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Abstract
Menthol is used in analgesic balms and also in foods and oral hygiene products for its fresh cooling
sensation. Menthol enhances cooling by interacting with the cold-sensitive thermoTRP channel
TRPM8, but its effect on pain is less well understood. We presently used behavioral methods to
investigate effects of topical menthol on thermal (hot and cold) pain and innocuous cold and
mechanical sensitivity in rats. Menthol dose-dependently increased the latency for noxious heat-
evoked withdrawal of the treated hindpaw with a weak mirror-image effect, indicating
antinociception. Menthol at the highest concentration (40%) reduced mechanical withdrawal
thresholds, with no effect at lower concentrations. Menthol had a biphasic effect on cold avoidance.
At high concentrations (10 and 40%) menthol reduced avoidance of colder temperatures (15 and 20°
C) compared to 30°C, while at lower concentrations (0.01–1%) menthol enhanced cold avoidance.
In a −5°C cold-plate test, 40% menthol significantly increased the nocifensive response latency (cold
hypoalgesia) while lower concentrations were not different from vehicle controls. These results are
generally consistent with neurophysiological and human psychophysical data and support TRPM8
as a potential peripheral target of pain modulation.

INTRODUCTION
Menthol is derived from plants of the mint family and imparts their distinctive odor. Menthol
is commonly used in food additives and has broad industrial use in oral hygiene, medicinal
and other applications [17,48]. Menthol applied to the skin elicits cooling and tingling
sensations, and has anesthetic [19] and κ-opioid-mediated antinociceptive properties in the
mouse hot-plate test [18]. Menthol has long been known to induce or enhance cooling via the
an interaction with peripheral cold receptors [30] that express the transient receptor potential
(TRP) channel TRPM8 [41,45,49]. TRPM8 is activated by temperatures below 25°C as well
as by menthol and other cooling agents [5], and knockout mice lacking TRPM8 exhibit
decreased sensitivity to cold surfaces that are normally avoided[4,12,16]. Menthol enhances
cooling-evoked gating of TRPM8 transfected in cell lines [40,56,63] and naturally expressed
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in dorsal root ganglion (DRG) and trigeminal ganglion cells [38,52]. Higher concentrations of
menthol enhance cold pain in human skin [29,44]; [46,65] and oral mucosa [2] and enhance
cold avoidance in rats assessed using an operant facial thermal stimulation paradigm [57].
Sensory neurons expressing TRPM8 project to superficial laminae of the spinal cord dorsal
horn [15,67] which contain cold-sensitive neurons that project in the spinothalamic tract [13].
Responses of nociceptive neurons in superficial laminae of trigeminal subnucleus caudalis (Vc)
to lingual cooling are enhanced by menthol [70].

The apparently opposing effects of menthol on the perception of heat and cold pain prompted
the present study. We wished to systematically investigate and compare the modulatory effects
of topical menthol on thermal (hot and cold) and mechanical sensitivity in rats using an array
of behavioral tests. An abstract of portions of this study has appeared [36].

MATERIALS & METHODS
Animals

Adult male Sprague Dawley rats (320–530 g) were singly housed and given rodent chow and
water ad libitum. Behavioral studies were conducted at approximately the same time each day
to reduce circadian effects, in a quiet room with the temperature maintained constant at 22–
24° by thermostat. The study protocol was approved by the UC Davis Animal Care and Use
Committee.

Application of Chemicals
L-Menthol (Givaudan Flavors Corporation, Cincinnati, Ohio) dissolved in ethanol and
Tween-80 (Fisher Scientific, Fair Lawn, NJ) at concentrations of 0.01%, 0.1%, 1.0%, 10%, or
40% (0.64 mM, 6.4 mM, 64 mM, 640 mM, or 6.4 M, respectively) was topically applied by
cotton tip applicator to one or both ventral hindpaws, allowed to dry for 2 min, and the paw(s)
was (were) wiped dry prior to placing the animal in to the test arena. The highest menthol
concentration used in this study was based on human studies [29,44,46,65]. Vehicles for 0.01%,
0.1%, and 1.0% menthol (10% EtOH + 1% Tween) and 10% or 40% menthol (50% EtOH +
5% Tween) were applied in the same manner separately as controls. Although ethanol was
reported to sensitize TRPV1 [61], l-menthol penetrates the epidermis more effectively in an
ethanol- vs. oil-based solution [7,8]. For this reason, and because other common solvents such
as dimethyl sulfoxide are also not biologically inert [60], we opted to use ethanol as a vehicle
with appropriate controls.

