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Abstract To test the hypothesis that topical menthol-in-

duced reactivity of cold sensation and cutaneous vaso-

constriction to local cooling is augmented in individuals

with a cold constitution, we examined thermal sensation

and cutaneous vasoconstrictor responses at menthol-treated

and untreated sites in the legs during local skin cooling in

young women complaining of chilliness (C group) and

young women with no complaint as a normal control group

(N group). During local skin cooling, the sensitivity to cold

sensation was greater in the C group than in the N group.

The application of menthol enhanced the cold sensation at

a low temperature in the N group, but not in the C group.

Cutaneous vasoconstrictor responses to local skin cooling

were not altered by menthol treatment in either of the two

groups. These findings suggest the desensitization of

menthol-activated cold receptors in the legs of C group

subjects, and a minor role of cold receptor activity in

cutaneous vasoconstrictor response to local cooling.

Keywords Cold sensation � Cold receptor � TRPM8 � Skin
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Introduction

In humans, skin exposure to a cool environment produces a

cold sensation. Cold-induced somatosensory responses

usually exhibit inter-individual differences. In Japan, even

at temperate thermal conditions when most people do not

feel cold, women often suffer from severe chilliness of the

body, especially in the lower extremities [1–5]. This unu-

sual feeling of coldness in individuals is called ‘‘hi-e-sho’’

in Japanese, and has been identified more frequently in

females than in males [1, 2, 5]. Cold-sensitive females

were also characterized by higher adrenergic vasocon-

strictor sensitivity in the distal skin sites of the lower

extremities [6]. However, the underlying mechanisms

resulting in higher sensitivity to cold sensation are cur-

rently unknown. The higher thermal sensitivity to cold

would be at least due to: (1) a greater activity in

somatosensory neurons in the brain at a given peripheral

thermosensitive input, and/or (2) greater thermoreceptor

excitation in the cutaneous endings of somatosensory

neurons at a similar temperature [6]. Therefore, a possible

mechanism may be an up-regulation of cold receptor

function in the skin. Pharmacological blockade of the cold

receptor TRPM8 (transient receptor potential melastatin-8)

channels attenuates cutaneous vasoconstriction and

behavioral cold defense [7], whereas application of men-

thol, a specific agonist of TRPM8 channels, to the skin of

whole trunk in mice induces heat-gain responses, including

a rise in oxygen consumption and tail skin vasoconstriction

[8]. Based upon these findings, we speculate that topical

application of menthol may increase cold sensation to local

skin cooling in individuals suffering from unusual

coldness.

Direct skin cooling induces cutaneous vasoconstriction,

as well as cold sensation. Blockade of sensory nerves using
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topical anesthesia at the cooled skin site revealed the initial

vasodilator response to direct local cooling [9]. These

findings suggest that sensory nerve endings at site of the

cooled skin were involved in the inhibition of vasodilation

or activation of vasoconstriction. Relative to normal con-

trol females, cold-sensitive young females showed

increased cutaneous vasoconstriction in the distal portion

of the extremities during whole-body skin cooling [6, 10].

If cold receptor sensitization occurs in cold-sensitive

individuals, then topical application of menthol will further

increase cutaneous vasoconstrictor response to local cool-

ing of the skin.

This study was conducted to obtain a better under-

standing of the specific mechanisms controlling thermal

sensation during local skin cooling in young females

complaining of unusual chilliness. We hypothesized that

the sensitivity to cold sensation and cutaneous vasocon-

striction in response to cold receptor activation by the

topical application of menthol in the lower extremities are

greater in young females complaining of unusual chilliness

than in normal young females.

