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Abstract

It was recently found that cooling the skin to temperatures as mild as 25°~30°C can induce nociceptive
sensations (burning, stinging or pricking) that are strongly suppressed by dynamic contact between
the thermode and skin (contact suppression). Here we investigated whether nociceptive sensations
produced by menthol can be similarly suppressed. In the first experiment subjects rated the intensity

of cold and burning/stinging/pricking sensations before and after application of 10% I-menthol to
the forearm. Ratings were compared at resting skin temperature (= 33°C) and at 28°, 24°, or 20°C

during static or dynamic contact cooling via a Peltier thermode. At resting skin temperature, menthol
produced cold and nociceptive sensations, both of which were suppressed by dynamic contact. When

the skin was cooled during static contact, menthol increased nociceptive sensations but not cold

sensations; when the skin was cooled during dynamic contact, cold sensations were again unchanged

while nociceptive sensations were suppressed. A second experiment tested whether contact

suppression of menthol’s cold and nociceptive sensations at resting skin temperature was caused by

slight deviations of thermode temperature above skin temperature. The results showed that
suppression occurred even when the thermode was slightly cooler (—0.5°C) than the skin. These
findings support other evidence that the menthol-sensitive channel, TRPMS, plays a role in cold

nociception, and raise new questions about how dynamic tactile stimulation may modify perception

of nonpainful cold stimulation.
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Introduction

Cooling the skin to temperatures above the cold pain threshold has been assumed to produce
only sensations of cold. Recent evidence [1] indicates that sensations of burning, stinging, or
pricking can be evoked at temperatures as mild as 25° to 31°C when cooling occurs after a
thermode is already in contact with the skin (i.e., static contact cooling). However, these
sensations, which were termed innocuous cold nociception (ICN), can be greatly reduced when
cooling occurs by touching an already cold thermode to the skin (i.e., dynamic contact cooling).
Additional experiments indicated that the reduction in ICN during dynamic contact cooling
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was most likely caused by tactile stimulation produced as the thermode touched the skin [1;
2].

The occurrence of ICN provides evidence that mild cooling stimulates the nociceptive system
as well as the cold system. This finding raises questions about the longstanding assumption
that painful and nonpainful cold are mediated by afferent fibers that have very different
sensitivities to cold. Although examples can be found in the literature of C- or A-5 fibers that
respond to noxious cold yet have thresholds above 25°C [3-5], such fibers have not been
considered important for perception of nonpainful cold. Consistent with this view, the
nonspecific cation channel TRPM8 [6-8], which is sensitive to menthol and has a threshold to
cooling <28°C, has been designated as a cold receptor. But menthol can induce nociceptive
sensations of burning, stinging or pricking as well as cold sensations [9-12], and a recent study
demonstrated that topically applied menthol can induce cold hyperalgesia [13]. In addition,
there is evidence that some fibers that express TRPM8 project in the nociceptive system [14],
and TRPMS8 has been reported to be co-expressed in rat dorsal root ganglion (DRG) neurons
with the heat, irritant- and pH-sensitive channel, TRPV1 [15;16]. Although other studies have
failed to find co-expression of TRPM8 and TRPV1, the weight of the current evidence points
to TRPMS as the receptor most likely to mediate ICN.

Accordingly, the primary objective of the present study was to determine whether nociceptive
sensations produced by menthol could be suppressed by dynamic contact. The approach was
to measure the intensity of nociceptive sensations produced by topically applied menthol under
conditions of static and dynamic contact at both resting skin temperature (RST) and during
active cooling. Suppression of menthol’s nociceptive sensations by dynamic contact would
imply that menthol stimulates the same class of fibers that mediate ICN, and that these fibers
are a type of nociceptor that responds to mild cooling. The results of two experiments supported
this hypothesis. After finding in the first experiment that at RST dynamic contact suppressed
menthol’s cold sensations as well as its nociceptive sensations, we ran a second experiment to
rule out the possibility that suppression of cold might have resulted from systematic miss-
adjustments of thermode temperature rather than from dynamic mechanical contact.

Thirty-nine subjects (21 females and 18 males) served in exp. 1, and 25 (14 females and 11
males) served in exp. 2. All were self-reported healthy individuals between the ages of 18 and
45 yrs with no history of nerve injury or neuropathology.