For thermal and mechanical paw withdrawal tests, menthol or vehicle was applied to one hind
paw. For the cold plate and thermal preference tests, menthol or vehicle was applied to both
paws. The rationale for bilateral application was to ensure that at least one hind paw would
contact the thermal surface even if the animal guarded the other paw.

Behavioral testing
The thermal paw withdrawal [28,60] and mechanical von Frey paw withdrawal tests [9] were
conducted using methods described previously, and are summarized below briefly. Thermal
preference testing was conducted in a manner similar to previous studies that used mice [4,
12,16] and the cold plate test was similar to that described in previous studies that used rats
[3,31].

Thermal paw withdrawal (Hargreaves test)—Rats were first habituated, over three
successive daily sessions, to stand on a glass surface heated to 30°C +/− 1°C within a ventilated
Plexiglas enclosure. Before formal testing, baseline latencies for paw withdrawals evoked by
radiant thermal stimulation were measured a minimum of three times/ paw, with at least 5 min
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elapsing between tests of a given paw. A light beam (Plantar Test 390, IITC, Woodland Hills
CA) was focused onto the plantar surface of the hind paw through the glass plate from below,
and the latency from onset of the light to brisk withdrawal of the stimulated paw was measured.
To prevent potential tissue damage, a cutoff of 20 sec was imposed if no paw movement
occurred. Withdrawal latencies for both the treated and untreated paw were measured at 3, 15,
30, 45, 60 and 120 min post-application of vehicle or menthol to one hindpaw.

Von Frey mechanical paw withdrawal threshold—Rats were habituated over 3
successive days to standing on a wire mesh screen surface. Baseline mechanical withdrawal
thresholds were assessed using an electronic von Frey filament (1601C, IITC) pressed against
the plantar surface of one hindpaw. This device registered the force (g) at the moment that the
hind paw was withdrawn away from the filament. Following application of menthol or vehicle,
mechanical paw withdrawal thresholds were measured at the same post-application times as
noted above for thermal paw withdrawals.

Two-temperature preference test—The apparatus consisted of two adjacent
thermoelectric surfaces (each 13.3” × 6.37”; AHP-1200DCP, Teca Thermoelectric, Chicago,
IL) that could be independently heated or cooled to a pre-set temperature (−5 to >50°C) that
was maintained within +/−1.0°C. A Plexiglas box enclosed both plates, which were separated
by a center partition with an opening in the middle to allow the rat to move freely between the
two surfaces. Rats were habituated to the test arena with both plates set at 30°C. They were
videotaped from above for 20 min, and the time the animal spent on each plate was recorded.
Preference testing was done by setting one plate at 30°C and the other plate at a higher or lower
temperature in 5°C increments, using a counterbalanced design. The menthol or vehicle was
topically applied bilaterally as described above. The animal was placed onto one of the plates
in a matched block design alternating initial rat position and temperature. Videotapes were
subsequently reviewed by investigators blinded as to treatment or plate temperatures, and the
time the animal spent on the 15°C (or 20°C) vs. 30°C plates, as well as the number of times
the animal crossed from one plate to the other, were measured. At least two days intervened
between successive tests of menthol when using the same rat.

Cold plate test—This test was conducted using the same apparatus described above for the
thermal preference test, except that only one plate was used. The plate was set to either −5°C
or 0°C [3]. Rats received topical application of menthol or vehicle bilaterally to the ventral
hindpaws, and 3 min later were placed onto the cold plate. The latency for nocifensive behavior
(lifting and licking one hind paw, or jumping) was measured, at which point the rat was
immediately removed and returned to its home cage. A cutoff time of 150 sec was imposed to
prevent tissue damage. The cold plate surface was cleaned, and ice scraped off in between tests.
Cold paw withdrawals were measured at the same post-application times as above for thermal
and mechanical paw withdrawals. At least 7 days intervened between successive tests of the
same rat for tests at −5°C or 0°C.