Methods

Subjects

The ethics committees of the medical care and research

institutions approved all experiments. All subjects were

fully informed of the methods and risks before written

informed consent was obtained. A total of 16 Japanese

female subjects participated in the experiments. Subjects

were chosen based upon a 10-question interview, as pre-

viously reported [10], which contains questions concerning

the typical complaints of individuals suffering from unu-

sual chilliness. Subjects were entered into the study if they

answered yes more than six times [n = 8, cold-sensitive

group (C)], or fewer than three times [n = 8, normal group

(N)] in the interview. Those that answered yes between

three and six times were excluded from this study. The

average age was 20 ± 1 and 21 ± 1 years, average weight

was 50.2 ± 1.6 and 48.2 ± 2.2 kg, and average height was

159.0 ± 1.3 and 158.1 ± 2.9 cm in the C and N groups,

respectively. All subjects were healthy nonsmokers, not

obese (body mass index of 17–23 kg/m2), and not taking

any medications. Selected subjects were confirmed to be

healthy by a medical examination and had regular men-

strual cycles. The menstrual cycle was not considered

because previous reports showed that the menstrual cycle

had no effect on thermal perception and on autonomic

cold-defense response in young female subjects [11], and

that the vasoconstrictor response to local cooling was

unaffected by reproductive hormone status [12].

Differences in response between follicular and luteal pha-

ses were not seen in the present studies and therefore their

data were combined for analysis.

Topical application of menthol

Menthol acts on the highly sensitive cold receptor TRPM8,

which is located on the cell membrane of sensory neurons

[13, 14]. Low concentrations (\2 %) of menthol elicit a

cool sensation [15–17], whereas high concentrations

(2–5 %) cause irritation and local anesthesia [18]. How-

ever, little is known about the relationship between the

dose of topical menthol and the responses of skin blood

flow (SkBF) in humans. In a pilot study, we examined the

effects of various concentrations [0 % (control), 0.2, 0.5, 1,

and 3 %] of menthol solution in 25 % ethanol on the SkBF

in the lateral aspect of the calves of 7 healthy female

subjects. Topical application of 3 % menthol increased

baseline SkBF and caused irritation in some subjects, while

the other concentrations did not change baseline SkBF and

thermal sensation at a local temperature of 35 �C. Addi-
tionally, application of 1 or 3 % menthol decreased vaso-

constrictor responses to local cooling. Based upon these

findings, we chose the 0.5 % menthol solution in 25 %

ethanol for local application to an area (*8 cm2) on the

calf and dorsal foot of one leg. Application of 25 % ethanol

to skin sites on the opposite leg was used as a placebo

control.

Measurements

Sublingual temperature (Tsl) was measured with a poly-

ethylene-sealed thermocouple. Skin temperatures (Tsk) at

four sites (chest, upper forearm, thigh, and calf) were

measured with copper–constantan thermocouples. The

mean Tsk for each of the four skin sites was calculated

based upon the Ramanathan weighting formula [19], with

an accuracy of ±0.1 �C. Heart rate (HR) was determined

using electrocardiogram (ECG) with a telemetric device

(BSM-2401; Nihon Kohden, Tokyo, Japan). SkBF at five

sites (the lateral aspects of the middle part of left and right

calf, the dorsal aspects of the middle part of left and right

dorsal foot, and the middle part of the left forearm) was

measured using laser Doppler flowmetry (ALF21;

Advance, Tokyo, Japan). The local temperature of the 6.3-

cm2 area surrounding the site of SkBF measurement on the

calf and dorsal foot was controlled using local temperature

controllers comprising a custom-built metal sleeve for the

flow probe. A thermocouple between the skin surface and

the sleeve allowed for measurement and feedback control.

The local temperature controllers were put on the skin area

where 0.5 % menthol or 25 % ethanol vehicle was applied.

The local temperature of the area surrounding the site of
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SkBF measurement on the forearm was not controlled.

Temperature and SkBF were recorded every 1 s using a

data acquisition system (UAS-108S; Unique Medical,

Tokyo, Japan). Mean arterial pressure (MAP) was mea-

sured every 5 min using a Dynamap automated oscillo-

metric blood pressure device (model 8100; Criticon,

Tampa, FL, USA).

During local cooling, thermal sensation was evaluated

every 5 min using a visual analogue scale. Subjects were

asked to report thermal sensation separately for each of the

four local cooling sites by marking their current cold sen-

sation on a 15-cm line rating scale, which was labeled

‘‘cold’’ 2.5 cm from the left end and ‘‘not at all’’ 2.5 cm

from the right end. Additionally, subjects could mark their

degree of cold sensation beyond the ‘‘cold’’ or ‘‘not-at-all’’

points, if necessary. Cold sensation scores were calculated

using the distance from the reported cold sensation to the

‘‘not at all’’ point, producing a negative value.

