Physiology and Pharmacology

Menthol Activation of Corneal Cool Cells Induces TRPMS-
Mediated Lacrimation but Not Nociceptive Responses in

Rodents

Ashlee Robbins, Masayuki Kurose,> Barbara J. Winterson,' and Ian D. Meng'

Purrosk. Stimulation to the cornea via noxious chemical and
mechanical means evokes tearing, blinking, and pain. In
contrast, mild cooling of the ocular surface has been reported
to increase lacrimation via activation of corneal cool primary
afferent neurons. The purpose of our study was to determine
whether menthol induces corneal cool cell activity and
lacrimation via the transient receptor potential melastatin-8
(TRPMS8) channel without evoking nociceptive responses.

MEerHODS. Tear measurements were made using a cotton thread
in TRPM8 wild type and knockout mice after application of
menthol (0.05-50 mM) to the cornea. In additional studies,
nocifensive responses (eye swiping and lid closure) were
quantified following cornea menthol application. Trigeminal
ganglion electrophysiologic single unit recordings were
performed in rats to determine the effect of low and high
concentrations of menthol on corneal cool cells.

Resurts. At low concentrations, menthol increased tear
production in TRPM8 wild type and heterozygous animals,
but had no effect in TRPM8 knockout mice, while nocifensive
responses remained unaffected. At the highest concentration,
menthol (50 mM) increased tearing and nocifensive responses
in TRPMS8 wild type and knockout animals. A low concentra-
tion of menthol (0.1 mM) increased cool cell activity, yet a high
concentration of menthol (50 mM) had no effect.

Concrusions. These studies indicated that low concentrations
of menthol can increase lacrimation via TRPMS8 channels
without evoking nocifensive behaviors. At high concentra-
tions, menthol can induce lacrimation and nocifensive
behaviors in a TRPM8 independent mechanism. The increase
in lacrimation is likely due to an increase in cool cell activity.
(Invest Opbthalmol Vis Sci. 2012;53:7034-7042) DOL:
10.1167/iovs.12-10025

Dry eye syndrome (DES) is an ocular disorder character-
ized by the inability to produce a tear film of sufficient
quantity and quality to allow for adequate lubrication and
protection of the corneal surface.!'? The pathophysiologic
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basis of DES typically involves either inadequate or altered tear
film due to a dysfunction of the lacrimal and/or meibomian
glands, whereby they are unable to produce an adequate tear
film, or a dysfunction in the neural regulation of tear
production.3-® While the mechanisms of glandular tear
production and release have been examined in some detail,
relatively less is known regarding the sensory neuronal
regulation of these glands.

Reflex tear secretion increases in response to a variety of
stimulants applied to the ocular surface. Most of these stimuli
are subjectively noxious or irritating; mechanical stimulation,
low pH, capsaicin, and other chemicals cause copious
tearing.®” The purpose of such noxious stimulation-evoked
tear production is to rid the cornea, conjunctiva, and eyelids of
substances that likely will cause injury to the eye. During
normal waking periods, however, the cornea usually is
exposed to air and not to irritating substances. A cornea
exposed to ambient air will dry (evaporation is the main factor
in tear film thinning and break-up®) and, therefore, basal tear
production is required to maintain a tear film with optimal
osmolarity and temperature.’

The cornea is innervated by three classes of physiologically
characterized primary afferent neurons that terminate as free
nerve endings.”!'® Mechanoreceptive neurons respond exclu-
sively to mechanical stimulation of the cornea surface;
polymodal neurons respond to mechanical, thermal, and
noxious chemical stimulation (including low pH); and cool
cells respond to innocuous cooling.!! Activation of mechano-
receptive and polymodal neurons evokes irritation and pain as
well as reflex tearing.”'>!3 In contrast, activation of cool
neurons may induce tearing without producing irritation or
pain.'4

In addition to cool temperatures, cool cell activity is
increased by the application of menthol, the transient receptor
potential melastatin-8 (TRPMS8) agonist, and by the application
of hypertonic artificial tears to the cornea.'®!%1516 The
TRPM8 channel is a thermally gated, nonselective cation
channel that is activated by moderate cold (15-30°C) and by
compounds, such as menthol.!” TRPM8 channels are ex-
pressed in trigeminal ganglion neurons, and found on
unmyelinated and lightly myelinated A-delta and C primary
afferent neurons, including corneal afferent fibers.!8-20