Data analysis—Thermal, mechanical, and cold plate paw withdrawal responses were
normalized to baseline averages and subjected to one-way repeated measures analysis of
variance (ANOVA) using SPSS 9.0 software (SPSS, Chicago IL). Multiple comparisons were
done post-hoc using Least Significant Difference (LSD) tests. For the thermal preference test
with naïve rats, the percent time spent on the plate at each tested temperature was compared
with the percent time spent on the 30°C plate using a paired t-test. The number of plate-
crossings under each thermal preference condition was compared with the number of crossings
when both plates were set at 30°C, using an unpaired t-test. For thermal preference tests with
menthol treatments, data (percent time spent on the 30°C plate, and plate crossings) were
subjected to a one-way ANOVA with post-hoc LSD tests comparing each menthol treatment
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group with its appropriate vehicle (i.e., 10% and 40% menthol compared with 50% ethanol;
lower menthol concentrations compared with 10% ethanol). A 95% confidence interval was
used for all statistical comparisons and error reported is the standard error of the mean.

RESULTS
Thermal Paw Withdrawal

The hindpaw receiving topical menthol exhibited a concentration-dependent increase in
withdrawal latency (Fig. 1A). The 40%, 10% and 1% menthol treatment groups were
significantly different from vehicles, and the 40% group was significantly different from all
other concentrations (Fig. 1A, *: p<0.01, repeated-measures ANOVA). The 10% menthol
group was not significantly different from 1% menthol (p=0.07), and the 0.1% and 0.01%
groups did not differ significantly from vehicle. There was an apparent mirror image effect, in
that for the contralateral hindpaw, the 40% menthol group was significantly different from all
other concentrations (*: p<0.01) which were not significantly different from vehicle (Fig. 1B).
Fig. 1C and D show data for the vehicle controls. For the treated hindpaw, there was a
significant difference between vehicle groups (*: p<0.01), with 50% ethanol treatment
resulting in a significant reduction in thresholds (Fig. 1C; *: p<0.01). For the contralateral
hindpaw, there was no significant difference between ethanol concentrations, both of which
were ineffective (Fig. 1D).

Von Frey Paw Withdrawal
For the ipsilateral (treated) hindpaw, the 0.1–10% menthol groups were not significantly
different from vehicle (Fig. 2A). Only the 40% menthol group was significantly different from
all other groups (*: p<0.05, repeated measures ANOVA) indicating allodynia. For the
contralateral hindpaw, none of the menthol concentration groups were significantly different
from the vehicles (Fig. 2B). Fig. 2C and D show data with vehicle controls. There was no
significant difference between vehicle groups for the ipsilateral or contralateral hindpaws.

Two-temperature preference test
Naïve animals significantly avoided temperatures below 30°C and above 35°C (Fig. 3A).
Untreated (naïve) rats exhibited no preference for either surface when they were both set at
30°C, indicating an absence of positional preference (Fig. 3A). Naïve rats did not show a
preference for 35 vs. 30°C, indicating that their preferred temperature lies within this range,
or possibly 1–2°C higher or lower since we only tested temperature differentials of 5°C. When
one of the plates was set to a temperature of 25°C and lower, or 40°C and higher, there was a
temperature-dependent decrease in the percent time spent on the colder or hotter plate which
was significantly different compared to time spent on the 30°C plate (Fig. 3A). These
temperature preference results are similar to previous data showing that mice on a thermal
gradient spent the majority of time in the 30–36°C range [42]. Fig. 3B plots the mean number
of times rats crossed between the two plates. The maximum number of crossings was observed
when both plates were set at 30°C, and decreased when the non-neutral plate was set at higher
or lower temperatures (Fig. 3B). The greatest decline in number of crossings, as well as time
spent on the non-neutral plate, was observed for the largest temperature differences, i.e. 0 and
50°C vs. 30°C (Fig. 3A, B).