Experimental protocol

The subjects arrived in the laboratory at 0900 hours after

having abstained from caffeine and alcohol for at least

1 day and from food for at least 2 h. Dressed in sleeveless

shirts and short pants, they entered an experimental room

maintained at an ambient temperature (Ta) of 29.5 �C with

a relative humidity of 60 %, and rested in a supine position

on a bed. It has previously been verified that a Ta of

29.5 �C is within the neutral range of thermal comfort for

Japanese women, wearing similar clothes, who do or do not

suffer from unusual chilliness [6, 10].

The subjects rested in a supine position for *1 h before

data collection. During this period, 0.5 % menthol and

25 % ethanol vehicle, and then measuring devices, were

applied to the skin. Data collection began with a 5-min

baseline control period at a local temperature of 35 �C at

the four SkBF measurement sites. The sites were then

cooled in -2.5 �C steps every 5 min to 25 �C over 20 min.

In each temperature step, local temperature at the mea-

surement sites was slowly decreased by 2.5 �C for 1 min

and kept a constant level for 4 min during the assessments

of skin thermal sensation. The 35–25 �C Tsk was used to

simulate the local cold stress induced in the lower

extremities during mild whole-body cold exposure [6, 10].

Data analysis

Measurements were averaged over 5-min periods for data

analysis. Cutaneous vascular conductance (CVC) was cal-

culated as SkBF/MAP. Changes in CVC were expressed as

the percent change over 5 min from the 5-min baseline

control period. Differences in physical characteristics

between the two groups were compared by Student’s

t tests. Differences in the measurement values between the

C and N groups or the cooling and control periods were

assessed by repeated measures ANOVA. Any significant

differences between the means of the two groups or periods

at a specific time point were subsequently identified by post

hoc analysis using the Newman–Keuls procedure.

Regression analysis was conducted using the standard

least-square method. The differences in the slopes of the

regression lines between the C and N groups, the menthol-

treated and control sites, or the calf and dorsal foot were

assessed using three-way ANOVA with the Bonferroni

post hoc test. All data are expressed as the mean ± SE, and

P values of\0.05 were considered significant.

Results

There was no difference between the two groups in Tsl (C

36.8 ± 0.1 �C, N 36.9 ± 0.1 �C, P = 0.56), mean Tsk (C

34.6 ± 0.1 �C, N 34.6 ± 0.1 �C, P = 0.94), MAP (C

68.8 ± 2.1 mmHg, N 68.5 ± 1.5 mmHg, P = 0.91), and

HR (C 61.7 ± 1.1 beats/min, N 65.7 ± 1.2 beats/min,

P = 0.06) during the pre-cooling baseline period. Direct

cooling of a small area of the lower extremities induced a

cold sensation and decreased the SkBF at the cooled sites

without any changes in Tsl (P = 0.85), mean Tsk
(P = 0.99), MAP (P = 0.87), HR (P = 0.98), and SkBF in

the forearm (P = 0.41).

As depicted in Fig. 1, the rating scores of cold sensation

decreased linearly with the decrease in local temperature

during cooling. There were significant correlations

(r = 0.887–0.998, P\ 0.05) between local Tsk and the

rating scores of cold sensation in each site for all subjects.

The slopes of the regression lines are shown in Table 1.

With respect to the slopes of the relationships between

local Tsk and the rating scores of cold sensation, a three-

way ANOVA revealed significant main effects between the

C and N groups (P\ 0.001), the menthol-treated and

control sites (P\ 0.05), and the calf and dorsal foot

(P\ 0.01), with a non-significant interaction among the

three factors (P = 0.88). Regardless of whether or not the

menthol was applied, the slopes of the regression lines for

local Tsk and the rating scores for the calf and dorsal foot

were greater in the C group (P\ 0.001) than in the N

group, and the slopes for local Tsk and the rating score were

greater in the dorsal foot (P\ 0.01) than in the calf

(Table 1). The application of menthol increased cold sen-

sation in the cooled area of the legs in the N group

(P\ 0.05), but not the C group (P = 0.78).