Previously, our laboratory reported that cool cells are
activated when the ocular surface fluid status is altered by
reducing the layer of artificial tears covering cornea, leading to
the hypothesis that these neurons contribute to basal tearing.!>
More recently, cooling of the ocular surface in humans and
mice has been shown to increase tearing.'* Furthermore, it has
been reported that TRPM8 knockout mice have a lower level of
basal tear flow.'¥ In our study, we investigated the role of
TRPMS8 and corneal cool cells on the regulation of menthol-
induced tearing and nocifensive ocular reflexes.
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MATERIALS AND METHODS
Animals

Adult (>6 weeks) wild-type (TRPM8*), TRPM8 -, and TRPM8"~
mice were used to measure tear production and ocular nocifensive
behaviors. Breeding pairs of TRPM8 knockout mice kindly were
provided by David Julius (University of California San Francisco, San
Francisco, CA). Animals were genotyped by PCR screening using tail
DNA and the experimenter was blind to the animals’ genotypes.
Corneal responsive neurons were recorded from the trigeminal
nucleus in male Sprague-Dawley rats (330-400 g; Charles River
Laboratories International, Inc., Wilmington, MA). Animals were
housed in an environment with a controlled 12-hour light/dark cycle,
and were allowed free access to food and water. Temperature and
humidity in the experimental room were 22 * 1°C and 40-50%,
respectively. All procedures were approved by the Committee on
Animal Research at the University of New England, and animals were
treated according to the policies and recommendations of the National
Institutes of Health guidelines for the handling and use of laboratory
animals, and in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Tear Measurements

Tear measurements were made using the cotton thread test in
unanesthetized mice.?! Using fine forceps, cotton phenol red threads
(Zone-Quick; Odyssey Medical, Memphis, TN) were placed in the
lateral canthus of the eye for 30 seconds. After removal, the length of
color change on the phenol red threads was measured under a
microscope to the nearest 0.1 mm. To take the tear measurements,
animals were placed in a decapicone (MDC-200; Braintree Scientific,
Braintree, MA) restraint, modified so that the head of the mouse was
isolated outside of the cone. The mouse was allowed to acclimate for
five minutes before a series of three baseline measurements were
taken, with five minutes between each measurement. Following
baseline measurements, solutions (10 pL) were applied directly to
the surface of the eye with a micropipette. Treatments consisted of
menthol (0.05, 0.1, 50 mM), 5% mannitol, 50 mM cyclohexanol, and
vehicle controls. After two minutes, the fluid was wicked away with a
Kimwipe (Fisher Scientific, Pittsburgh, PA) by lightly touching the tear
meniscus at the lateral canthus. Immediately afterwards, a cotton
phenol thread was placed in the lateral canthus of the eye for 30
seconds to remove any remaining excess fluid. Tear production then
was measured at 5, 10, and 15 minutes after removal of the fluid.

Ocular Nocifensive Responses

The eye wipe test was used in the presence of increasing
concentrations of menthol applied to the eye in mice.??"2¢ Each
animal was placed in a clear Plexiglas testing chamber (24 X 45 X 20
cm) and allowed to acclimate for 15 minutes. Menthol (0.05, 0.1, 50
mM) or vehicle solutions (10 pL) were pipetted directly into one eye.
The time each mouse spent either wiping at the ocular region with
either hind- or forepaws, or with complete lid closure was recorded for
a period of 15 minutes following drug application.

Spontaneous Blink Measurements

Blinks were monitored in TRPM8"* and TRPM8/~ mice. Mice were
placed in a 24 X 45 X 20 cm chamber and acclimated for 15 minutes,
and spontaneous blinks in the left eye were counted over a 10-minute
period.

Fluorescein Staining

Corneal fluorescein staining was performed to assess the cornea in
TRPMS8*+ and TRPM8~~ mice. A 10 pL drop of 1% fluorescein solution
was applied to the cornea in isoflurane anesthetized animals. After 3
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minutes, the eye was flushed with artificial tears to remove excess
fluorescein and examined using cobalt blue light from a slit-lamp
(PocketScope; Welch Allyn, Scaneateles Falls, NY).

