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Eugenol and carvacrol excite first- and second-order trigeminal
neurons and enhance their heat-evoked responses

Amanda H. Kleinl, Christopher L. Joe, Auva Davoodi, Kenichi Takechi2, Mirela lodi
Carstens, and E Carstens”

Department of Neurobiology, Physiology and Behavior, University of California, Davis, 1 Shields
Avenue, Davis, CA 95616 USA

Abstract

Eugenol and carvacrol from clove and oregano, respectively, are agonists of the warmth-sensitive
transient receptor potential channel TRPV3 and the irritant-sensitive TRPAL. Eugenol and
carvacrol induce oral irritation that rapidly desensitizes, accompanied by brief enhancement of
innocuous warmth and heat pain in humans. We presently investigated if eugenol and carvacrol
activate nociceptive primary afferent and higher-order trigeminal neurons and enhance their heat-
evoked responses, using calcium imaging of cultured trigeminal ganglion (TG) and dorsal root
ganglion (DRG) neurons, and in vivo single-unit recordings in trigeminal subnucleus caudalis
(Vc) of rats. Eugenol and carvacrol activated 20-30% of TG and 7-20% of DRG cells, the majority
of which additionally responded to menthol, mustard oil and/or capsaicin. TG cell responses to
innocuous (39°) and noxious (42°C) heating were enhanced by eugenol and carvacrol. We
identified dorsomedial V¢ neurons responsive to noxious heating of the tongue in pentobarbital-
anesthetized rats. Eugenol and carvacrol dose-dependently elicited desensitizing responses in 55%
and 73% of heat-sensitive units, respectively. Responses to noxious heat were briefly enhanced by
eugenol and carvacrol. Many eugenol- and carvacrol-responsive units also responded to menthol,
cinnamaldehyde and capsaicin. These data support a peripheral site for eugenol and carvacrol to
enhance warmth- and noxious heat-evoked responses of trigeminal neurons, and are consistent
with the observation that these agonists briefly enhance warmth and heat pain on the human
tongue.

Introduction

Eugenol and carvacrol are organic chemicals found in clove and oregano, respectively.
These compounds have antiseptic and flavor-additive properties, and are used in a variety of
commercial applications. Eugenol has been used in dentistry as a local anesthetic

© 2014 IBRO. Published by Elsevier Ltd. All rights reserved.

“corresponding author: Prof. E.Carstens, Department of Neurobiology, Physiology and Behavior, University of California, Davis, 1
%hields Avenue, Davis, CA 95616, Tel: 530-752-7767, Fax: 530-752-5582, eecarstens@ucdavis.edu.

Current address: Dept. of Anesthesiology, The Johns Hopkins University School of Medicine, Baltimore MD, USA
2Current address: Dept. of Anesthesiology and Resuscitology, Ehime University School of Medicine, Matsuyama, Japan

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Klein et al.

Page 2

(Markowitz et al., 1992) owing to its inhibitory effect on voltage-gated sodium and calcium
channels in trigeminal nociceptors (Lee et al., 2005; Park et al., 2006; Chung et al., 2008;
Park et al., 2009). Carvacrol has also been reported to have antinociceptive effects
(Cavalcante Melo et al., 2012). Additionally, eugenol and carvacrol elicit oral pungency
(Cliff Heymann, 1992; Klein et al., 2013) and eugenol activates TRPAL and TRPV1
(Bandell et al., 2004) that are expressed in nociceptive nerve endings. Eugenol enhanced
presynaptic glutamate release in the rat superficial spinal cord dorsal horn via an action at
TRPAL (Inoue et al., 2012). Carvacrol activates human and mouse TRPAL (Bandell et al.,
2004; Xu et al., 2006; Lee et al., 2008; de la Roche et al., 2013). A common feature both of
compounds is that they activate TRPV3 (Xu et al., 2006; VVogt-Eisele et al., 2007; Sherkheli
et al., 2009), which is expressed in sensory neurons and keratinocytes and is activated by
innocuous warming (Xu et al., 2002; Smith et al., 2002; Peier et al., 2002; Chung et al.,
2004). Previous reports suggested that TRPV3 also contributes to heat pain in mice
(Mogrich et al., 2005; Huang et al., 2008), although this has been disputed since knockout
mice lacking TRPV3 exhibited little or no change in thermal preference behavior or acute
heat nociception (Huang et al., 2011).

In humans, eugenol and carvacrol elicited oral and nasal irritation consisting of warming,
cooling, burning, stinging, pricking, tingling and numbing subqualities (Cliff & Heymann,
1992; Green 2002; Wise et al., 2012; Klein et al., 2013) similar to those elicited by other
TRP channel agonists (Dessirier et al., 2001; Albin et al., 2008; Simons et al., 2003; Bennett
& Hayes, 2012). Moreover, both eugenol and carvacrol enhanced the perceived intensity of
innocuous warmth as well as heat pain on the tongue (Klein et al., 2013). Collectively, these
studies suggest that eugenol and carvacrol have both pro- and anti-nociceptive effects via
their actions at TRPV3, TRPAL and TRPV1 expressed in peripheral and central primary
afferent terminals.

There are few previous studies of the ability of eugenol and carvacrol to directly excite
primary sensory or higher-order trigeminal neurons (Ohkubo & Kitamura, 1997). We
presently investigated if these chemicals excite trigeminal ganglion (TG) and dorsal root
ganglion (DRG) neurons, including those responsive to thermal stimuli, using the method of
flourometric calcium imaging. Since many irritants activate neurons in trigeminal
subnucleus caudalis (\Vc; Carstens et al., 1998; Zanotto et al., 2007), we also used in vivo
electrophysiological methods to investigate if eugenol and carvacrol activate V¢ neurons and
enhance their responses to warmth and/or noxious heat. An abstract of a portion of this work
has appeared previously (Klein et al., 2012b).

Materials and Methods

All experiments were conducted under protocols approved by the UC Davis Institutional
Animal Care and Use Committee.

Calcium imaging

Trigeminal ganglia (TG) and lumbrosacral dorsal root ganglia (DRG) were extracted from
juvenile (2-3 wk) male Sprague-Dawley rats (n= 20). The ganglia were triturated and TG
and DRG cells were processed as previously described (Klein et al., 2011a, Klein et al.,
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2011b) and plated onto glass coverslips pre-treated with poly-D-lysine. Cells were given
fresh media after one hour and imaged within 48 hours.

After loading with 10uM Fura-2AM (F1221, Invitrogen, Grand Island NY) in Ringer’s
solutions (140 mM NaCl, 4 mM KCI, 2 mM CaCl2, 1 mM MgCl2, 10 mM N-2-
hydroxyethylpiperazine-N-2-ethanesulfonic acid, 4.54 mL NaOH, and pH adjusted to 7.4),
TG and DRG cells were placed in a perfusion chamber (CSC-25, Bioscience Tools, San
Diego, CA) on a thermal stage (BTC-S and BTC-100, Bioscience Tools) set at 34°C. Images
were taken every 3 sec with NIS Elements software (Nikon Instruments Inc., Melville, NY)
at 340/380 nm wavelengths. Solutions were administered by a gravity-fed solenoid operated
perfusion system (ValveLink 8.2, AutoMate Scientific; Berkeley, CA) and removed via
vacuum line at the other end. Chemicals used included 250 pM menthol (Givaudan Flavors
Corporation, Cincinnati OH), 100 uM AITC (allyl isothiocyanate; mustard oil; Sigma-
Aldrich Chemical Co., St. Louis MO), 200 uM eugenol (Sigma), 100 uM carvacrol (Sigma),
and 1 pM capsaicin (Sigma). All chemicals were dissolved in 0.015% ethanol Ringer’s
solution. In separate experiments, TG and DRG cells were tested for sensitivity to 1 uM
farnesyl phosphopyruvate (FPP, Enzo Life Sciences, Farmingdale, NY) in 100 uM
NH4HCO3 and 0.0028% ethanol. Chemicals were delivered for 30 sec, with the exception of
capsaicin which was delivered for 10 sec. Ringer’s solution containing a high K+
concentration (144 mM) was given at the end of the experiment to verify neuronal
recordings. Vehicle (0.015% ethanol in Ringer’s) did not have any effect (data not shown).