Thermal stimuli were delivered via a 16-channel thermode composed of independently
controllable, 8mm x 8mm Peltier thermoelectric modules arranged in a 4 x 4 matrix with 2-
mm separations between neighboring modules. The 16 modules were bonded with thermally
conductive epoxy to a water-circulated heat sink [2;17]. Skin-thermode interface temperature
was monitored by a 40-ga type-T thermocouple recessed into the face plate of each module.
Baseline temperature, target temperature (28°, 24°, 20°C), rate of temperature change (5°/sec),
and dwell time (5 sec) were controlled with LabView software. The thermode was fixed to a
floor mounted positioning device that stood next to a modified dental chair in which the subject
sat with his or her right forearm resting on a 4-in thick foam pad. A lockable ball joint on the
positioning device enabled manual placement of the thermode flush against the surface of the
subject’s forearm.

Behav Brain Res. Author manuscript; available in PMC 2007 May 2.
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The chemical stimulus was 10% I-menthol (Pfalz & Bauer, Waterbury, CT) dissolved in 95%
ethanol and applied for 15 min to the volar surface of the forearm on a saturated filter paper
square that was equal in size (16 cm?) to the 16-channel thermode. The filter paper was
occluded by a wide strip of parafilm draped across the forearm and weighted at both ends to
keep the filter paper flat against the forearm. After the parafilm and filter paper were removed,
the forearm was wrapped in a single layer of cellophane (Saran Wrap™, S.C. Johnson) to
prevent evaporative cooling from residual menthol and ethanol, and to avoid transference of
residual menthol to the thermode during thermal testing. Skin temperature was monitored via
a digital thermometer connected to a 40-ga thermocouple wire positioned underneath the
cellophane at a point a 2-3 cm from the distal edge of the menthol-treated skin.

General Procedure

Both experiments included a practice session for new subjects who had not participated in
thermal perception experiments in this laboratory. The practice consisted of two brief (10-15
min) exercises designed to train individuals to use the Labeled Magnitude Scale (LMS;[18;
19]) to rate the intensity of thermal sensations. The LMS is a “category-ratio” scale [20] in
which labeled intensity descriptors (e.g., “weak”, “strong”) are spaced according to their
empirically-derived semantic magnitudes. The scale is bounded at the bottom by “no sensation”
and at the top by “strongest imaginable sensation of any kind”, and subjects enter their ratings
by using a computer mouse to move an arrow to the appropriate location on the scale. Subjects
were first asked to imagine 16 commonly experienced thermal sensations (e.g., washing hands
in cold tap water; walking barefoot on hot pavement) and rate their intensity. This exercise
served both to familiarize subjects with the scale and to encourage use of the broadest possible
perceptual context. Subjects then received a series of 11 practice thermal stimuli (ranging from
18° to 42°C) presented on two rows of the thermode array as it rested on the right forearm.
Warm and cold stimuli were presented alternately across trials on separate pairs of rows of the
thermode with an inter-trial interval of 30 sec. Subjects had three tasks per trial: to rate thermal
sensation intensity (cool-cold, warm-hot), nociceptive sensation intensity (burning, stinging
or pricking), and to indicate the specific sensations they had perceived by clicking on one or
more descriptors displayed on the computer screen: nothing, cool, cold, warm, hot, burning,
stinging/pricking, aching, and painful. The instructions were to choose as many words as
necessary to describe each sensation fully, and to click on “nothing” if no sensation was felt.

Experiment 1: Static vs dynamic contact with and without cooling

This experiment investigated the effect of dynamic mechanical contact on sensations produced
by menthol at RST and during cooling to 28°, 24° and 20°C. Two conditions of thermal
stimulation, Static Contact and Dynamic Contact, were tested before and after menthol
application in separate sessions (see Fig. 1). The inter-stimulus interval (IS1) and placement of
the thermode were the same whether or not menthol was present, and the forearm was wrapped
with cellophane in both cases. In the Static Condition the thermode was set to RST (measured
beneath the plastic wrap) and placed in static contact with the arm for 3 min to allow any
suppressive effects of the initial contact to subside before data collection began. Temperature
stimulation proceeded in a descending series beginning with 28°, and a 3-min interstimulus
interval (1SI) was inserted to minimize thermal interactions across trials. Stimulus duration
was 5 sec. After the final stimulus (20°C), the thermode was lifted from the skin and the
cellophane was removed from the arm to enable menthol to be applied. After 15-min of menthol
application, the filter paper and its occlusive covering were removed and the arm was
rewrapped with cellophane. Before returning the thermode to the skin, subjects made initial
ratings of thermal and nociceptive sensations produced by the menthol alone. The thermode
was then set to the measured RST and placed on the skin for a 3-min adaptation period, after
which a second set of intensity ratings was made to assess menthol sensations during static
contact with the thermode at RST. Thermal testing followed immediately, with the three test
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temperatures presented in the same sequence and with the same timing as before menthol
application.