Electrophysiologic Recordings

Rats initially were anesthetized with isoflurane (2%-3%) and prepared
for electrophysiologic recordings in the trigeminal ganglion.!> Briefly,
the femoral artery and vein were catheterized to monitor blood
pressure and deliver drugs, and a tracheotomy was performed for
ventilation. End-tidal CO, was monitored continuously and maintained
between 3.5 and 4.5%. Following surgery, urethane/chloralose
anesthetics (500 mg/kg urethane and 50 mg/kg chloralose, intrave-
nously) were delivered to replace the isoflurane. After placing rats in a
stereotaxic apparatus, a partial craniotomy was performed to allow for
electrode penetration of the trigeminal ganglion (approximately 0.8-
1.2 mm posterior and 0.6 mm medial to Bregma). Extracellular single
unit recordings were carried out using tungsten electrodes (5 MQ) or
platinum-coated tungsten microelectrodes (500 KQ; FHC, Inc, Bow-
doinham, ME).

Corneal cool cells were identified by responses evoked by the
placement of a cold metal probe (tip diameter ~1 mm) placed near the
receptive field. Controlled thermal stimulation with a 5 mm? contact
thermode was used to examine responses to cooling stimuli (TSAII;
Medoc Ltd., Ramat Yishai, Israel). As reported previously, neurons
responded to innocuous cooling, starting from a holding temperature
of 35°C and ramping down to 15-31°C. In addition, these neurons
were sensitive to changes in the ocular surface fluid status.'> To
examine responses to changes in ocular fluid status, responses were
recorded following removal of the artificial tears from the bath. While
sometimes referred to as a “dry condition,” neuronal discharge under
this condition likely represents activity evoked by evaporative cooling
and/or increased osmolarity.!525:20

Neuronal responses to menthol and vehicle (mineral oil) were examined
by replacing artificial tears with 20 pL of the test solutions. In most
experiments, vehicle and drugs were tested on the same neuron. In these
cases, vehicle was applied first, followed by several rinses with artificial
tears, followed by low dose menthol (0.1 mM), and lastly, after several more
rinses with artificial tears, high dose menthol (50 mM). A minimum interval
of 30 minutes was allowed between test solution applications. All data were
acquired by CED Micro 1401 and isolated neurons were analyzed with
Spike2 (Cambridge Electronic Design, Cambridge, England).

Drugs

Tear measurements, ocular nocifensive behaviors, and neuronal
discharge were determined following application of menthol
(W266523; Sigma-Aldrich, St. Louis, MO) dissolved in mineral oil
vehicle. In addition, the effect of 0.1 mM menthol in a vehicle of 0.4%
ethanol in artificial tears was determined to be consistent with
previous electrophysiologic studies.!> A solution of 5% mannitol in
artificial tears was used to determine the effect of hyperosmolar
conditions on tearing. Osmolarity of solutions was measured using an
Osmomat 030 (Gonotec, Berlin, Germany). Cyclohexanol (105899;
Sigma-Aldrich) was dissolved in mineral oil. Artificial tears were
composed of (in mM): NaCl 106.5, NaHCOj; 26.1, KCI 18.7, MgCl, 1.0,
NaH,POy4 0.5, CaCl, 1.1, HEPES 10; pH 7.45.

Data Analysis

Data were represented as the treatment group mean * SEM and for
analysis comparing treatment groups, P < 0.05 was considered to be
statistically significant. Group sample sizes were determined by power
analyses based on anticipated effect sizes and variability of the various
types of data as determined by pilot experiments and prior work.
ANOVA tests were performed after testing the data set for normality
and equal variances (sigma Stat 3.5; SYSTAT, Chicago, IL). To analyze
the time-course in evoked tearing, data were analyzed using a two-way
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TaBieE. Baseline Tear Measurements Taken Every 5 Minutes before
Application of Drugs to the Cornea

Baseline 1 Baseline 2 Baseline 3
TRPMS8*/+ 28 + 04 3.6 +0.2 4.5 + 0.4*
TRPMS8*/~ 3705 3.6 +04 4.7 * 0.5t
TRPMS8~/— 42 +0.7 4.0+ 03 4.7 0.5

Phenol red cotton threads were placed in the posterior canthus of
the eye for 30 seconds before measuring the length (mm) of color
change (see Methods for details). N = 16, 14, and 17 mice for
TRPMS8*+, TRPM8"~, and TRPM8~~ groups, respectively.