In a separate group of experiments we investigated thermal responses. TG and DRG cells
were perfused with Ringer’s solution pre-heated to either 39°C or 42°C for thirty seconds
using a miniature heater (TC-RD, Bioscience Tools) connected to a separate temperature
controller (BTC-1-100, Bioscience Tools). The bath temperature was monitored by a
thermocouple within the feedback-controlled thermal stage and also by a separate
thermocouple (IT-18, Physitemp Instruments, Inc., Clifton, NJ) placed in the bath just
outside the microscopic field of view. The thermocouple was connected to a microprobe
thermometer (BAT-12, Physitemp) which was fed via a Powerlab interface (AD
Instruments, Colorado Springs CO) to a digital computer and viewed using Chart 5 software.
Following delivery of the first heat stimulus (either 39 or 42°C), a second equivalent heat
stimulus was delivered 10 min later. The second heat stimulus was preceded 30 sec earlier
by bath delivery of either eugenol, carvacrol or no stimulus.

Single Unit Recording

Methods were essentially the same as described previously (Klein et al., 2011c; Zanotto et
al., 2007; Zanotto et al., 2008). Eighty-three adult male Sprague-Dawley rats (480 * 8.3q)
were anesthetized with sodium pentobarbital (induction: 65 mg/kg i.p., maintenance: 10
mg/kg i.v.). The caudal medulla was exposed surgically while body temperature was
maintained by a heating pad and oxygen delivered via tracheal cannula. The ECG was
recorded and displayed continuously using a Powerlab interface (AD Instruments). A
tungsten microelectrode (FHC, Bowdoin, ME; 10 M) was positioned using a hydraulic
microdrive (David Kopf Instruments, Tujunga CA) to record single V¢ units having heat-
sensitive lingual receptive fields. We used a noxious heat stimulus (see below) to isolate V¢

Neuroscience. Author manuscript; available in PMC 2015 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Klein et al.

Page 4

units and did not attempt to identify units responsive to innocuous warming that are quite
rare (Dostrovsky & Hellon, 1978; Andrew & Craig, 2001). Unit activity was amplified and
displayed using Powerlab and Spike 2 (Cambridge Electronic Design, Cambridge, UK)
interfaces. In some experiments more than one heat sensitive unit was recorded and
discriminated by waveform post-hoc using the Spike 2 software. Only units that responded
to noxious heat were selected for further analysis.

Thermal stimuli were delivered using a feedback-controlled Peltier thermode (NTE-2A,
Physitemp, Clifton, NJ; 13 mm diameter) attached to a micromanipulator to contact the
dorsal anterior surface of the tongue. The Peltier thermode was programmed to deliver
noxious heat (up to 53°C) followed 2 min later by cooling (down to 7°C) from an adapting
temperature of 35°C (Klein et al., 2012b). The lingual-thermode interface temperature was
measured using a fast thermocouple (IT-18, Physitemp) connected to a microprobe
thermometer (BAT-12, Physitemp) and was displayed continuously using a Powerlab
interface and Chart software (AD Instruments). The heat-cold sequence was delivered twice
and unit responses were averaged to provide the baseline thermal response level before
chemical application. The Peltier thermode was removed 3 min after the last cold stimulus,
followed by chemical stimulation. Chemicals were 0.1-10% eugenol or carvacrol, 1% I-
menthol, 10% cinnamaldehyde (CA, Sigma), 0.01% capsaicin (Cap) or vehicle (10% ethanol
and 1% Tween-80, Sigma). Chemicals were applied to the anterior dorsal surface of the
tongue with a perfusion pump that delivered the chemical at a constant rate (0.5 ml/min).
The Peltier thermode was replaced 1 min later and the heat/cold thermal sequence was
repeated 2 min later. Three sequences of heating and cooling were delivered 3, 8 and 13 min
after chemical application. Mechanical stimulation was performed using von Frey filaments
(0.68-288.4 mN) followed by touching and pinching with a blunt forceps before and after
vehicle application and after eugenol/carvacrol application.

An electrolytic lesion was made at the conclusion of each experiment. The brainstem was
post-fixed in 10% buffered formalin and 50 um sections cut on a microtome. Lesions were
identified microscopically (Klein et al., 2011c).

Data Analysis

For calcium flourometry, each cell’s maximum response (i.e., increase in 340/380 nm ratio)
during the 60 sec period post chemical application was divided by the maximum ratio during
the minute before chemical application (baseline). An increase in fluorescence ratio >20%
was considered a positive response. A pivot table was generated to tabulate incidences of
cellular responses to chemical application. TG and DRG cell responses to successive heat
stimuli were analyzed via paired t-test.

In vivo electrophysiological single unit data were analyzed by summing the number of
action potentials during the 30 sec period beginning with noxious heat stimuli, or during the
60 sec period beginning with cold or chemical stimuli. Data were baseline-corrected by
subtracting the sum of spontaneously occurring action potentials recorded during a
comparable (30- or 60-sec) period prior to the stimulus. An increase in baseline-corrected
firing of >30% was considered to be a positive response. Statistical analyses were conducted
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using Graph Pad Prism 5 (Graph Pad Software Inc., La Jolla CA) and SPSS 9.0. Error
reported is the standard error of the mean (SEM).

Fluorometric calcium imaging

Incidence of sensitivity to eugenol and carvacrol—A total of 240 TG cells and 276
DRG cells were tested for sensitivity to eugenol, carvacrol, menthol, AITC and capsaicin.
Eugenol activated 23% of TG cells and 7.6 percent of DRG cells, whereas carvacrol
activated 30.4% of TG and 21.3% of DRG cells. The incidences of responsiveness to
menthol (28.8% and 25.3% for TG and DRG cells, respectively), AITC (38.3% and 33.4%)
and capsaicin (62.9% and 56.5%) were similar to previously published data (Klein et al.,
2011a-c). Fig. 1A, B shows an example of a carvacrol-responsive TG cell that also
responded to AITC, eugenol and capsaicin but not menthol. Tables 1 and 2 show the
incidence of responses of eugenol- and carvacrol-sensitive TG and DRG cells, respectively,
to the other chemicals tested. Over 70% of eugenol- and carvacrol-sensitive cells responded
to capsaicin. Forty to 61% of eugenol- and carvacrol-sensitive TG and DRG cells also
responded to AITC.

In separate experiments, 240 TG and 168 DRG cells were tested for sensitivity to the
TRPV3 specific agonist FPP (Bang et al., 2010). Only 5.4% (13/240) of TG and 1.7%
(3/168) of DRG cells, respectively, responded to 1 uM FPP. Of all FPP-responsive cells,
75% and 55.6% also responded to eugenol and carvacrol, respectively. Eighty-five percent
of TG and 100% of DRG cells that responded to FPP also responded to capsaicin.