For formal testing using menthol, one plate was set at 30°C and the other at 15°C or 20°C in
a counterbalanced design. These temperature differentials were chosen because the degree of
avoidance of both temperatures (20–30%; see Fig. 3A) was intermediate compared to warmer
or colder temperatures, thus allowing for menthol-induced shifts in either direction (i.e.,
avoiding floor or ceiling effects). Menthol had a biphasic effect on temperature preference. In
the 15 vs. 30°C preference test (Fig. 4A), treatment with high menthol concentrations (10%
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and 40%; vertically-striped and open bars) resulted in rats spending a significantly (p<0.05)
lower proportion of time on the 30°C plate compared to vehicle controls (diagonally-hatched
and dark gray bars), indicating cold hyposensitivity. At lower concentrations (0.01%–1%;
horizontally-striped, light gray and stippled bars in Fig. 4A), rats spent significantly more time
on the 30°C plate (p<0.05), indicating cold hypersensitivity. At the lowest menthol
concentration (0.01%) there was a significant decline in the number of plate crossings (9.7 ±
1.3) when compared to naïve or vehicle treated animals (16.7 ± 2.3 and 15.4 ±1.8, respectively,
p<0.05 for both). There were no significant differences among control groups, with the 10%
ethanol, 50% ethanol, and untreated naïve groups exhibiting preferences for the 30°C plate of
79.9 ± 6.6%, 77 ± 7.0%, and 80.3 ± 6.0%, respectively.

In the 20 vs. 30 °C preference test (Fig. 4B), a similar biphasic effect was noted, with the
highest menthol concentration (40%) when compared to naïve or vehicle less time, and the
lowest concentration (0.01%) resulting in significantly more time, spent on the 30°C plate. At
the lowest concentration (0.01%) of menthol, there was also a significant decline in the number
of plate crossings (8.25± 0.8) when compared to naïve or vehicle treated animals (16.7 ± 2.3
and 15.4 ±1.8, respectively, p<0.05). At the highest menthol concentration tested (40%) there
was a significant increase in the number of plate crossings compared to naïve or vehicle treated
animals (18.4 ±1.8 vs. 12.2 ± 1.3 and 11.6 ±1.5, respectively, p<0.05). There were no significant
differences among control groups, with the 10% ethanol, 50% ethanol, and untreated naïve
groups exhibiting preferences for the 30°C plate of 78.1 ± 8.4%, 76.1 ± 7.9%, and 71.0 ± 9.0%,
respectively.

Cold Plate Test
The mean baseline latencies on the −5.0°C and 0°C cold plates were 26.4 ± 0.4 sec and 105.9
± 2.3 sec, respectively. All animals displayed a nocifensive response within the 150 sec cut-
off time on the −5°C cold plate and 75% did on the 0°C cold plate. In the −5°C cold plate test
(Fig. 5A), the 40% menthol group was significantly different from all other concentrations (*:
p<0.001, repeated-measures ANOVA) which did not differ from each other or vehicle. This
suggests that the high menthol concentration induced cold hypoalgesia. Fig. 5B shows the
vehicle groups, with a significant difference between 10% and 50% ethanol treatments
(*:p<0.001, ANOVA). The ∼20% reduction in cold plate latency seen at 3 min post-10%
ethanol was comparable to the latency reductions in the 0.1%–10% menthol groups at the same
3-min time point (Fig. 5A). In the 0°C cold plate test, there was no significant difference among
menthol concentration groups (Fig. 5C) and no significant difference between vehicle (ethanol)
concentrations (Fig. 5D).

DISCUSSION
The main findings may be summarized as follows. Menthol increased paw withdrawal latencies
to noxious heat in a concentration-dependent manner, indicating an antinociceptive effect. The
highest menthol concentration also significantly increased cold plate latencies, consistent with
antinociception. However, lower menthol concentrations did not significantly affect
nocifensive latencies in the cold plate test, indicating that menthol more effectively suppresses
heat compared to cold pain. These effects are unlikely to be explained by a local anesthetic
effect, since the highest menthol concentration increased mechanosensitivity (allodynia).
Menthol had a biphasic effect on innocuous cold sensitivity, with high menthol concentrations
reducing and low menthol concentrations enhancing avoidance of cooler surfaces. These
findings are discussed in relation to possible underlying neural mechanisms.