The procedure in the Dynamic Contact condition (Fig. 1) differed from the Static Contact
condition in the following ways: (1) during temperature stimulation the thermode was set to
the test temperature before it was touched to the skin for 5 sec; (2) there was no 3-min adaptation
period with the thermode in contact with the skin, either before or after menthol; (3) after
subjects made initial (baseline) ratings of thermal and nociceptive sensations produced by
menthol alone, the thermode was set to RST and touched to the skin to assess the effect of
dynamic contact (with thermal stimulation) on menthol sensations. Three minutes later the
descending temperature series began, with the stimuli separated by 3-min ISls.

Experiment 2: Effects of dynamic contact at small temperature offsets

Results

In this experiment subjects rated thermal sensations produced by menthol during dynamic
contact when thermode temperature deviated —1.0° to +1.0°C from the measured skin
temperature. New subjects served in the same practice session used in exp. 1, and the menthol
stimulus and procedure for application were also the same as before. To quantify the intensity
as well as the frequency of reports of both warm and cold sensations, subjects made three
intensity ratings per trial: cold, warmth and burning/stinging/pricking. The thermal stimulation
procedure differed from exp. 1 in three ways: (1) Only dynamic contact stimulation was used,
as the hypothesis under test was whether slight warming of the thermode was responsible for
suppressing menthol cold and nociceptive sensations below levels reported at RST prior to
contact; (2) thermode temperatures were +1.0, +0.5, 0, —0.5, and —1.0°C offsets from the
measured RST; (3) ratings of baseline menthol sensations and thermal testing began 5 min
rather than 3 min after removing the menthol-saturated filter paper and wrapping the forearm
with cellophane. The longer delay was inserted to ensure that any suppression of menthol’s
sensations by mechanical stimulation as the arm was wrapped with cellophane would have
diminished by the time testing began.

The intensity rating procedure also differed from exp. 1 in that subjects continued to make
ratings at 20-sec intervals after initial dynamic contact for a total of 3 min, with the thermode
remaining on the arm throughout this period. The thermode was then lifted from the skin for
3 min, allowing a total of 6 min between measurements of the effect of dynamic contact. Only
two temperature offsets plus thermal neutrality (RST) were presented in each session, which
meant that two sessions were required to complete testing. Half of the subjects were tested with
ascending offsets first (i.e., from —1.0°, —0.5, 0°) and half with descending offsets first (i.e.,
from +1.0°, +0.5, 0°). Replicate ratings were obtained for the same subjects in two additional
sessions with the opposite offset series. In addition, a control session was run in which ratings
were obtained at all offsets in the absence of menthol. The primary purpose of the this session
was to determine whether the thermode was perceived to be slightly warm when set to the
measured skin temperature. Such a result would be indicative of a slight deviation in measured
skin temperature from actual skin temperature.

Experiment 1: Menthol sensations and the effect of dynamic contact

Fig. 2 shows that at RST and in the absence of any contact by the thermode, 10% menthol
induced thermal and nociceptive sensations on the forearm that were rated between barely
detectable and weak in strength. Thermal sensations tended to be rated as more intense than
nociceptive sensations, but only marginally so [t-test for non-independent means, t(38)=1.99,
p=0.053]. Surprisingly, under conditions of static contact cooling, menthol failed to enhance
cold but strongly enhanced nociceptive sensations. At each test temperature, intensity ratings
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of burning/stinging/pricking were 3 to 4 times higher after menthol treatment than before. A
repeated-measures ANOVA with condition (before vs. after menthol), temperature, and
sensation quality as factors confirmed there was a significant main effect of condition [F(1,38)
=24.0; p<0.0001] that was qualified by a significant condition x sensation quality interaction
[F(1,38)=29.2, p<0.0001]. Also of interest was a significant interaction between temperature
and sensation quality [F(2,76)=7.8, p<0.005], which reflected the absence of an increase in
cold sensation across temperature compared to a monotonic increase in ratings of nociceptive
sensation. The relatively flat psychophysical functions for cold sensation were surprising given
the evidence that perceived cold increases significantly between 28° and 20°C [21-24]. The
use of only three relatively closely-spaced temperatures may have led to this result, as a similar
result was found in a recent study that employed only three temperatures between 28° and 18°
C [2]. Alternatively, in this temperature range cold sensation per se may not increase as rapidly
as nociceptive sensations, which typically have not been rated separately from cold sensations.