Eugenol and carvacrol enhancement of warmth- and noxious heat-evoked
responses—Eugenol and carvacrol enhanced innocuous warmth and heat pain sensation
on the tongue in humans (Klein et al., 2013). We tested if the responses of TG and DRG
cells to innocuous warmth (39°C) and/or noxious heat (42°C) stimuli were enhanced in the
presence of eugenol and/or carvacrol. Fig. 2 shows examples of 3 TG cells’ responses to an
initial application of a 39°C stimulus. Ten min later, eugenol (200 pM) was applied for 30
sec followed by a second 39°C heat stimulus, which elicited larger responses in cells 2 and
3. Since the incidences of responsiveness to chemical (Liu et al., 1996; Bautista et al., 2006;
Bautista et al., 2007) and innocuous or noxious thermal stimuli were similar for TG and
DRG cells (present data), the data were combined. Overall, 104 of 462 (22.5%) TG and
DRG neurons tested with a 39°C heat stimulus and 172 of 354 (48.6%) tested with a 42°C
heat stimulus responded. Both eugenol and carvacrol significantly enhanced the responses of
TG and DRG cells to the 39°C (Fig. 2C) as well as the 42°C stimuli (Fig. 2D). Reapplication
of the 39°C or 42°C heat stimulus in the absence of eugenol or carvacrol elicited responses
that did not differ significantly from the initial response (Fig. 2C, D, left-hand pair of bars,
respectively). The incidence of heat responsiveness did not change after reapplication of the
39°C or the 42°C stimuli. However, both eugenol and carvacrol increased the incidence of
thermal responsiveness. For the 39°C stimulus, the number of thermosensitive cells
increased following eugenol (from 32 to 39 of 88 cells tested) and carvacrol (from 23 to 28
of 80 cells tested). With the 42°C stimulus, the number of heat-sensitive cells increased

Neuroscience. Author manuscript; available in PMC 2015 June 20.
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following eugenol (from 64 to 91 out of 150 cells tested) and carvacrol (from 26 to 30 out of
58 cells tested).

Unit Classification—We recorded from a total of 102 V¢ units with heat-sensitive lingual
receptive fields. Recording sites were located at an average depth of 383 + 34 um below the
medullary surface, and are shown collectively (Figs. 5C, 6B). Of these, 77.5% also
responded to pinch by blunt forceps. Of the pinch-sensitive units, 51% responded at lower
frequency to graded innocuous mechanical von Frey filament stimuli (36.3-288.4 mN) and
were classified as wide dynamic range (WDR), while the other 26.5% did not and were
classified as nociceptive-specific (NS). Of the 22.5% pinch-insensitive units, 14.7% were
mechanically insensitive and 7.8% responded to innocuous touch in a non-incrementing
manner.

Fig. 3A shows a typical example of a V¢ unit that responded to noxious heat, cooling, and
eugenol. Following eugenol, heat-evoked responses were enhanced compared to the
response prior to eugenol (left-most portion of PSTH in Fig. 3A). Application of vehicle did
not affect the unit’s firing rate, nor did it affect responses to noxious heat (data not shown).
This unit additionally responded to subsequent application of menthol, CA and capsaicin
(right-hand portion of PSTH starting at min 92).

Concentration-dependent responses to eugenol and carvacrol—Eugenol and
carvacrol elicited concentration-related increases in V¢ unit firing rates. Fig. 3B shows mean
responses of V¢ units to eugenol (¢) which elicited a significant increase in firing at 1%
compared to vehicle (A) that did not increase further at 10%. Fig. 3B also shows mean
responses to carvacrol (0) that increased in a concentration-related manner. Application of
vehicle did not significantly affect firing rate compared to pre-stimulus baseline. Overall, of
the noxious heat-sensitive V¢ units tested, 55% (29/53) and 73% (38/52) responded to
lingual application of eugenol and carvacrol, respectively, in the 1-10% concentration range.

We also investigated the temporal pattern of V¢ unit firing elicited by constant-flow
application of eugenol and carvacrol over a 10-min period. Fig. 4 shows averaged responses
of V¢ units to 10% eugenol (Fig. 4A) or 10% carvacrol (Fig. 4B), both of which elicited an
initial significant increase in firing that eventually adapted to the pre-stimulus baseline level
(one-way ANOVA, p<0.05). This desensitizing firing pattern is similar to that observed for
eugenol- and carvacrol-evoked oral irritant sensations in humans (Klein et al., 2013).

Eugenol and carvacrol enhancement of noxious heat-evoked responses—
Eugenol at a concentration of 0.1% increased firing (by >30%) in 27% (3/11) of V¢ neurons.
This concentration of eugenol had no significant effect on noxious heat-evoked responses
(Fig. 5A). Eugenol at 1% excited 50% (10/20) of V¢ units and significantly enhanced the
mean heat-evoked response (Fig. 5B, D). The enhancement was only observed for the first
heat-evoked response post-eugenol. Eugenol 10% activated 72.7% (8/11) of V¢ neurons
recorded but did not enhance responses to noxious heat stimulation (Fig. 5C, n = 11).
Subsequent heat-evoked responses were not significantly different from the pre-eugenol
response (Fig. 5D), indicating that the enhancing effect of eugonol was short-lived.

Neuroscience. Author manuscript; available in PMC 2015 June 20.
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Similarly, carvacrol (0.1%) excited 50% (3/6) of V¢ neurons and had no effect on heat-

evoked responses (Fig. 6A). Carvacrol at 1% excited 86.7% (13/15) of heat-sensitive V¢
units, but did not enhance unit responses to noxious heat (Fig. 6B). Ten percent carvacrol
activated all but one V¢ unit tested (92%, 11/12) and also enhanced the mean response to
noxious heat (Fig. 6B, * p<0.05, one-way repeated measures ANOVA, Tukey post-hoc).

The vehicle did not directly excite V¢ neurons, and had no effect on responses to noxious
heat (Figs. 6D, 8D, open bars). The average threshold for heat activation before chemical

application was 45.2 + 0.3°C and was not influenced by application of vehicle, eugenol or
carvacrol (Table 3).

Cold-evoked responses—Forty-three percent (45/105) of heat-sensitive V¢ units also
responded to noxious cooling. Eugenol activated 56.5% (13/23) and carvacrol activated
77.3% (17/22) of the cold-sensitive neurons. Application of neither vehicle, eugenol nor
carvacrol affected the cold-evoked neuronal responses (data not shown).

Responses to additional stimuli—Of those units responsive to eugenol (Table 4) or
carvacrol (Table 5), over 90% responded to menthol, AITC and /or capsaicin with 38% and
32% of eugenol- and carvacrol-sensitive units responding to all 4 of the chemical irritants
tested (Tables 4, 5). Of all heat-responsive Vc¢ units tested, 44.7% (47/105) responded to 1%
menthol, 52.3% (55/105) to 10% CA and 80% (84/105) to 0.01% capsaicin.

Application of vehicle, eugenol or carvacrol did not significantly change unit responsiveness
to mechanical stimulation (data not shown).

Discussion

The present results show that eugenol and carvacrol activated substantial percentages of TG
and V¢ neurons, including those that responded to innocuous warmth and/or noxious heat
and irritant chemical stimuli. In addition, both eugenol and carvacrol briefly enhanced
responses of TG and DRG neurons to innocuous warming as well as noxious heat, and V¢
neuronal response to noxious heat, consistent with our human psychophysical study showing
that these agonists briefly enhanced the magnitude of perceived warmth and heat pain (Klein
et al., 2013). These results indicate that the chemical enhancement of warmth and heat pain
perception, and heat-evoked responses of V¢ neurons, is due to a peripheral enhancement of
thermosensitivity of primary sensory neurons.