Klein et al. Page 5

Behav Brain Res. Author manuscript; available in PMC 2011 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Antinociception
Topical balms and other over-the-counter products for pain relief often contain menthol
concentrations of 5% to 16% or even higher. The present data indicate that topical application
of menthol in this concentration range is antinociceptive for heat pain, and also for cold pain
at the highest menthol concentration. These findings are consistent with previous studies
showing menthol suppression of heat pain [2,22,23] and capsaicin irritancy [25]. The
mechanism of menthol’s antinociceptive effect is not certain although many menthol-sensitive
DRG [52] and Vc neurons [70] respond to capsaicin and other noxious stimuli and innocuous
cooling can elicit nociceptive sensations [26]. Topical paw application of menthol has also
been reported to reverse behavioral reflex sensitization to noxious heat and mechanical
stimulation in the rat chronic constriction injury model of neuropathic pain [50]. These data
suggest that menthol-sensitive primary afferent fibers can inhibit nociceptive pathways. A
peripheral mechanism could involve menthol inhibition of nociceptors, possibly by blocking
TRPA1 expressed in nociceptive nerve endings [35,37]. Another mechanism is menthol
activation of cold receptors that centrally inhibit spinal nociceptive neurons. A third possibility
is that menthol engages suprasegmental or supraspinal circuits to result in descending inhibition
of spinal nociceptive neurons.

Topical application of menthol elicits oral irritation [10,11,14] and cutaneous cold pain [27,
66] and directly excites many cold-sensitive nociceptive Vc neurons [69,70]. Unilateral
menthol induced a weaker mirror-image antinociceptive effect in the contralateral hindpaw
(Fig. 1B), suggesting the involvement of heterosegmentally-organized antinociceptive circuits
that exerted a depressant effect on nociceptive neurons bilaterally. This would be akin to
counterirritation, which was demonstrated in a human psychophysical study in which
chemically-evoked irritation on one arm was suppressed by a stronger irritant stimulus
delivered to the opposite side [21].

There was a small but significant reduction in paw withdrawal latency following the 50%
ethanol vehicle (Fig. 1C) that might be attributed to ethanol sensitization of TRPV1 expressed
in nociceptors responsive to noxious heating [61]. This effect might have slightly reduced the
analgesic effect of high menthol concentrations (10% and 40%) that were dissolved in 50%
ethanol.

Cold sensitivity
The present data revealed a biphasic effect of menthol on innocuous cold sensitivity, with high
menthol concentrations reducing and low menthol concentrations enhancing the avoidance of
cold temperatures. We tested preference for a thermoneutral (30°C) surface vs. 15 and 20°C
surfaces, since the latter cold temperatures are avoided about 70–80% of the time by naïve rats
(Fig. 3). Rats receiving high (10% and 40%) menthol concentrations avoided the 15°C and 20°
C surfaces to a significantly lesser degree, indicating indifference to the colder surface that
might reflect cold hypoalgesia. They also exhibited a high number of plate crossings,
comparable to naïve animals tested with both plates set at 30°C. We reasoned that when animals
initially stood on the colder plate and perceived it to be aversive, they tended to subsequently
avoid it thus resulting a fewer plate crossings. However, while there was a systematic decline
in time spent on surfaces having progressively colder or hotter temperatures (Fig. 3A), the
relationship of plate crossings to temperature difference was more variable (Fig. 3B) suggesting
that plate crossings are a less sensitive measure of cold or heat aversion. The indifference to
cold temperatures might be attributed to a peripheral desensitization of TRPM8 by high
menthol concentrations [1] or a central inhibitory effect, as described above.

In contrast, low concentrations of menthol (0.01%–1%) significantly increased avoidance of
the 15°C and 20 °C surfaces and reduced the number of plate crossings. These results might

Klein et al. Page 6

Behav Brain Res. Author manuscript; available in PMC 2011 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reflect cold allodynia, or they may indicate an increase in sensitivity to innocuous cold that is
aversive to the animal but not actually painful. It is interesting that the decrease in cold
sensitivity observed in TRPM8 knockout mice appears to disappear below 10°C [4], a
temperature that is often reported to be painful. This would be consistent with a role for TRPM8
in innocuous cold sensation but not pain. In any event, the increase in cold or cold pain
sensitivity may involve menthol enhancement of thermal gating of TRPM8 expressed in cold
receptors and/or nociceptors.