During the pre-cooling baseline period, there was no

difference between the two groups in CVC at the control

sites (C 5.3 ± 0.6 units, N 6.1 ± 0.5 units, P = 0.57) and

menthol-treated sites (C 6.4 ± 1.0 units, N 6.0 ± 0.5 units,
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P = 0.64) in the calf. In addition, there was no difference

between the two groups in CVC at the control sites (C

6.7 ± 1.5 units, N 4.5 ± 0.6 units, P = 0.20) and menthol

treated sites (C 6.2 ± 0.8 units, N 6.0 ± 0.5 units,

P = 0.85) in the dorsal foot during the pre-cooling baseline

period. As shown in Fig. 2, local skin cooling decreased

CVC in the calf and dorsal foot with decreasing local

temperature. The application of menthol did not alter the

responses of CVC during local cooling in the C and N

groups. There were significant correlations

(r = 0.880–0.997, P\ 0.05) between local Tsk and CVC

in each site for all subjects. With respect to the slopes of

the relationships between the local Tsk and CVC, there was

no significant main effects between the C and N groups

(P = 0.94), the menthol-treated and control sites

(P = 0.13), and the calf and dorsal foot (P = 0.13), with a

non-significant interaction among the three factors

(P = 0.39) (Table 1).

Discussion

There were two major findings of the current study. First,

the topical application of 0.5 % menthol increased the

sensitivity of cold sensation in the calf and dorsal foot to

decreasing local Tsk in the N group, but did not alter sen-

sitivities in the C group. Second, the application of menthol

did not change the local cooling-induced vasoconstrictor

response of leg skin in the two groups. These findings

suggest: (1) the specific control of cold sensation by cold

receptor TRPM8 channels in the C group; and (2) a minor

role of cold receptor activity in cutaneous vasoconstrictor

response to direct skin cooling.

In the present study, subjects were required to report

thermal sensation at locally cooled skin sites using a visual

analogue scale. The cooling-evoked cold sensation was not

so intense as to induce significant activation of autonomic

A

B

Fig. 1 Relationships between local skin temperature (Tsk) and

thermal sensation in the calf (a) and dorsal foot (b) of cold-sensitive
(C) and normal (N) groups. Closed and open circles represent data for

menthol and control conditions, respectively. A score of -100

indicates cold and a score of 0 indicates not cold at all

Table 1 The sensitivities for

cold sensation and

vasoconstrictor responses

during local cooling

C group N group

Menthol Control Menthol Control

Cold sensation (unit/�C)
Calf 5.28 ± 0.60*# 5.04 ± 0.67*# 3.09 ± 0.55�# 1.92 ± 0.32#

Dorsal foot 6.56 ± 0.54 * 6.49 ± 0.60 * 4.29 ± 0.50� 3.06 ± 0.50

CVC responses (%/�C)
Calf 5.41 ± 0.54 6.03 ± 0.44 5.71 ± 0.28 6.54 ± 0.33

Dorsal foot 5.25 ± 0.45 6.13 ± 0.61 5.47 ± 0.18 5.00 ± 0.39

Values represent the mean ± SE

* Significant difference between the C and N groups (P\ 0.05)
� Significant difference between the menthol and control sites within a group (P\ 0.05)
# Significant difference between the calf and dorsal foot within a group (P\ 0.05)
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nerves, because blood pressure, HR, and SkBF in the

forearm did not change during local cooling of the calf and

dorsal foot. The cold sensation at a lower Tsk was greater in

the C group than in the N group during local cooling

(Fig. 1), suggesting a higher thermal sensitivity to cold in

the lower extremities of young women complaining of

chilliness. It has been reported that cold discomfort of the

body or lower extremities at a given Tsk was greater in the

C group than in the N group during the whole-body mild

cold exposure by reducing the room temperature from 29.5

to 23.5 �C [6, 10]. The present findings of higher cold

sensation sensitivity to local cooling in the C group was

obtained at a room temperature of 29.5 �C, which falls

within the neutral temperature range of thermal comfort.

Sato and Tamura [20] have also reported that cold sensa-

tion thresholds in the hand, foot, and loin at room tem-

perature (28 �C) were lower in young females with cold

constitutions (C group) than in normal control females,

suggesting a higher sensitivity to cold in the C group. It is

speculated that the higher thermal sensitivity to cold in the

C group is due to a greater thermoreceptor excitation in the

cutaneous endings of somatosensory neurons at a similar

temperature, and/or greater activity in somatosensory

neurons in the brain at a given peripheral thermosensitive

input.