Eugenol and carvacrol have been previously reported to directly activate TRPV3 expressed
in heterologous cell lines (Xu et al., 2002; Xu et al., 2006). Carvacrol also activated cells
expressing mouse TRPAL and human TRPAL (de la Roche et al., 2013). There are few
previous studies of the effects of eugenol and carvacrol on primary sensory neurons
(Ohkubo and Kitamura, 1997). We presently observed that eugenol excited 23% and 8% of
TG and DRG cells, respectively, and carvacrol excited 30% and 21%. Nearly all (>96%)
eugenol- and carvacrol-sensitive TG and DRG cells responded to one or more additional
TRP agonists, and over 70% responded to capsaicin, implying that eugenol and carvacrol
excite nociceptive sensory neurons.

Neuroscience. Author manuscript; available in PMC 2015 June 20.
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The selective TRPV3 agonist, FPP (Bang et al., 2010), activated much smaller percentages
of TG and DRG cells. Given a role for TRPV3 in innocuous warmth transduction, we
speculated that FPP-sensitive TG and DRG cells may represent TRPV3-expressing warm
receptors. FPP was reported to excite keratinocytes prior to DRG cells in co-culture (Bang et
al., 2010), suggesting that sensory effects of TRPV3 activation may be mediated largely via
keratinocyte-to-TG/DRG communication, in addition to direct activation of a small subset of
FPP-sensitive TG and DRG cells. FPP also reduced thermal paw withdrawal thresholds and
elicited nocifensive behavioral responses when injected in the inflamed (but not control)
hindpaw of mice (Bang et al., 2010), consistent with a role for TRPV3 in inflammatory pain.

That eugenol and carvacrol ostensibly excite thermal nociceptors and warm receptors is
consistent with our report that these chemicals elicit oral irritation, characterized by
subqualities of numbing, warming, tingle, burning, stinging and cooling (Klein et al., 2013).
These subqualities are similar to those elicited by other chemesthetic TRP channel agonists
(Cliff and Heymann, 1992; Green, 2002; Bennett and Hayes, 2012). This suggests that
chemesthetic sensations, formerly referred to as the “common chemical sense”, are
generated mainly by chemical excitation of polymodal nociceptors. Subtle differences in the
sensory subqualities elicited by different chemesthetic agents may be attributed to the
simultaneous excitation of other chemosensitive primary afferent fibers including warm
and/or cold receptors.

A large proportion of TG and DRG cells (Table 1 and 2) and a high percentage of noxious
heat-sensitive V¢ neurons was excited by eugenol, carvacrol, and other TRP agonists
including AITC, capsaicin and menthol (Tables 4 and 5), consistent with previous studies
(Carstens et al., 1998; Zanotto et al., 2007; Klein et al., 2011c, d). The broadly-tuned
chemesthetic sensitivity of V¢ neurons presumably reflects input from primary afferent
trigeminal nociceptors that exhibit similar broad tuning. V¢ unit responses to TRPAL and
TRPMS8 agonists exhibited desensitization over time (Zanotto et al., 2007; Simons et al.,
2004) similar to human psychophysical reports of a temporally desensitizing pattern of oral
irritation elicited by repeated lingual application of menthol, AITC, cinnamaldehyde,
eugenol and carvacrol (Dessier et al., 2001; Simons et al., 2003; Klein et al., 2013).
Capsaicin and AITC also enhanced heat pain, and menthol enhanced cold pain, even after
chemical desensitization had been established (Merrill et al., 2007; Zanotto et al., 2007;
Albin et al., 2008; Klein et al., 2013). That the same TRP agonist sensitized thermal gating
while desensitizing chemical gating of the channel implies separate molecular mechanisms
for these two contrasting effects (Carstens & Mitsuyo, 2005).

TRP channels can be activated by many stimuli, including chemicals, voltage, temperature
and in some cases mechanical force. Mutagenesis experiments conclude that the
mechanisms of temperature and chemical activation of TRPV3 (Grandl et al., 2008) and
TRPV1 (Yang et al., 2010; Grandl et al., 2010) are different. Like many TRP channels,
TRPV1 rapidly desensitizes upon repeated chemical application (Bhave et al., 2002).
However, TRPV3 sensitizes to repeated chemical stimulation (Xu et al., 2002) in a calcium
calmodulin- and ATP-dependent manner (Xiao et al., 2008; Phelps et al., 2010). Repetitive
mechanical stimulation of heat-and-mechanosensitive polymodal nociceptors results in rapid
desensitization, even though responses of the some of these same C-fibers to noxious heat
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are subsequently enhanced (Peng et al. 2003). Repeated chemical application could lead to
desensitization of TRP channels in a calcium-dependent manner, while calcium activation of
protein kinases (e.g. PKA) or other cellular mediators could simultaneously sensitize a
different part of the channel involved in thermal transduction. Our data showing
desensitizing responses to chemical application and sensitized thermal responses are
consistent with this possibility.

We propose that the effects of eugenol and carvacrol to enhance perceived warmth and heat
pain (Klein et al., 2013), as well as heat-evoked responses of V¢ neurons (Figs. 5, 6), are due
to their peripheral enhancement of thermally-evoked responses of TG and DRG cells (Fig.
2). Presumably, the ability of eugenol and carvacrol to enhance thermally-evoked responses
is via their action at TRPV3, TRPV1 and/or TRPA1 expressed in lingual nociceptors and
warm receptors. Eugenol, carvacrol and thymol enhanced the responses of TRPV3-
expressing epithelial cells to warming (Xu et al., 2006). Eugenol was also reported to
activate TRPV1 (Bandell et al., 2004) although at much higher concentrations compared to
capsaicin (Yang et al., 2003). Both eugenol and carvacrol also activate TRPAL (Xu et al.,
2006; Bandell et al., 2004; de la Roche et al., 2013); however, the concentration required for
carvacrol was much higher compared to AITC (Bessac et al., 2008) and the TRPAL
antagonist HC-030031 does not antagonize carvacrol-evoked responses of human
endothelial cells (Earley et al., 2010).

Eugenol and carvacrol sensitized both primary afferent (TG, DRG cells) and central (Vc)
neuronal responses to heat. Previous studies have also suggested that TRPV3 indirectly
mediates the sensation of heat (Mogrich et al., 2005) via activation of TRPV3-expressing
keratinocytes (Chung et al., 2004) that release second messengers such as ATP or
prostaglandin E2 to excite sensory nerve fibers (Tominaga et al., 2001; Mandadi et al., 2009;
Huang et al., 2011). TRPV3 is highly expressed in the lingual epithelium (Xu et al., 2002;
Xu et al, 2006). However, we observed that eugenol and carvacrol enhanced responses of
TG and DRG cells to both innocuous warmth (39°C) and noxious heat (42°C), implying
sensitization of thermal responses in the absence of mediators from keratinocytes or other
epithelial cells. As previously noted, eugenol and carvacrol could enhance thermally-evoked
responses via their action at TRPAL or TRPV1. Potentially, TRPV1/TRPV3 heteromers
expressed in sensory nerve endings could also explain the heat enhancement observed
presently (Smith et al., 2002; Cheng et al., 2011). It could be speculated that the effect of
eugenol and carvacrol to enhance heat-evoked responses of sensory neurons is due to an
allosteric influence on specific amino acid residues localized to the extracellular surface of
TRPV3 and TRPV1 that are essential for thermotransduction (Kim et al., 2013). Finally, it is
possible that eugenol and carvacrol enhance thermal gating of other heat-sensitive channels
such as TRPV1 (Caterina et al., 1997), TRPM3 (Vriens et al., 2011), Anoctamin 1 (Anocl;
Tian et al., 2012; Cho et al., 2012), TREK-1 (KNCK2)(Maingret et al. 2000) or TRPV4
(Guler et al., 2002).