* P < 0.05 versus baseline 1.

T P < 0.05 versus baseline 2.

ANOVA with repeated measures followed by Tukey’s multiple
comparison post-hoc test. In additional analysis, the change in tearing
was calculated by subtracting the final baseline tear measurement from
the measurement taken at 10 minutes post-treatment (which repre-
sented the peak time point in evoked tearing). Comparisons between
treatment groups were made using a two-way ANOVA followed by
Tukey’s multiple comparison post-hoc test. For nocifensive behaviors,
the total times recorded over the 15-minute test period were compared
using a two-way ANOVA followed by Tukey’s multiple comparison
post-hoc test. Spontaneous blinks over a 10-minute period in TRPM8++
and TRPM8~~ mice were compared using an unpaired Student /test.
To determine the effect of menthol on the activity of corneal units, the
average ongoing baseline activity recorded for 30 seconds before drug
application was subtracted from the average number of spikes
recorded over the first 10 seconds following drug application and
from 10 to 300 seconds following drug application. Treatment groups
were compared using the Kruskal-Wallis test. This nonparametric
alternative to the one-way ANOVA was chosen because of a significant
difference in the variances and the large differences in sample sizes.
When overall significance was reached, post-hoc comparisons were
performed using the Mann-Whitney U test.

REsULTS

Tear Measurements

A total of three baseline tear measurements was performed
before application of drugs to the eye. Analysis of the three
baseline measurements revealed no differences between wild-
type, TRPMS8 heterozygous, and TRPM8 knockout mice (F[2,
43]1=1.51, P > 0.05). However, a significant effect of time was
found, with tear measurements increasing over the three trials
(F[2,86] = 7.42, P = 0.001, see Table).

To determine the contribution of TRPM8 channels to the
secretion of tears, the TRPM8 agonist menthol was applied to the
eye in TRPM8™*, TRPM8"~, and TRPM8~~ mice. After
application of 0.1 mM menthol, a significant increase in
lacrimation was recorded in TRPM8™* mice, whereas the same
concentration of menthol did not affect tear secretions in
TRPMS8 ™~ mice (Fig. 1A). A 2-way ANOVA revealed a significant
difference for time (F[3,59] = 9.33, P < 0.001) and animal
genotype (F[2, 21] = 8.68, P < 0.001). Posthoc analysis
determined that TRPM8"* mice showed increased tear secre-
tions at 5 and 10 minutes after menthol solution application
compared to baseline controls (P < 0.05) and TRPM8 ™~ mice at
similar post-drug time points (P < 0.05). Data shown are for
menthol dissolved in a mineral oil vehicle; however, similar
results were observed when 0.1 mM menthol was dissolved in
artificial tears with 0.4% EtOH (data not shown).

In contrast to the results obtained with 0.1 mM menthol, a
higher concentration of menthol, 50 mM, increased lacrima-
tion irrespective of the mouse genotype (Fig. 1B). While there
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Ficure 1. Tearing evoked by menthol applied to the cornea in
TRPMS8+, TRPM8*/~, and TRPMS8“~ mice. Evoked tears were measured
over a 15-minute period after drug removal. Menthol was applied
directly to the eye (downward arrow) and removed with a Kimwipe
after 2 minutes (upward arrow). Measurements were taken using
cotton phenol red threads. (A) 0.1 mM menthol produced an increase in
tearing in TRPM8™* mice with peak tearing occurring at 10 minutes
after menthol application. The same concentration of menthol did not
change tearing in TRPM8~~ mice. (B) 50 mM menthol produced an
increase in tearing in TRPM8*+, TRPM8"/~, and TRPM8/~ mice. At this
concentration, no significant difference was observed between
genotypes at any time point. BSL, values from the third and final
baseline tear measurement before application of menthol to the eye. *P
< 0.05 for the TRPM8** group compared to baseline values. #P < 0.05
for the TRPM8*+ group compared to TRPM8~~ mice at the same time
point. TP < 0.05 for the TRPM8"~ group compared to baseline values.
§P < 0.05 for the TRPM8/~ group compared to baseline values.
Number of animals in each group is indicated in parentheses.