In the cold plate test, the effect of low menthol concentrations on nocifensive latency did not
differ from vehicle, which we interpret as an absence of cold hyperalgesia. Previous human
studies have generally reported cold hyperalgesia and/or a decrease in cold pain threshold
following topical menthol application [24,29,33,44,66,68]. However, thresholds for cold pain
are more variable compared to heat pain [46], so that overall subjective ratings of cold pain
might include a component of innocuous cold that is also enhanced by menthol.

The same high concentration of menthol that induced cold hyperalgesia in human studies (40%)
reduced cold sensitivity in the rat thermal preference and −5°C cold plate tests. The observed
cold hyposensitivity is noteworthy given that vehicle (50% ethanol) had the opposite effect of
reducing nocifensive response latency initially (Fig. 5B). The latter effect might be explained
by an initial and brief evaporative cooling effect of ethanol that summed with physical skin
cooling during initial hindpaw contact with the cold plate.

The opposing effects of 40% menthol in human (cold hyperalgesia) vs. rat (cold
hyposensitivity) might be explained by allometric scaling and/or differences in dermal
diffusion. We presently applied menthol to both ventral hindpaws, which constitutes a
substantially larger percentage of the overall body surface area of a rat, as compared to the
restricted region of volar forearm skin treated with menthol in the human studies [29,44,66].
Moreover, dermal absorption of chemicals, which is a function of the total area of application
and concentration [39], is greater in the rat vs. human [64]. For example, permeation of l-
menthol through the stratum corneum was four times higher in the hairless rat compared to
human skin [58]. We speculate that the relative area of chemical stimulation and species
differences in skin permeation explain why several-fold lower concentrations of menthol
induced cold hypersensitivity in rats compared to the human studies.

Mechanosensitivity
Menthol had very little effect on mechanical paw withdrawal thresholds, consistent with a
general lack of effect of menthol on mechanosensitivity in human skin [29,44]. This differs
from previous reports of a significant, dose-dependent allodynia following intraplantar
injection of the TRPV1 agonist capsaicin [20] or the TRPA1 agonist cinnamaldehyde [59] in
rats. We presently observed a mild allodynia the highest menthol concentration tested, which
mitigates against a local anesthetic action of menthol.