Fig. 3 compares ratings of thermal and nociceptive sensations under conditions of static and
dynamic contact after the skin had been treated with menthol. At RST, dynamic contact
significantly reduced both types of sensations [main effect of condition; F(1,38)=14.8,
p<0.0005]. In fact, suppression was greater for cold sensations than for nociceptive sensations
[condition x trial x sensation quality; F(1,38)=10.0, p<0.005], although the initially higher
intensity of menthol-induced cold may have contributed to this difference. In contrast, when
the skin was actively cooled, dynamic contact reduced only nociceptive sensations [condition
X sensation quality; F(1,38)=4.4, p<0.05]. Similarly, Fig. 4 shows that before menthol
treatment, dynamic contact caused more pronounced and consistent suppression of nociceptive
sensations than cold sensations. An ANOVA revealed a significant condition x sensation
quality (thermal vs. nociceptive) interaction [F(1,38)=8.22, p<0.01], and post hoc Tukey HSD
tests confirmed that suppression of cold was significant only for the 28°C stimulus (p<0.05).

Fig. 5 displays the frequencies with which different qualities of sensation were reported during
static and dynamic contact after menthol treatment. Consistent with reductions in perceived
intensity of both cold and nociceptive sensations, dynamic contact reduced the number of
reports of “cool”, “cold”, “burning” and “stinging/pricking”, with the biggest reduction in
“cool” ratings. Although these reductions were accompanied by an increase in the number of
subjects reporting “nothing” in the Dynamic Condition (from 1 to 6), a more notable increase
occurred in reports of “warm” (from 2 to 16). This unexpected result led us to conduct a second
experiment to rule out the possibility that during dynamic contact the thermode may have been
slightly warmer than RST. It was possible that the different physical coupling between the skin
and the surface thermocouple (lying atop the skin under a layer of cellophane) versus the
thermode thermocouples (embedded in the copper plate attached to each Peltier module) might
have led to disparate temperature readings. If the thermode was slightly warmer than the skin,
suppression of cold sensations may have resulted from inhibition of ongoing cold fiber
discharge rather than from dynamic contact per se.

Experiment 2: Dynamic suppression of menthol sensations as a function of temperature

offset

Shown in Fig. 6 are the log-mean intensity ratings of thermal sensations over time when the
temperature of the thermode was the same, slightly cooler (top) or slightly warmer (bottom)
than the skin. Consistent with the results of exp. 1, suppression was significant when the
thermode was set to RST (filled circles). A repeated measures ANOVA on the data for cool
offsets which included time and temperature as factors indicated there was a main effect of
time [F(10,220)=6.9, p<0.0001] and an interaction between time and temperature [F(20,440)
=3.2, p<0.0001]. The latter interaction indicated that contact suppression varied jointly as a
function of thermode temperature and the time after skin contact. Suppression was transient,
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remaining significant for only 40 sec. Most important, a Tukey HSD test confirmed that when
the thermode was 0.5°C cooler than the skin, thermal intensity was still rated significantly
lower during dynamic contact (time 0) than before contact [p<0.05]. Cold sensations were
therefore suppressed even when the thermode was slightly cooler than the skin, a condition
which by itself should enhance cold sensations. On the other hand, warming the thermode
deepened and prolonged cold suppression. An ANOVA on the data for warm offsets yielded
main effects of time [F(10,220)=30.1, p<0.0001] and temperature [F(2,44)=8.8, p<0.001] as
well as a time x temperature interaction [F(20,440)=5.4, p<0.0001]. Warming the thermode
0.5° and 1.0°C above the measured skin temperature caused cold suppression to last for 60 and
140 sec, respectively (Tukey HSD, p<0.05).