TRPAL1 agonists sensitized spinal cord neuronal responses to noxious heat (Simons et al.,
2004; Sawyer et al., 2009), and briefly enhanced human perception of lingual heat and cold
pain (Albin et al., 2008). Eugenol and carvacrol have both been reported to activate and
desensitize TRPA1 (see Introduction). TRPAL has also been implicated in cold transduction
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(Bandell et al., 2004; Karashima et al., 2009), although this has been disputed (for review,
see Caspani & Heppenstall, 2009). Human subjects receiving cutaneous application of
TRPAZ1 agonists reported a burning quality but no cold sensation (Namer et al., 2005). The
lack of effect of eugenol and carvacrol on cold perception and cold-evoked responses of Vc
neurons suggests that these chemicals do not affect lingual cold transduction, regardless of
whether TRPAL is involved or not.

Acknowledgments

Supported by grants from the National Institutes of Health (DE013685, AR057194).

References

Andrew D, Craig AD. Spinothalamic lamina I neurones selectively responsive to cutaneous warming
in cats. J Physiol. 2001; 537(Pt 2):489-95. [PubMed: 11731580]

Albin KC, Carstens MI, Carstens E. Modulation of oral heat and cold pain by irritant chemicals. Chem
Senses. 2008; 33(1):3-15. [PubMed: 17728277]

Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus MJ, Earley TJ, Patapoutian A.
Noxious cold ion channel TRPAL1 is activated by pungent compounds and bradykinin. Neuron.
2004; 41(6):849-57. [PubMed: 15046718]

Bang S, Yoo S, Yang TJ, Cho H, Hwang SW. Farnesyl pyrophosphate is a novel pain-producing
molecular via specific activation of TRPV3. J Biol Chem. 2010; 285(25):19362-19371. [PubMed:
20395302]

Bautista DM, Jordt SE, Nikai T, Tsuruda PR, Read AJ, Poblete J, Yamoah EN, Basbaum Al, Julius D.
TRPA1 mediates the inflammatory actions of environmental irritants and proalgesic agents. Cell.
2006; 24(6):1269-82. [PubMed: 16564016]

Bautista DM, Siemens J, Glazer JM, Tsuruda PR, Basbaum Al, Stucky CL, Jordt S-E, Julius D. The
menthol receptor TRPMS is the principal detector of environmental cold. Nature. 2007; 448(7150):
204-8. [PubMed: 17538622]

Bennett SM, Hayes JE. Differences in the chemesthetic subqualities of capsaicin, ibuprofen, and olive
oil. Chem Senses. 2012; 7(5):471-8. [PubMed: 22281531]

Bessac BF, Sivula M, von Hehn CA, Escalera J, Cohn L, Jordt S-E. TRPAL is major oxidant sensor in
murine airway sensory neurons. J Clin Invest. 2008; 118(5):1899-1910. [PubMed: 18398506]

Bhave G, Zhu W, Wang H, Brasier DJ, Oxford GS, Gereau RW 4th. cAMP-dependent protein Kinase
regulates desensitization of the capsaicin receptor (VR1) by direct phosphorylation. Neuron. 2002;
35(4):721-731. [PubMed: 12194871]

Cavalcante Melo FH, Rios ER, Rocha NF, CitéMdo C, Fernandes ML, de Sousa DP, de VVasconcelos
SM, de Sousa FC. Antinociceptive activity of carvacrol (5-isopropyl-2-methylphenol) in mice. J
Pharm Pharmacol. 2012; 64(12):1722-9. [PubMed: 23146035]

Carstens E, Kuenzler N, Handwerker HO. Activation of neurons in rat trigeminal subnucleus caudalis
by different irritant chemicals applied to oral or ocular mucosa. J Neurophysiol. 1998; 80:465—
492. [PubMed: 9705444]

Carstens E, Mitsuyo T. Neural Correlates of Oral Irritation by Mustard Oil and other Pungent
Chemicals: A Hot Topic. Chem Senses. 2005; 30(suppl 1):i203-i204. [PubMed: 15738115]

Caspani O, Heppenstall PA. TRPAL and cold transduction: an unresolved issue? J Gen Physiol. 2009;
133(3):245-249. [PubMed: 19237589]

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levin JD, Julius D. The capsaicin receptor: a
heat-activated ion channel in the pain pathway. Nature. 1997; 389:816-824. [PubMed: 9349813]

Cheng W, Yang F, Liu S, Colton CK, Wang C, Cui Y, Cao X, Zhu MX, Sun C, Wang K, Zheng J.
Heteromeric heat-sensitive transient receptor potential channels exhibit distinct temperature and
chemical response. J Biol Chem. 2012; 287(10):7279-7288. [PubMed: 22184123]

Neuroscience. Author manuscript; available in PMC 2015 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Klein et al.

Page 11

Cho H, Yang YD, Lee J, Lee B, Kim T, Jang Y, Back SK, Na HS, Harfe BD, Wang F, Raouf R, Wood
JN, Oh U. The calcium-activated chloride channel anoctamin 1 acts as a heat sensor in nociceptive
neurons. Nat Neurosci. 2012; 15(7):1015-1021. [PubMed: 22634729]

Chung MK, Lee HAM, Suzuki M, Caterina MJ. TRPV3 and TRPV4 mediate warmth-evoked currents
in primary mouse keratinocytes. J Biol Chem. 2004; 279:21569-21575. [PubMed: 15004014]

Chung G, Rhee JN, Jung SJ, Kim JS, Oh SB. Modulation of CaV2.3 calcium channel currents by
eugenol. J Dent Res. 2008; 87:137-141. [PubMed: 18218839]

Cliff M, Heymann H. Descriptive analysis of oral pungency. J Sens Stud. 1992; 7:279-90.

de la Roche J, Eberhardt MJ, Klinger AB, Stanslowsky N, Wegner F, Koppert W, Reeh PW, Lampert
A, Fischer MJ, Leffler A. The molecular basis for species-specific activation of human TRPA1
protein by protons involves poorly conserved residues within transmembrane domains 5 and 6. J
Biol Chem. 2013; 288(28):20280-92. [PubMed: 23709225]

Dessirier JM, Nguyen N, Sieffermann JM, Carstens E, O’Mahony M. Oral irritant properties of
piperine and nicotine: psychophysical evidence for asymmetrical desensitization effects. Chem
Senses. 1999; 24:405-413. [PubMed: 10480676]

Dessirier JM, O’Mahony M, Carstens E. Oral irritant properties of menthol: sensitizing and
desensitizing effects of repeated application and cross-desensitization to nicotine. Physiol. Behav.
20014a; 73:25-36. [PubMed: 11399291]

Dessirier JM, O’Mahony M, Carstens E. Oral irritant properties of menthol: sensitizing and
desensitizing effects of repeated application and cross-desensitization to nicotine. Physiol Behav.
2001b; 73(1-2):25-36. [PubMed: 11399291]

Dostrovsky JO, Hellon RF. The representation of facial temperature in the caudal trigeminal nucleus of
the cat. J Physiol. 1978; 277:29-47. [PubMed: 650531]

Earley S, Gonzales AL, Garcia ZI. A dietary agonist of transient receptor potential cation channel V3
elicits endothelium-dependent vasodilation. Mol Pharmacol. 2010; 77(4):612-620. [PubMed:
20086034]

Grandl J, Hu H, Bandell M, Bursulaya B, Schmidt M, Petrus M, Patapoutian A. Pore region of TRPV3
ion channel is specifically required for heat activation. Nat Neurosci. 2008; 11(9):1007-1013.
[PubMed: 19160498]

Grandl J, Kim SE, Uzzell V, Bursulaya B, Petrus M, Bandell M, Patapoutian A. Temperature-induced
opening of TRPV1 ion channel is stabilized by the pore domain. Nat Neurosci. 2010; 13:708-714.
[PubMed: 20414199]

Green, BG. Psychophysical measurement of oral chemesthesis. In: Simon, SA.; Nicolelis, MAL.,
editors. Methods in chemosensory research. Methods and new frontiers in neuroscience series.
CRC Press; Boca Raton, FL: 2002. p. 3-19.