was statistical significance for time (F[3, 63] = 37.07, P <
0.001), there was no difference based on mouse genotype (F[2,
21] = 0.14, P > 0.05). Compared to baseline controls, all
groups of animals demonstrated increased tearing at the 5- and
10-minute time-points and remained elevated at 15 minutes
post-menthol (P < 0.05). Additionally, as a control for the 50
mM menthol, we applied 50 mM cyclohexanol to the ocular
surface in TRPM8™* mice. The baseline tear measurement
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Ficure 2.  Ocular nocifensive behaviors quantified after application of menthol to the eye in (A) TRPM8™+ mice and (B) TRPM8~~ mice. Increased
nocifensive behaviors were evoked by 50 mM menthol in TRPM8"* and TRPM8 " mice. Eye-wiping or eye closure behaviors were assessed for 15
minutes after application of mineral oil vehicle, or 0.05 mM, 0.1 mM, and 50 mM menthol. Nocifensive behaviors are reported as the total amount of
time spent executing the behaviors. In TRPM8** animals, 7 = 10/group and in TRPM8~ animals, n =6, 4, 5, 4 for mineral oil vehicle, 0.05 mM, 0.1
mM, and 50 mM menthol, respectively. *P < 0.05 versus all other treatment groups.

before application of cyclohexanol did not differ from the peak
tears measured at 10 minutes post-drug application (6.2 = 1.0
vs. 7.9 = 1.7 mm, n =8, P > 0.05, paired #test).

Previous studies have shown that corneal cool cells are
activated by hyperosmotic solutions. We examined whether
TRPMS8 channels were necessary for the sensitivity of corneal
afferents hyperosmotic conditions. Application of 5% mannitol in
artificial tears (a 495 mOsm solution) induced lacrimation in
TRPM8™* and TRPMS8 /" animals compared to groups that
received the artificial tear vehicle control (a 295 mOsm solution).
While a significant difference was found between treatment
groups (F[1,25] = 16.32, P < 0.001), there was no difference
between the mouse genotypes (F[1,25] = 0.015, P = 0.9). Ten
minutes after application of hyperosmotic artificial tears, tear
secretion measurements increased 6.4 * 1.4 mm above baseline
in TRPM8™* mice (n = 8), which was significantly greater than
tears measured after application of artificial tears (1.3 = 1.3 mm,
n =8, P < 0.05. TRPM8/~ mice responded similarly to
hyperosmotic conditions, with increased tear production
measured at 7.2 £ 1.5 mm (z = 8), compared to —0.7 = 1.6
mm after application of artificial tears (n =5, P < 0.05).

Nocifensive Responses

After determining that 0.1 mM menthol can induce lacrimation
in TRPMS8** but not TRPM8 7~ animals, we examined whether
similar concentrations of menthol evoked nocifensive respons-
es. The eye-wipe assay was used to assess the behavioral effect
of menthol application to the cornea.?? Nocifensive responses
consisted of either swiping the eye or full closure of the
eyelids, and were recorded for a total of 15 minutes after drug
application. A two-way ANOVA revealed a significant treatment
effect (F[3,51] =39.03, P < 0.001). Post-hoc analysis indicated
that in TRPM8"" and TRPM8~”~ mice, only the highest
concentration of menthol (50 mM) produced an immediate
nocifensive response that was significantly greater than vehicle
controls (Figs. 2A, 2B). Notably, the reaction times did not
differ between the wild-type and TRPM8 knockout mice for
any of the concentrations of menthol (F[1, 51] = 0.103, P >
0.05).

Spontaneous Blink Measurements

No difference was found in the number of spontaneous blinks
in TRPM8™* and TRPM8~~ mice over a 10-minute observation
period (3.0 = 0.5 vs. 3.2 = 0.4 blinks, respectively, n = 5
animals/group).

Fluorescein Staining

The TRPMS8 ™/~ mice (n = 6) did not show any signs of corneal
abrasions upon examination after fluorescein staining.

