

membrane and lead to significant changes in the function of

macrophages like RAW 264.7 cells. A previous study

indeed demonstrated the presence of a functional TRPM8

variant in lung epithelial cells (Sabnis et al. 2008). How-

ever, it also remains to be determined whether the effects

for icilin in macrophages are specific to TRPM8 only or

whether icilin can exert effects on related family members

such as TRPM2 and TRPV2.

Despite the detailed mechanism of the stimulatory

action of icilin, our study also demonstrated that under

current-clamp conditions this agent could depolarize the

membrane in RAW 264.7 cells. Assuming that similar

results observed in this study are found in macrophages in
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vivo, ion flux through icilin-stimulated NS channels may

underlie the mechanisms through which it influences their

functional activities. Taken together, the present results

provide further evidence for the existence of a novel non-

neuronal cold temperature–elicited signal-transduction

pathway in macrophages and support the hypothesis that

this pathway may play a significant role in cold air–induced

inflammation (Perraud et al. 2004; Miller 2006; Sabnis

et al. 2008; Yamashiro et al. 2010).
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