Guler AD, Lee H, lida T, Shimizu I, Tominaga M, Caterina M. Heat-evoked activation of the ion
channel, TRPV4. J Neurosci. 2002; 22(15):6408-14. [PubMed: 12151520]

Huang SM, Lee H, Chung M-K, Park U, Yu YY, Bradshaw HB, Coulombe PA, Walker JM, Caterina
MJ. Overexpressed TRPV3 ion channels in skin keratinocytes modulate pain sensitivity via
prostaglandin E2. J Neurosci. 2011; 28:13727-13737. [PubMed: 19091963]

Inoue M, Fujita T, Goto M, Kumamato E. Presynaptic enhancement by eugenol of spontaneous
excitatory transmission in rat spinal substantia gelantinosa neurons is mediated by transient
receptor potential A1 channels. Neuroscience. 2012; 210:403-415. [PubMed: 22426238]

Karashima Y, Talavera K, Everaertsa W, Janssens A, Kwan KY, Vennekens R, Nilius B, Voets T.
TRPALI acts as a cold sensor in vitro and in vivo. PNAS. 2009; 106(4):1273-1278. [PubMed:
19144922]

Kim SE, Patapoutian A, Grandl J. Single residues in the outer pore of TRPV1 and TRPV3 have
temperature-dependent conformations. PLoS ONE. 2013; 8:e59593. [PubMed: 23555720]

Klein AH, Carstens MI, Carstens E. Eugenol and carvacrol induce temporally desensitizing patterns of
oral irritation and enhance innocuous warmth and noxious heat sensation on the tongue. Pain. 2013
In Press.

Klein, AH.; Joe, CL.; Davoodi, A.; Takechi, K.; lodi Carstens, M.; Carstens, E. Eugenol and carvacrol
increased lingual heat responses in trigeminal subnucleus caudalis (\Vc) neurons and activate

Neuroscience. Author manuscript; available in PMC 2015 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Klein et al.

Page 12

capaicin-sensitive trigeminal ganglion neurons in rats (abstract). Program No. 784.14/NN18. 2012
Neuroscience Meeting Planner. Society for Neuroscience; New Orleans, LA: 2012b. 2012. Online

Klein AH, Carstens MI, Zanotto KL, Sawyer CM, Ivanov M, Cheung S, Carstens E. Self- and cross-
desensitization of oral irritation by menthol and cinnamaldehyde (CA) via peripheral interactions
at trigeminal sensory neurons. Chem Senses. 2011a; 36(2):199-208. [PubMed: 21059698]

Klein AH, Sawyer CM, Zanotto KL, lvanov MA, Cheung S, Carstens MI, Furrer S, Simons CT, Slack
JP, Carstens E. A tingling sanshool derivative excites primary sensory neurons and elicits
nocifensive behavior in rats. J Neurophysiol. 2011b; 105(4):1701-1710. [PubMed: 21273322]

Klein AH, lodi Carstens M, McCluskey TS, Blancher G, Simons CT, Slack JP, Furrer S, Carstens E.
Novel menthol-derived cooling compounds activate primary and second-order trigeminal sensory
neurons and modulate lingual thermosensitivity. Chem Senses. 2011c; 36(7):649-658. [PubMed:
21511802]

Klein A, Carstens MI, Carstens E. Facial injections of pruritogens or algogens elicit distinct behavior
responses in rats and excite overlapping populations of primary sensory and trigeminal subnucleus
caudalis neurons. J Neurophys. 2011d; 106(3):1078-1088.

Lee SP, Buber MT, Yang Q, Cerne R, Cortés RY, Sprous DG, Bryant RW. Thymol and related alkyl
phenols activate the hTRPA1 channel. Br J Pharmacol. 2008; 153(8):1739-49. [PubMed:
18334983]

Lee MH, Yeon KY, Park CK, Li HY, Fang Z, Kim MS, Choi SY, Lee SJ, Lee S, Park K, Lee JH, Kim
JS, Oh SB. Eugenol inhibits calcium currents in dental afferent neurons. J Dent Res. 2005;
84:848-851. [PubMed: 16109996]

Liu L, Wang Y, Simon SA. Capsaicin activated currents in rat dorsal root ganglion cells. Pain. 1996;
64(1):191-5. [PubMed: 8867262]

Maingret F, Lauritzen I, Patel AJ, Heurteaux C, Reyes R, Lesage F, Lazdunski M, Honoré E. TREK-1
is a heat-activated background K(+) channel. EMBO J. 2000; 19(11):2483-91. [PubMed:
10835347]

Mandadi S, Sokabe T, Shibasaki K, Katanosaka K, Mizuno A, Mogrich A, Patapoutian A, Fukumi-
Tominaga T, Mizumura K, Tominaga M. TRPV3 in keratinocytes transmits temperature
information to sensory neurons via ATP. Pflugers Arch. 2009; 458:1093-1102. [PubMed:
19669158]

Markowitz K, Moynihan M, Liu M, Kim S. Biological properties of eugenol and zinc-oxide eugenol.
Oral Surg Oral Med Oral Pathol. 1992; 73:729-737. [PubMed: 1437045]

Merrill AW, Cuellar JM, Judd JH, Carstens M, Carstens E. Effects of TRPAL agonists mustard oil
and cinnamaldehyde on lumbar spinal wide-dynamic range neuronal responses to innocuous and
noxious cutaneous stimuli in rats. J Neurophysiol. 2008; 99(2):415-25. [PubMed: 17942619]

Namer B, Seifert F, Handwerker HO, Maihofner C. TRPA1 and TRPMS activation in humans: effects
of cinnamaldehyde and menthol. Neuroreport. 2005; 16:955-959. [PubMed: 15931068]

Ohkubo T, Kitamura K. Eugenol activates Ca(2+)-permeable currents in rat dorsal root ganglion cells.
J Dent Res. 1997; 76:1737-1744. [PubMed: 9372790]

Park CK, Kim K, Jung SJ, Kim MJ, Ahn DK, Hong SD, Kim JS, Oh SB. Molecular mechanism for
local anesthetic action of eugenol in the rat trigeminal system. Pain. 2009; 144:84-94. [PubMed:
19376653]

Park CK, Li HY, Yeon KY, Jung SJ, Choi SY, Lee SJ, Lee S, Park K, Kim JS, Oh SB. Eugenol
inhibits sodium currents in dental afferent neurons. J Dent Res. 2006; 85:900-904. [PubMed:
16998128]

Peier AM, Reeve AJ, Andersson DA, Mogrich A, Earley TJ, Hergarden AC, Story GM, Colley S,
Hogenesch JB, Mclintyre P, Bevan S, Patapoutian A. A heat sensitive TRP channel expressed in
keratinocytes. Science. 2002; 296:2046-2049. [PubMed: 12016205]

Peng YB, Ringkamp M, Meyer RA, Campbell JN. Fatigue and paradoxical enhancement of heat
response in C-fiber nociceptors from cross-modal excitation. J Neurosci. 2003; 23(11):4766-4774.
[PubMed: 12805316]

Phelps CB, Wang RR, Choo SS, Gaudet R. Differential regulation of TRPV1, TRPV3, and TRPV4
sensitivity through a conserved binding site on the ankyrin repeat domain. J Biol Chem. 2010;
285(1):731-40. [PubMed: 19864432]

Neuroscience. Author manuscript; available in PMC 2015 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Klein et al.