Effect of Menthol on Cool Cell Activity

We sought to determine whether menthol evoked lacrimation
and nocifensive responses correlated with its effect on corneal
cool cells. While menthol at low concentrations has been
demonstrated to increase the activity of corneal cool cells, the
effect of high concentrations of menthol has not been
examined. Corneal cool cell responses to vehicle (n = 17),
0.1 mM menthol (z = 14), and 50 mM menthol (z = 5) were
examined while recording in the rat trigeminal ganglion. As
expected, corneal cool cells increased their activity in response
to successive cooling ramps from a holding temperature of
35°C to successively colder temperatures (for example unit,
see Fig. 3A). In addition, cool cells responded to changes in the
ocular fluid status (Fig. 3B), confirming our previous find-
ings.!> Application of the mineral oil vehicle did not affect
ongoing activity of these neurons, while the response to
menthol was concentration-dependent (Figs. 3C-3E).

A low concentration of menthol, 0.1 mM, produced an
immediate increase in activity that lasted for several minutes
(Fig. 3D). In contrast, 50 mM menthol evoked an initial burst of
relatively short duration that often was followed by partial or
complete inactivation of the neuron (Fig. 3E). To illustrate
these concentration-dependent effects, unit activity over the
first 10 seconds after drug application and activity from 10 to
300 seconds after drug application were analyzed (Fig. 4). Over
the first 10 seconds, 0.1 mM and 50 mM menthol evoked
similar increases in neuronal activity compared to the vehicle
control group (Fig. 4A, P < 0.05, Kruskal-Wallis test). In
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Ficure 3. An example of a corneal cool cell, demonstrating increased neuronal discharge evoked by (A) cooling and (B) drying of the ocular
surface. The “DRY” condition was created by removal of excess artificial tears (AT) with a Kimwipe. (C) Activity was not affected after application
of the menthol vehicle solution (mineral oil). (D) Application of 0.1 mM menthol caused an immediate and sustained increase in activity. (E) In
contrast, 50 mM menthol evoked an initial increase in activity that quickly returned to baseline values.

contrast, mean neuronal activity from 10 to 300 seconds was
significantly greater after 0.1 mM menthol compared to the
vehicle control and 50 mM menthol (Fig. 4B, P < 0.05, Kruskal-
Wallis test). While the decrease in activity observed after 50
mM menthol during this time period was not significantly
lower than the vehicle control group, activity after 50 mM
menthol application was significantly lower compared to their
baseline level of activity (10.4 *£ 1.8 spikes/s vs. 4.2 = 1.0
spikes/s, P < 0.05, paired #-test).

DISCUSSION

In these studies, a low concentration of menthol applied to the
eye induced TRPM8-dependent tear secretions, as evidenced
by the absence of menthol-evoked tears in TRPM8 knockout
mice. At a high concentration, however, menthol produced
tear secretions even in mice lacking TRPM8 channels. This
higher concentration of menthol also evoked ocular nocifen-

sive behaviors in the eye wipe test irrespective of the mouse
genotype, while low concentrations of menthol had no effect
on nocifensive behaviors. In parallel experiments, a low
concentration of menthol increased the activity of corneal
cool cells, whereas a high concentration caused these neurons
to inactivate after a brief period of activity. Taken together,
these results indicate that menthol activation of cool cells via
TRPMS8 channels can evoke tearing without eliciting nocicep-
tive responses.

The TRPMS8 channel is a nonselective cation channel found
on lightly myelinated and unmyelinated A-delta and C primary
afferent neurons.'®2° Although results are not completely
consistent between studies, they are expressed in trigeminal
and dorsal root ganglion (DRG) neurons, including corneal
afferents,'® and the majority do not appear to express markers
typical of the two main classes of unmyelinated nociceptive
neurons; TRPM8 expressing neurons do not appear to include
IB-4 positive neurons, and the majority of them are not
peptidergic (do not express the peptides substance P or
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(A) Average neuronal activity during the first 10 seconds after application of mineral oil (7 = 17), 0.1 mM menthol (1 = 14), and 50 mM

menthol (= 5) to the eye. The 0.1 and 50 mM menthol evoked greater activity compared to the vehicle control. (B) Average activity from 10 to 300
seconds after vehicle, and 0.1 and 50 mM menthol. Actvity after 0.1 mM menthol was greater compared to vehicle and 50 mM menthol. The change
in activity was determined by subtracting the average baseline activity for 30 seconds before drug application from the average activity following

drug application. *P < 0.05.