Separate ANOVAs on the intensity ratings for nociceptive sensations (burning/stinging/
pricking) revealed similar results, with the only exception being that no significant interaction
was detected between temperature and time after cooling offsets [F(20,240)=1.53, p=0.07].
The failure to find a differential effect over time may have been a consequence of the more
limited degrees of freedom in the analysis, since only those individuals who rated burning/
stinging/pricking sensations above “barely detectable” in the baseline condition (n=13) were
included.

Fig. 7 also displays data central to the question of whether suppression of menthol cold was
caused by a slightly warm thermode. The open symbols show that when the thermode was set
to the measured skin temperature with no menthol present, subjects rated warmth and cold to
be less than barely detectable, indicating that the skin-temperature thermode was perceptually
neutral. However, when menthol was present, at Time O the thermode was rated both slightly
warm and slightly cool. An examination of individual responses indicated that many subjects
were confused about the temperature of the thermode when it contacted the skin. Of the 25
subjects, 12 rated it as both warm and cool, 8 rated it as only cool, 4 rated it as only warm, and
1 reported no thermal sensation. Dynamic contact by a neutral thermode therefore reduced the
intensity of menthol’s ongoing cold sensations and sometimes evoked the perception of
warmth.

Discussion

The primary aim of this study was to use contact suppression of ICN to investigate whether
the menthol and cold-sensitive cation channel TRPM8 might be involved in perception of
nociceptive sensations during mild cooling. As well as providing evidence consistent with such
an involvement, new findings were obtained regarding menthol’s effects on the perception of
cold vs. nociception, and on the effects of dynamic contact on perception of nonpainful cold.

Menthol Selectively Enhances Nociceptive Sensations During Cooling

Menthol induced both cold and nociceptive sensations at RST, but enhanced only nociceptive
sensations during physical cooling. This outcome was surprising in view of menthol’s
reputation as a cooling agent and prior evidence that pre-treating the mouth with menthol
intensifies the perceived cold of sipped solutions [25]. However, other studies of menthol on
hairy skin have also found greater effects on nociception than on cold perception. The first
study to measure both types of sensations after topical application [12] found that 5% and 10%
solutions of menthol produced larger increases in the frequency of reports of nociceptive
sensations than cold sensations. More recently, high concentrations of menthol have been
reported to produce painful burning sensations [10] and cold hyperalgesia without altering the
detection threshold for cooling [13]. Why menthol might have different sensory effects on
different body sites is unclear. Because human cold perception is mediated chiefly by A-5
fibers [26;27], and menthol’s nociceptive sensations appear to result primarily from stimulation
of C-fibers [10], differences in expression of TRPM8 in these two classes of fibers throughout
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the body could lead to regional differences in the relative strength of menthol-induced cold
and nociceptive sensations. TRPM8 has been found in both classes of fibers in rats [28] and
in a higher percentage of trigeminal ganglion neurons (particularly those in the region serving
the tongue) than DRG neurons in both rats and mice [7;28]. However, the latter finding merely
predicts menthol should be a more effective stimulus in the mouth than on the skin, independent
of its relative effects on perception of cold and nociception.

The ability of menthol to stimulate nociceptive sensations, cold pain and hyperalgesia implies
that TRPMB8 is co-expressed with receptors that are sensitive to painfully cold or hot
temperatures (e.g., TRPV1, TRPAL). Although as mentioned earlier TRPM8 has been reported
to be expressed with TRPV1 [15;16] in rat DGR neurons, negative results from other studies
[15;28-30] leaves open the possibility that such co-expression may not occur in humans.
Alternatively possibility is that mild cooling may stimulate the nociceptive pathway via afferent
fibers which, because of their low thermal thresholds, have not been classified as nociceptors.
This possibility is consistent with the cold sensitivity of wide dynamic range (WDR) and heat-
pinch-cold (HPC) spinal-thalamic tract (STT) neurons. Both types of STT neurons have been
implicated in encoding thermal pain [31;32], and both have cold thresholds [31;33;34] in the
same temperature range as TRPM8 [6-8;35]. If C-fibers that express TRPM8 do account for
the cold sensitivity of WDR and/or HPC neurons, the intensity of nociceptive and cold
sensations should vary with the strength of these inputs. However, because stimulation of cold
fibers can inhibit cold-induced nociception [36—40], the intensity of nociceptive sensations
during menthol exposure (as well as during innocuous cooling below 30°C) is probably a joint
function of the level of stimulation in the nociceptive and cold pathways [31].