Page 13

Prescott J, Stevenson RJ. Desensitization to oral zingerone irritation: effects of stimulus parameters.
Physiol. Behav. 1996; 60:1473-1480. [PubMed: 8946493]

Prescott J, Swain-Campbell N. Responses to repeated oral irritation by capsaicin, cinnamaldehye and
ethanol in PROP tasters and non-tasters. Chem Senses. 2000; 25(3):239-246. [PubMed:
10866983]

Sawyer CM, Carstens MI, Carstens E. Mustard oil enhances spinal neuronal responses to noxious heat
but not cooling. Neurosci Lett. 2009; 461(3):271-4. [PubMed: 19545607]

Sherkheli MA, Benecke H, Doerner JF, Kletke O, Vogt-Eisele AK, Gisselmann G, Hatt H.
Monoterpenoids induce agonist-specific desensitization of transient receptor potential vanilloid-3
(TRPV3) ion channels. J Pharm Pharm Sci. 2009; 12(1):116-28. [PubMed: 19470296]

Simons CT, Carstens M, Carstens E. Oral irritation by mustard oil: self-desensitization and cross-
desensitization with capsaicin. Chem Senses. 2003; 28(6):459-465. [PubMed: 12907583]

Simons CT, Sudo S, Sudo M, Carstens E. Mustard oil has differential effects on the response of
trigeminal caudalis neurons to heat and acidity. Pain. 2004; 110:64-71. [PubMed: 15275753]

Smith GD, Gunthorpe MJ, Kelsell RE, Hayes PD, Reilly P, Facer P, Wright JE, Jerman JC, Walhin JP,
Ooi L, Egerton J, Charles KJ, Smart D, Randall AD, Anand P, Davis JB. TRPV3 is a temperature-
sensitive vanilloid receptor-like protein. Nature. 2002; 418(6894):186-190. [PubMed: 12077606]

Tian Y, Schreiber R, Kunzelmann K. Anoctamins ar a family of Ca2+-activated Cl-channels. J Cell
Sci. 2012; 125:4991-4998. [PubMed: 22946059]

Tominaga M, Wada M, Masu M. Potentiation of capsaicin receptor activity by metabotropic ATP
receptors as a possible mechanism for ATP-evoked pain and hyperalgesia PNAS. 2001; 98(12):
6951-6956.

Vogt-Eisele AK, Weber K, Sherkheli MA, Vielhaber G, Panten J, Gisselmann G, Hatt H.
Monoterpenoid agonists of TRPV3. Br J Pharmacol. 2007; 151(4):530-40. [PubMed: 17420775]

Vriens J, Owsianik G, Hofmann T, Philipp SE, Stab J, Chen X, Benoit M, Xue F, Janssens A,
Kerselaers S, Oberwinkler J, Vennekens R, Gudermann T, Nilius B, Voets T. TRPM3 is a
nociceptor channel involved in the detection of noxious heat. Neuron. 2011; 70(3):482-494.
[PubMed: 21555074]

Wise PM, Wysocki CJ, Lundstrom JN. Stimulus selection for intranasal sensory isolation: Eugenol as
an irritant. Chem Senses. 2012; 37(6):509-514. [PubMed: 22293937]

Xiao R, Tang J, Wang C, Colton CK, Tian J, Zhu MX. Calcium plays a central role in the sensitization
of TRPV3 channel to repetitive stimulations. J Biol Chem. 2008; 283(10):6162—-6174. [PubMed:
18178557]

Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D, Ge P, Lilly J, Silos-Santiago Xie
Y, Distefano PS, Curtis R, Clapham DE. TRPV3 is a calcium-permeable temperature-sensitive ion
channel. Nature. 2002; 418(6894):181-186. [PubMed: 12077604]

Xu H, Delling M, Jun JC, Clapham D. Oregano, thyme and clove-derived flavors and skin sensitizers
activate specific TRP channels. Nat Neurosci. 2006; 9:628-635. [PubMed: 16617338]

Yang F, Cui Y, Wang K, Zheng J. Thermosensitive TRP channel pore turret is part of the temperature
activation pathway. Proc Natl Acad Sci USA. 2010; 107:7083-7088. [PubMed: 20351268]

Yang BH, Piao ZG, Kim YB, Lee CH, Lee JK, Park K, Kim JS, Oh SB. Activation of vanilloid
receptor 1 (VR1) by eugenol. J Dent Res. 2003; 82(10):781-5. [PubMed: 14514756]

Zanotto KL, Merrill AW, Carstens M1, Carstens E. Neurons in superficial trigeminal subnucleus
caudalis responsive to oral cooling, menthol and other irritant stimuli. J Neurophysiol. 2007;
97:966-978. [PubMed: 17151223]

Zanotto KL, lodi Carstens M, Carstens E. Cross-desensitization of responses of rat trigeminal
subnucleus caudalis neurons to cinnamaldehyde and menthol. Neurosci Lett. 2008; 430(1):29-33.
[PubMed: 18060696]

Neuroscience. Author manuscript; available in PMC 2015 June 20.



Klein et al. Page 14

Neuroscience. Author manuscript; available in PMC 2015 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Klein et al. Page 15

A B
POSt 4.5 Carvacrol Eugenol Cap K+
- - - -
4.0
Menthol AITC
3.5 - -

Carvacrol 3.0
2.5

2.0+

1.5
1.0
0.5-
0.0 T T T T T

0 5 10 15 20 25 30 35 40
Time (min)

Ratio 340/380

Capsaicin

Fig. 1.
TG and DRG cell responses to eugenol, carvacrol and other agonists. A. Example of TG cell

responses to carvacrol and capsaicin. B. Graph plots the ratio of 340/380 nm vs time for the
encircled TG cell in A. TG cell responded to carvacrol (100 uM), AITC (100 uM), eugenol
(200 pM), capsaicin (Cap; 1 uM), and a high potassium solution (K+) but not menthol (250
uM). Chemical applications indicated by black bars above the trace.
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Fig. 2.
Eugenol enhances TG cell responses to noxious heat stimulation. A. Photomicrographs of

TG cells before (Pre) and after (Post) 39°C heat alone (upper row) or 39°C immediately
preceded by bath application of 200 uM eugenol (middle row). Bottom row shows same TG
cells before and after application of high K+ solution. B. Upper trace: bath temperature
recorded near the TG cells. Lower trace: Responses of cells 2 and 3 to successive heat
stimuli and K+; cell 1 responded to K+ but not heat. Note heightened response to the second
heat stimulus preceded by eugenol. C. Enhancement of innocuous warmth (39°C) — evoked
responses. Graph plots mean baseline-corrected responses of TG and DRG cells to two
successive 39°C warm stimuli delivered at a 10 min interstimulus interval. Open bars: first
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response. Filled bars: second response, without (left; n=49 [39 DRG, 10 TG cells]) or when
preceded 30 sec earlier by 200 uM eugenol (middle; n=39 [8 DRG, 31 TG cells] or 100 uM
carvacrol (n = 28 [12 DRG, 16 TG cells]). *: significantly different compared to preceding
warm stimulus (p< 0.05, paired t-test). D. 42°C heat stimulus. Format as in C for successive
42°C heat stimuli without (n=82 [62 DRG, 20 TG cells]) or when preceded 30 sec earlier by
200 pM eugenol (n =91 [53 DRG, 38 TG cells]) or 100 uM carvacrol (n = 30 TG cells). *:
significantly different compared to preceding heat stimulus (p< 0.05, paired t-test).
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Fig. 3.