calcitonin gene-related peptide).?” TRPM8 channels are acti-
vated by moderate cold (15-30°C) and by cooling compounds,
such as menthol and icilin.28-3° (reviewed by McCoy et al.!”
and Nilius and Voets®"). Menthol and icilin appear to modulate
TRPMS8 through different mechanisms that may have unique
downstream consequences,32-3% and various TRPMS indepen-
dent effects have been reported for menthol.?>-37 One study in
particular found evidence for activation of nociceptive neurons
following hind paw injection of 40 mM menthol in TRMP8
knockout mice.3” This result is consistent with our finding that
50 mM menthol induced tearing and eye-wipe behaviors in
TRPMS8 knockout animals. The mechanism of action for the
effect of high concentrations of menthol remain unknown, it
appears unlikely to involve TRPA1, the receptor for wasabi and
other related noxious chemicals.3” However, other studies
have shown that menthol can activate TRPA1 receptors.>®

Over the course of the three baseline tear measurements
taken before adding solutions to the eye a small, yet significant,
increase in tearing was noted, which may have been caused by
mild irritation produced by the cotton thread used for
measuring tears. In contrast to an earlier report on tearing in
TRPMS 7/~ mice,'¥ we did not find a decrease in baseline tearing
in these animals. In addition, we did not find evidence of corneal
abrasions after fluorescein was applied to the ocular surface, or
differences in the rate of spontaneous blinks. A simple
methodologic difference may explain the discrepancy between
the results found in basal tear levels. While our tear
measurements were performed in awake animals, the previous
study measured tears under ketamine/xylazine anesthesia.
Measuring tears in awake animals may affect tearing by
increasing stress, and it is well established that general
anesthesia reduces tearing.3*4° The absence of any difference
in baseline tearing between TRPM8™+ and TRPM8 ™/~ mice was
not entirely surprising, since cold-evoked activity likely involves
additional cold-sensitive channels.*! Corneal cool cells also are
sensitive to hyperosmotic stimuli,'®'> which may initiate tear
secretions upon evaporation of the tear film even in the absence
of a cooling response. Our data indicated that TRPM8 knockout
mice retain the ability to respond to hyperosmotic tears.

The increase in tear secretions after the low concentration
of menthol application likely is due to the activation of corneal
cool cells. In this and in previous studies, menthol at relatively

low concentrations (<0.2 mM) has been demonstrated to
increase the ongoing activity of cool cells innervating the
cornea and depolarize cool sensitive corneal afferent nerve
terminals.'®1%15 While different species of animals were used
in the recording and behavioral experiments, previous studies
have found similar electrophysiologic properties in multiple
species of animals, and consistent correlations between the
activity of these neurons and sensory function in humans.!!
The results of our study are consistent with earlier findings that
demonstrated increased tear production by cooling the cornea
in TRPM8'*, but not TRPM8/~ mice.'¥ In addition, decreased
corneal temperatures in human subjects led to an increase in
tearing in human subjects.'¥ However, it should be noted that
an additional study found that non-noxious cooling of the
cornea did not alter tearing, perhaps because of the relatively
brief nature (3 seconds) of the stimulus.”

Several additional lines of evidence indicate that corneal
cool cell activity is involved in regulating tear secretions. Cool
cells are the only known corneal primary afferent neuron with
spontaneous activity at room temperature'%!2:42-44 and topical
anesthesia of the ocular surface decreases tear secretions,*>
indicating that this spontaneous activity is responsible for basal
tearing. In addition, diabetes and LASIK surgery, conditions
that result in damage to corneal afferents, can cause dry eye
conditions.“®->> Furthermore, dry eye prevalence increases
with age, which is correlated with a loss of corneal
sensation.>%>7

The utility of targeting cool cells as a means to increasing
tear production depends on the selectivity of the response to
cool cell activation. In addition to regulating tear secretions,
corneal afferents can elicit nocifensive responses, such as
blinking, irritation, and pain. This constellation of responses is
initiated by the activation of polymodal and mechanoreceptive
neurons to protect the eye from potentially damaging stimuli.
In contrast, mild cooling of the ocular surface in humans
(<2.0°C decrease), which selectively activates cool cells, does
not appear to elicit irritation or pain.!?13