Contact Suppression of Nociceptive Sensations from Menthol

The demonstration that nociceptive sensations from menthol can be suppressed by dynamic
contact throughout the range of temperatures tested provides further evidence that TRPM8
plays a role in ICN: ICN and menthol’s nociceptive sensations appear to be mediated by a
common central pathway that can be inhibited by dynamic contact. This conclusion is
complicated, however, by differences in the qualitative attributes of nociceptive sensations
produced by menthol and cooling. Fig. 5 shows that at RST, menthol evoked slightly more
reports of burning than stinging/pricking, and that dynamic contact reduced the frequency of
reports of both qualities. In contrast, two prior studies [1;2] have shown that ICN is
characterized by more frequent reports of stinging/pricking than burning. The latter findings
were replicated in exp. 1, in which cooling to all three temperatures without menthol yielded
a higher percentage of stinging/pricking sensations: e.g., at 24°C stinging/pricking was
reported on 44% of trials, compared to burning on 26% of trials. Because burning has been
associated with stimulation of C-fibers and stinging/pricking with stimulation of Ad-fibers
[41-43], these differences suggest that menthol and innocuous cooling may stimulate
somewhat different (but overlapping) subsets of nociceptive fibers. If so, contact suppression
must take place at a point within the nociceptive pathway that affects input from both classes
of fibers. This raises the possibility that contact suppression may not be specific to cold
stimulation. A study is planned that will address this possibility by determining whether
suppression occurs when the skin is heated to temperatures below the heat pain threshold that
also stimulate nociceptive sensations (e.g., 38°-43°C) [44].

Contact Suppression of Menthol Cold

The almost complete suppression of menthol’s cold sensations at RST was unexpected. In
previous studies of ICN, cold sensations were unaffected by dynamic contact except at the
mildest temperature tested (31°C; [1]). However, the same pattern of results was obtained in
the present study, with cold sensations significantly suppressed at 28° but not at 24° or 20°C.
In contrast to the consistent suppression of nociceptive sensations across temperatures and
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intensities (Figs. 3-5), the results for cold imply that dynamic contact exerts a weak inhibitory
effect on stimulation in the cold pathway that quickly becomes insignificant at higher levels
of stimulation. These different patterns of suppression may reflect different inhibitory
mechanisms: a subtractive mechanism for cold versus a proportional mechanism for
nociception. Because menthol stimulates cold sensations by raising the static discharge rate of
cold fibers [45;46], the virtually complete suppression of menthol cold in experiment 1 could
be explained by a mechanism that selectively inhibits steady-state activity in the cold pathway.
A subtractive mechanism of this kind, which has been described in other neural systems as a
high-pass filter of synaptic activity [47-49], should not affect perception of stimuli that produce
a strong dynamic discharge, but might reduce perception of weak stimuli that cause only
marginal increases in firing rate above resting levels. However, this interpretation cannot easily
explain the absence of suppression at 28°C following menthol treatment (Fig. 5), since cold
ratings during static contact were not significantly higher after menthol treatment than before
(Fig. 2). One possibility is that during physical cooling menthol produced a slight increase in
cold stimulation that was enough to overcome the inhibitory process but insufficient to produce
significantly higher cold intensity ratings. As was mentioned earlier in regard to the unusually
low slope of the psychophysical function for cold, the use of only three “moderately” cold
temperatures may have reduced the sensitivity of the scaling task. Further study with a wider
range of temperatures and menthol concentrations will be necessary to test the subtractive
inhibition hypothesis of contact suppression of menthol cold.