ThermoTRPS in cold transduction
The mechanism of cold transduction has been elusive, and despite the discovery of thermoTRPs
it remains a complex issue [32,51,55]. The behavioral effects of topical menthol application
seen in this study are consistent with effects on TRPM8. An important role for TRPM8 becomes
apparent when this channel is missing. TRPM8 null mice exhibit a deficit in cold avoidance
and lower incidence of cold-sensitive afferent fibers [4,12,16]. However, the authors cannot
rule out the possibility that menthol may interact with other channels expressed in sensory
neurons [18,37,43]. Recent observations suggest that cold sensation likely involves multiple
channels, including potassium channels [34,47,53], in transducing and modulating the
transmission of temperature information [6,54,62].
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Fig. 1.
Concentration-dependent antinociceptive effect of menthol on thermal hindpaw withdrawal
latency. A: Thermal paw withdrawal latency (Hargreaves) test: ipsilateral hindpaw. The
hindpaw receiving topical menthol exhibited a concentration-dependent increase in withdrawal
latency (analgesia). Groups of animals tested at concentrations of 40%, 10% and 1% menthol
were significantly different from vehicles. Forty percent menthol was different from all other
concentrations (*: p<0.01, repeated-measures ANOVA), while 10% menthol was not different
from 1% menthol (p=0.07). Data for 0.01% menthol are similar to 0.1% menthol group and
omitted for clarity. Error bars: SEM; n=8/group. The stimulus was cut off at 20 sec if there
was no withdrawal. B: Contralateral hindpaw. There was a weak mirror-image effect. The 40%
menthol group was significantly different from all other concentrations (*: p<0.01), which
were not different from vehicle (0.01% menthol omitted). C: Vehicle controls: ipsilateral
hindpaw. There was a significant difference between groups (*: p<0.01). D: Vehicle controls:
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contralateral hindpaw. There was no significant difference between ethanol concentrations,
both of which were ineffective.
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Fig. 2.
Mechanical paw withdrawal latencies and the lack of concentration-dependent antinociceptive
effect of menthol. A: von Frey paw withdrawal threshold: ipsilateral hindpaw. The 0.1–10%
menthol groups were not significantly different from vehicle (10% ethanol). Only the 40%
menthol group was significantly different from all other groups (*: p<0.05, repeated measures
ANOVA) indicating allodynia. Data for 0.01% menthol are similar to 0.1% menthol treated
groups and omitted for clarity. N=8/group. B: Contralateral hindpaw. None of the menthol
concentration groups were significantly different from the vehicles (0.01% menthol omitted).
C: Vehicle controls: ipsilateral hindpaw. There was no significant difference between 10% +
1% Tween-80 and 50% ethanol + 5% Tween-80 vehicle groups. D: Vehicle controls:
contralateral hindpaw. No significant difference between ethanol concentrations.
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Fig. 3.
Two-temperature preference test. Rats were placed on one of two adjacent thermoelectric plates
whose temperatures could be set independently (range −5 to >50°C). One plate was set at 30
°C and the other at a warmer or colder temperature in 5 °C increments in a counterbalanced
design. The rat was free to move from one surface to the other through an opening in a vertical
barrier between the two plates. A. The graph plots the mean percentage of time naive rats spent
on the warmer or colder plate relative to the thermoneutral (30°C) plate over a 20 min period.
Rats significantly avoided temperatures <30°C and >35°C. B. As in A for mean number of
crossings between the thermoneutral (30°C) and warmer/ cooler plate over a 20 min period.
Error bars: SEM. Naive animals, *, p<0.05, paired t-test; n=16/group for 5°C–45°C; n=8/group
for 0°C and 50°C).
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Fig. 4.
Biphasic effects of menthol on thermal preference. A: Graph plots % time rat stood on 30 vs.
15°C plate. Horizontal dashed line indicates that naive and vehicle-treated rats avoided the
colder plate ∼80% of the time as a reference. At high (40, 10%; open and vertically-striped
bars) menthol concentrations rats spent significantly less time on the 30°C plate compared to
vehicle controls (diagonally-hatched and dark gray bars)(p<0.05), indicating cold
hyposensitivity. At lower concentrations (0.01–1%; horizontally-striped, light gray and
stippled bars), rats spent significantly more time on the 30°C plate (p<0.05), indicating cold
hypersensitivity. *: significantly different vs. vehicle (p<0.05, n=16/group). B: As in A for 20
vs 30°C preference test. Note significant cold hyposensitivity with 40% menthol and significant
hypersensitivity at the lowest menthol concentration of 0.01%. *: significantly different vs.
vehicle (p<0.05, n=16/group).

Klein et al. Page 16

Behav Brain Res. Author manuscript; available in PMC 2011 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Antinociceptive effect of 40% menthol in −5°C cold plate test. A: Cold plate −5°C: menthol.
Graph plots change in cold plate latency (% of pre-menthol baseline) vs time after topical
menthol application at indicated concentrations. Mean baseline latency was 26.4 sec; animals
were removed at 150 sec (cutoff) if they did not respond. Rats were tested 3 min after menthol
or vehicle, and again at 15-min intervals out to 60 min and once more at 120 min. The 40%
menthol group was significantly different from all other concentrations (*: p<0.001, repeated-
measures ANOVA) which did not differ from each other or vehicle. This indicates a cold
antinociceptive effect of 40% menthol. Error bars: SEM, n=8/group. B: Cold plate −5°C:
vehicle. There was a significant difference between 10% and 50% ethanol (*:p<0.001,
ANOVA). The ∼20% reduction in cold plate latency seen at 3 min post- 10% ethanol was
comparable to the latency reductions in the 0.1–10% menthol groups at the same 3-min time
point (A). C: Cold plate 0°C: menthol. Mean baseline latency was 105.9 sec. There was no
significant difference among menthol concentration groups. D: Cold plate 0°C: vehicle. There
was no significant difference between ethanol concentrations.
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