While increasing cool cell activity may increase tearing
without producing irritation or pain, the effectiveness of
TRMPS8 agonists as potential therapies would depend on its
ability to activate cool cells selectively. Subtypes of corneal
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polymodal neurons, some of which respond to cold stimuli,
have been reported. In one study of corneal afferents in cats, 6/
26 polymodal neurons responded to cold stimuli with a low
frequency of activity evoked only at temperatures lower than
that needed to evoke activity in cool cells.'? These corneal
temperatures also produced irritation of pain in human
subjects.!? This cold-evoked activity in polymodal neurons
would be consistent with the finding in cultured DRG neurons
of cells sensitive to menthol and capsaicin.’®>® Those neurons
responsive to menthol and capsaicin were less responsive to
menthol than those that were sensitive only to menthol.>%5°
These neurons may represent polymodal nociceptive neurons.
Alternatively, it has been suggested that TRPV1 and TRPMS co-
expression in DRG neurons may explain the “paradoxical”
heat responses in cool cells.®°

The effect of menthol in corneal polymodal nociceptive
neurons remains to be described in detail. However, one study
reported no changes in thermal or chemical responsiveness
after application of menthol to seven polymodal corneal
units.'? We used the eye wipe test to gain insight into potential
nociceptive effects of menthol. This test has been used
previously to examine nociceptive responses produced by
application of capsaicin and hyperosmotic solutions to the
ocular surface.??-2461 The amount of time spent wiping at the
eye correlates with the concentration of these irritants and is
reduced by analgesic drugs. The absence of eye wipe behaviors
after low concentrations of menthol suggests that TRPMS8
activation may increase tearing selectively without producing
irritation or pain. However, it still is possible that the behavioral
measure was not sensitive enough to detect the possible
activation of a small subpopulation of menthol-sensitive corneal
nociceptors. In a previous report, a similar concentration of
menthol (0.2 mM) produced a feeling of cooling and in some
cases slight discomfort in human volunteers.!'?

Unlike the absence of nociceptive responses in response to
low concentrations of menthol, the highest concentration
evoked an increase in eye wipe behaviors in TRPM8™* and
TRPM8~~ mice. Similarly, the same concentration of menthol
induced tearing that was unaffected in the TRPMS8/~ mice.
These responses are unlikely to be the result of cool cell
activity. While low and high concentrations of menthol
increased cool cell activity over the first 10 seconds, only the
low concentration of menthol produced a prolonged increase
in cool cell activity. The high concentration of menthol tended
to inactivate cool cells after a brief period of activity. These
results indicated that this higher concentration of menthol
activates nociceptive neurons in a TRPM8-independent fash-
ion. A previous study also has demonstrated that a relatively
high concentrations of menthol (6.4-64 mM) enhanced cold-
evoked activity in trigeminal subnucleus caudalis nociceptive
neurons with intraoral receptive fields.%? Similarly, intraoral
menthol (19 mM) enhanced lingual cold pain in human
subjects,®® and even higher concentrations of menthol have
been used to model cold pain in humans.®*-%® The results of
studies using these high concentrations of menthol should be
interpreted with caution, since such high concentrations
produce effects that are not mediated by TRPM8 channels.

In summary, these results indicated that TRPM8 and
potentially other channels expressed on corneal cool cells
represent potential targets for increasing tearing without
eliciting nociceptive responses. In this way, new therapies
for treating DES could include TRPM8-mediated activation of
corneal cold cells to drive the basal tearing reflex loop.
Furthermore, our study raised an additional consideration
regarding a common current therapy for DES: not only is
repeated application of artificial tears often inadequate, it also
may be detrimental to the overall disease progression.
Repeated application of artificial tears would reduce the

IOVS, October 2012, Vol. 53, No. 11

afferent drive for endogenous tear production.® This decrease
in afferent drive would reduce the release of trophic factors
from the parasympathetic neurons that innervate the lacrimal
gland, which may result in atrophy of the gland. Such a
consequence would be consistent with previous studies that
have reported atrophy of the salivary glands following
denervation.®”-%® Thus, increasing the activity of neurons
involved in basal tearing would be beneficial to the overall
health of the tear-producing glands.
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