Induction of Warm Sensations during Suppression of Menthol Cold

Also unexpected were the reports of warmth that accompanied suppression of menthol cold at
RST (Figs. 3 and 5). Warmth was not reported during contact suppression in prior experiments
that did not include menthol (e.g., [1], Fig. 3B). This difference may be a byproduct of the
unusual excitatory conditions produced by menthol. In the earlier study, dynamic contact
suppressed cold sensations under conditions in which warm fibers would be simultaneously
inhibited by cooling. In the present study cold sensations were suppressed when skin
temperature remained constant at approximately 33°C, a temperature at which warm fibers
continue to discharge statically [50-52]. It is possible the static activity in warm fibers was
adequate to induce warmth after the corresponding static activity in the cold pathway had been
inhibited. The possibility that inhibition of cold stimulation contributes to warm sensations
must also be considered. A comparative study of menthol’s effects on corneal sensitivity in
humans and sensory afferent fibers in cats [53] indicated that application of menthol to the
human cornea produced sensations of “freshness” followed by sensations of warmth that were
correlated with stimulation and subsequent inhibition of cold-sensitive corneal fibers. Because
warm fibers have not been reported in the cornea [53], the authors concluded that inhibition
of cold fibers is sufficient to induce warmth. However, if the “off-response” of cutaneous cold
fibers alone could stimulate warmth, cold spots that do not coincide spatially with warm spots
should yield sensations of warmth as the skin re-warms following cold stimulation. Although
the phenomenon of “paradoxical heat” or warmth has been reported during cold stimulation
(e.g., [54-57]), no reports of warmth specific to re-warming cold spots have appeared in the
literature.

Summary and Implications

The present results are consistent with the hypothesis that TRPM8 plays a role in perception
of nociceptive sensations when the skin is cooled to innocuous temperatures. In addition, the
suppression of menthol cooling at RST means that input from all afferent fibers that express
TRPMS8, whether they encode nociceptive or cold sensations, can be transiently inhibited by
dynamic contact. The finding that dynamic contact can suppress steady-state cold sensations
from menthol provides additional evidence that nonpainful cold perception does not depend
solely on the response characteristics of cold fibers and the neurons to which they project in
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the cold pathway [58;59]. Instead, perception of cold from menthol and from temperatures as
mild as 31°C [2;44] involves bimodal stimulation in the cold and nociceptive pathways that
can be inhibited by contact with a surface.
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Fig. 1.

Shown is a diagram of the procedure used in experiment 1. Rectangular boxes in the Static
Condition indicate periods when the thermode was in contact with the skin (RST = resting skin
temperature). Thick vertical lines in both conditions indicate bouts of 5-sec thermal stimulation
at the specified temperatures. Solid black arrows indicate intensity ratings made in response
to dynamic contact and/or thermal stimulation; open arrows indicate baseline intensity ratings
at RST prior to dynamic contact or thermal stimulation. Tsk indicates measurements of RST.
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Fig. 2.

Log-mean perceived intensity ratings of thermal and nociceptive sensations are shown
separately as a function of thermode temperature before (empty symbols)and after (filled
symbols) application of 10% menthol to the forearm. Intensity ratings labeled “No Contact”
were obtained at RST after menthol had been applied to the skin and just prior to thermal testing

in the Dynamic Contact condition. Error bars indicate + SEMs.
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Fig. 3.

Log-mean perceived intensity ratings for thermal and nociceptive sensations after menthol
application at RST prior to contact with the thermode (No Contact), after contact with the
thermode set to RST, and with the thermode set to three temperatures. Open circles designate
data obtained in the Static Contact condition; filled trials designate data obtained in the
Dynamic Contact condition. The No Contact and RST ratings served as baseline measurements
against which the effects of static and dynamic contact could be compared. Error bars indicate
+ SEMs.
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Log-mean perceived intensity ratings for thermal and nociceptive sensations obtained prior to

20

menthol application in the Static Contact (filled circles) and Dynamic Contact (empty circles)

conditions when the skin was actively cooled. Error bars indicate + SEMs.
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The number of subjects reporting each sensation quality in Exp. 1 after menthol application
and during static (light gray bars) or dynamic contact (dark gray bars) with the thermode set

to RST.
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Fig. 6.

Log-mean perceived intensity ratings for cold sensations before (No Contact; filled diamonds),
during (Time = 0) and at 20-sec intervals after dynamic contact. In the contact condition the
thermode was adjusted to RST (0.0°C) or to one of two temperature offsets below (top graph)
or above (bottom graph) RST. Error bars indicate £ SEMs.
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Fig. 7.

Log-mean perceived warmth and cold ratings obtained during and after contact with the
thermode set to RST. The cold ratings after menthol exposure (filled circles) are the same as
the 0.0°C offset data in Fig. 6, and have been combined across warming and cooling sessions.
The warm ratings (filled squares) were made together with the cold ratings. The data obtained
without menthol (open symbols) were collected in a third (control) session. Error bars indicate
+ SEMs.
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