Dgse—dependent activation of V¢ neurons by eugenol and carvacrol. A: Individual example.
Shown are peristimulus time histograms (PSTH, bins: 1 sec) of a V¢ unit’s responses to
noxious heat and cold stimuli, 1% eugenol application (100 ul), followed by noxious heat
and cold stimulation three times post-eugenol application. This unit also responded to
additional chemical applications (100 pl) of 1% menthol, 10% CA and 0.01% capsaicin.
Upper left-hand inset shows temperature trace recorded at the thermode-tongue interface. B.
Dose-dependent activation of V¢ neurons by eugenol and carvacrol. Graph plots mean
responses of heat-sensitive V¢ neurons to 0.1, 1 and 10% eugenol and carvacrol applied
lingually (100 pl). Responses normalized to average baseline firing rate (100%) immediately
preceding chemical application. One percent eugenol and 10% carvacrol were significantly
greater than vehicle treatment. (*; p<0.05, one-way ANOVA, Tukey post-hoc test). Vehicle,
n =74. Eugenol: 0.1%, n = 11; 1%, n = 20; 10%, n = 11. Carvacrol: 0.1%, n = 6; 1%, n =
15; 10%, n = 12.
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Fig. 4.

Te?mporally desensitizing responses of V¢ neurons to eugenol and carvacrol. A: Eugenol.
Averaged PSTH of response to 10% eugenol superfused over the anterior dorsal surface of
the tongue at a constant rate (0.5 ml/min) for 10 min. There was a significant change in
firing rate over time, characterized by an initial increase that adapted to the pre-stimulus
baseline level (p<0.05, one-way ANOVA, n=11). Gray error bars: SEM. B. Carvacrol
(format as in A). Carvacrol (10%) similarly elicited a significant initial increase in firing that
adapted to the pre-stimulus baseline level during the 10 min application period (p<0.05, one-
way ANOVA, n=15).
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Fig. 5.
Eugenol enhancement of V¢ neuronal responses to noxious heat. A: Eugenol 0.1% had no

effect on heat-evoked responses. Shown is the averaged PSTH of 11 Vc units to heat stimuli
(arrows), before and following topical application of 0.1% eugenol to the tongue. Gray error
bars: SEM. B. 1% eugenol significantly enhanced heat-evoked responses 3 min post-
application compared to averaged values pre-application (*, p<0.05, repeated-measures
ANOVA, Tukey post hoc, n=20). See panel D. C. 10% eugenol had no effect on heat-
evoked responses (n=11). Inset shows histologically recovered V¢ units. Abbreviations: CU,
cuneate n., GR, n. gracilis; NTS, n. of solitary tract; V¢, trigeminal subnucleus caudalis. D.
Summary of enhancement of heat-evoked responses following 1% eugenol. Bar graph plots
mean noxious heat-evoked responses of V¢ units. Open bars: response before (pre) and
following application of vehicle. Filled bars: response before (pre) and following application
of 1% eugenol. * p<0.05, ANOVA, see panel B).
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Carvacrol enhancement of V¢ neurons to noxious heat (format as in Fig. 5). A. carvacrol
0.1% did not affect heat-evoked responses (n=15). B: Carvacrol 1% did not affect heat-
evoked responses (n=15). C: Carvacrol 10% significantly enhanced heat-evoked responses
at 3 min post-application compared to averaged values pre-application (*, p<0.05, repeated-
measures ANOVA, Tukey post hoc, n=12). D: Summary of data with 10% carvacrol (format

as in Fig. 5D).
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Table 1
Incidence of responses of eugenol-sensitive TG and DRG cells to other irritants. +, responded; 0, did not
respond.
Menthol | AITC | Capsaicin | n | Percent (%)
TG cells
0 0 0 1 23
+ 0 0 0 0
+ + 0 3 7
0 + + 15 349
+ 0 + 4 9.3
+ + + 9 209
0 + 0 6 136
0 0 + 5 116
DRG cells
0 0 0 2 111
+ 0 0 0 0
+ + 0 1 5.6
0 + + 8 444
+ 0 + 3 16.7
+ + + 2 111
0 + 0 0 0
0 0 + 2 111
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Table 2

Incidence of responses of carvacrol-sensitive TG and DRG cells to other irritants. +, responded; 0, did not
respond.

Menthol | AITC | Capsaicin | n | Percent (%)
TG cells

0 0 0 2 3.8

+ 0 0 4 7.5

+ + 0 6 11.3
0 + + 14 26.4
+ 0 + 4 7.5
+ + + 11 20.8
0 + 0 7 13.2
0 0 + 5 9.4

DRG cells

0 0 0 1 1.8
+ 0 0 0 0

+ + 0 2 3.6
0 + + 8 145
+ 0 + 28 50.9
+ + + 12 21.8
0 + 0 0 0

0 0 + 4 7.3
0 0 0 1 1.8
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Table 3

V/c unit heat thresholds. Thresholds are in °C + SEM. Vehicle: n = 75. 0.1% eugenol: n = 11. 1% eugenol: n =
20. 10% eugenol: n = 11. 0.1% carvacrol: n = 6. 1% carvacrol: n = 15. 10% carvacrol;: n = 12.

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Chemical | " limical | PastCramzl | Pest Chemicl | ost hemi
Threshold (°C)

Vehicle 44.3 0.4 440+0.4 45204 455+04
0.1% Eugenol 435+09 428+1.1 444 +1.2 454+1.1
1% Eugenol 449+1.1 450+1.0 459+10 482+1.2
10% Eugenol 468+ 1.0 466 +1.2 449+ 13 448+1.1
0.1% Carvacrol 43.7+10 447+15 457+1.8 45.0+£2.7
1% Carvacrol 459+1.2 451+1.0 453+1.1 473+13
10% Carvacrol 47110 46.7+1.5 476+ 1.1 479+10
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Responses of eugenol-responsive V¢ units to other chemical irritants. +, responded; 0, did not respond.

Table 4

Menthol | Cinnamaldehyde | Capsaicin | n | Percent (%)

0 0 0 3 10.3

+ 0 0 1 3.4

+ + 0 1 3.4

+ + + 11 379

0 + + 20.7

0 0 + 1 3.4

0 + 0 0 0

+ 0 + 6 20.7
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Responses of carvacrol-responsive V¢ units to other chemical irritants. +, responded; 0, did not respond.

Table 5

Menthol | Cinnamaldehyde | Capsaicin | n | Percent (%)

0 0 0 3 79

+ 0 0 0 0

+ + 0 1 2.6

+ + + 12 31.6

0 + + 7 18.4

0 0 + 11 28.9

0 + 0 2 53

+ 0 + 2 5.3
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