We hypothesized that the cause of the inter-individual

differences in cold sensation may partly be due to menthol-

sensitive skin cold receptor function. The thermal sensation

at 35 �C was not altered by the application of 0.5 %

menthol, suggesting that menthol-sensitive cold receptors

were not activated under neutral temperature conditions in

human skin. The application of menthol increased cold

sensation by 40–60 % in the cooled area of the legs in the

N group, but not in the C group (Table 1). In the C group,

the ineffectiveness of topical menthol on cold sensation at a

lower Tsk was not due to a maximal intensity of cold

sensation being reached, because more intense cooling

stimuli was able to increase the cold sensation (Fig. 1).

Since the application of 0.5 % menthol was determined

from a pilot study using healthy female subjects, the con-

centration of menthol might be not high enough to induce

activation of TRPM8 channels for the subjects in the C

group. Nevertheless, the different sensorial responses

between the two groups at a given concentration would

suggest a desensitization of menthol-activated TRPM8

channels in cold receptors of the cooled skin areas in the C

group. It is also possible that the concentration of menthol

was too high to elicit an expected cold sensation for the

subjects in the C group, although the dose did not cause

irritation or skin vasodilation in the subjects. Therefore, a

greater excitation in temperature-sensitive TRP channels,

excluding TRPM8 channels in skin themoreceptors at a

similar temperature, might be responsible for the greater

thermal sensitivity to cold in the C group. In the C groups,

the putative deactivation of menthol-activated TRPM8

channels would act to weaken the excessive thermal dis-

comfort resulting from cold extremities in a cool

environment.

Another explanation for the greater thermal sensitivity

to cold in the C group is the role of upstream mechanisms

of thermoreceptors, including greater activity in

somatosensory neurons in the brain. Human studies using

functional magnetic resonance imaging (fMRI) have sug-

gested that the insular cortex rather than parietal cortex is

implicated in the genesis of temperature sensation during

innocuous cooling stimulation [21]. It is unclear whether

brain activity in specific regions during cold stress is

A

B

Fig. 2 Relationships between local Tsk and cutaneous vascular

conductance (CVC) in the calf (a) and dorsal foot (b) of cold-

sensitive (C) and normal (N) groups. Closed and open circles

represent data for menthol and control conditions, respectively
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enhanced in cold-sensitive humans. Further studies are

warranted to elucidate brain mechanisms creating inter-

individual differences in thermal sensation.

Enhanced alpha 2 receptor sensitivity to catecholamine

and reduced nitric oxide have been proposed as vasomotor

mechanisms of local cooling [22–25]. While transient

receptor potential vanilloid 1 (TRPV1) receptors play a

substantial role in the hyperemic response to local skin

heating [26, 27], the role of TRP channels in the vaso-

constrictor response to local skin cooling is currently not

well understood. Johnson et al. [28] have reported that

topical application of 3 % menthol to human skin caused

increased SkBF at the treated sites, and that vasodilation

was markedly reduced by pretreatment of atropine or NG-

nitro-L-arginine methyl ester (L-NAME). In preliminary

studies, we also observed that application of 3 % menthol

increased baseline SkBF and caused irritation in normal

healthy subjects. Thus, TRPM8 channels may act as a

vasodilator component in the local control of SkBF. Cold

sensation was enhanced by 0.5 % menthol during local

cooling in the N group, whereas the application of menthol

did not change baseline SkBF or enhance the vasocon-

strictor response to local cooling in either group. These

findings suggest that TRPM8 channels do not play a sig-

nificant role in local control of cutaneous vasoconstriction

during direct skin cooling in humans.

In conclusion, the findings of the current study suggest a

desensitization of menthol-activated cold receptors in the

lower extremities during local cooling in young females

complaining of unusual chilliness, and a minor role of cold

receptor activity in cutaneous vasoconstrictor response to

direct skin cooling. Higher cold sensation sensitivity during

cold exposure in the tested skin areas may be due to

upstream mechanisms from skin cold receptors and/or

activities in thermosensitive TRP channels, excluding

TRPM8 channels in skin themoreceptors.
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