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Abstract

Most cold-sensitive subnucleus caudalis (\V¢) neurons are also excited by the TRPM8 agonist
menthol and the TRPAL agonist cinnamaldehyde (CA). We investigated how interactions among
menthol, CA and noxious cooling and heating of the tongue affected responses of superficial V¢
units recorded in thiopental-anesthetized rats. Units responded to 1% CA which enhanced cold- and
heat-evoked responses 5 min later. They responded more strongly to 10% CA which initially
depressed cold responses, followed by enhancement at 5 min without affecting responses to heat.
Following 10% CA, the mean response to 1% menthol was significantly lower than when menthol
was tested first. After menthol, the subsequent response to CA was significantly weaker compared
to the mean CA-evoked response when it was tested first. These results demonstrate mutual cross-
desensitization between CA and menthol. The response to CA was enhanced following prior
application of 10% ethanol (menthol vehicle). Prior application of menthol did not prevent the
biphasic effect of 10% CA on cold-evoked responses, nor did prior application of CA prevent menthol
enhancement of cold-evoked responses. Responses to noxious heat were unaffected by 10% CA and
menthol regardless of the order of chemical presentation. These data indicate that superficial V¢
neurons receive convergent input from primary afferents expressing TRPM8 and TRPAL. The mutual
cross-desensitization between CA and menthol, and differential modulation of cold- vs. heat-evoked
responses, suggests a direct inhibition of TRPM8 and TRPA1 expressed in peripheral nerve endings
by CA and menthol, respectively, rather than a central site of interaction.
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Introduction

Cinnamon and mint are food spices often used in oral hygiene products. Cinnamaldehyde, the
pungent chemical in cinnamon oil, acts at the transient receptor potential (TRP) ion channel
TRPAL [2-4,13,24] whereas menthol extracted from mint leaves acts at TRPM8 [18,21].
TRPMS8 is atransducer of cool to cold temperatures [18,21] and knockout mice lacking TRPM8
exhibit reduced sensitivity to cool environmental temperatures [5,9,12]. Menthol also elicits
irritation at higher concentrations [8,10] suggesting an additional role for TRPMS8 in
chemesthesis. TRPA1 was originally reported to respond to cold temperatures at a higher
threshold (i.e., colder temperatures) compared to TRPM8 [24], and knockout mice lacking

Correspondence to: Prof. Earl Carstens, Section of Neurobiology, Physiology and Behavior, University of California, Davis, Davis, CA
95616 USA, Tel.: 1-530-752-6640 (office) or 1-530-752-7767 (lab), Fax: 1-530-752-5582, e-mail: eecarstens@ucdavis.edu.
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.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zanotto et al.

Page 2

TRPAL have been reported by one group [16] to exhibit a reduced behavioral sensitivity to
intense cooling although this has not been confirmed [3]. We recently reported [26] that oral
application of menthol excites cold-sensitive neurons in the trigeminal subnucleus caudalis
(Vc), and that most cold- and menthol-responsive neurons were also excited by
cinnamaldehyde. In the present study, we have further investigated the interactions between
menthol and cinnamaldehyde as well as their effects on responses of V¢ neurons to thermal
stimuli.

Materials and Methods

Under a protocol approved by the University of California, Davis Institutional Animal Care
and Use Committee, 14 adult male Sprague-Dawley rats (454-570 g), were anesthetized with
sodium thiopental (induction: 85 mg/kg ip; maintenance: 10 mg - kg™t - h'l iv) and prepared
for single-unit recording as described previously [26]. We isolated single units in superficial
laminae of dorsomedial V¢ that responded to cold and noxious heat stimuli delivered to the
anterior tongue by a feedback-controlled Peltier thermode (Physitemp NTE-2A, 13 mm
diameter). The thermode was programmed by computer to cool the tongue over a 45 sec period,
thereby reaching a thermode-tongue interface temperature of ~0°C, and to heat the tongue to
53°C over a period of 13 sec. Chemical stimuli were delivered to the anterior tongue by
continuous superfusion for 1 min at a rate of ~0.5 ml/min. Cinnamaldehyde (CA; Sigma-
Aldrich Chemical Co., St. Louis MO) was mixed with water and 5% Tween-80 (Sigma) to a
final concentration of 1% (76 mM) or 10% (760 mM). A 1% (64 mM) concentration of menthol
(Givaudan, Cincinnati OH) was made by dissolving it in 10% ethanol and 1% Tween-80. A
10% (2.17 M) concentration of ethanol (Sigma) was made by dissolving it in distilled water
and 1% Tween-80.

To investigate responses to different concentrations of CA, and effects of CA on thermal
responses, the stimulus sequence shown in Fig. 1 was followed. After first recording
spontaneous activity for 1 min, the cold stimulus was delivered followed 2 min later by heat.
CA (1%) was then superfused for one min, followed by rinse with 0.9% saline. The cooling
and heating sequence was then applied 2 times starting 1 min post-rinse. At least 22 min
following the end of the 1% CA infusion, 10% CA was applied in the same manner, followed
by the thermal stimulus sequence as before.

To investigate interactions between CA and menthol, the stimulus sequences illustrated in Fig.
2 were followed. CA was delivered first (not shown), and this response was used for comparison
with the response to CA when it was applied after ethanol (Fig. 2A) or menthol (Fig. 2B). A
second stimulus sequence was delivered in which ethanol (menthol control) was applied,
followed five min later by CA. A third stimulus sequence was delivered in which menthol
preceded CA to test the effects of menthol on CA-evoked responses. In the final sequence, the
order of CA and menthol application was reversed to determine the effect of CA application
on menthol-evoked responses. The effect of ethanol on menthol-evoked responses was not
investigated presently since we previously showed that 10% ethanol did not affect responses
of V¢ neurons to menthol [23]. In each sequence, cold and heat stimuli were delivered before
and after chemical stimuli to assess chemical modulation of thermally evoked responses. The
animals were allowed to recover for a minimum of 20 minutes between chemical stimulus
sequences. The responses to the first and final 10% CA applications were compared to test for
CA self-desensitization. In addition, the responses to all cold and heat stimuli delivered
immediately prior to each round of chemical stimulation were compared over the course of the
recording to determine whether thermal responses were stable over time.

Responses to each thermal or chemical stimulus were quantified by counting the number of
action potentials elicited during the 1 min period of stimulus application, and subtracting
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spontaneous activity during the 1-min period immediately prior to stimulation. Paired t-tests
were used to test whether a given response was significantly different following the
conditioning stimulus, or in comparison to pre-stimulus spontaneous activity. A repeated
measures ANOVA was used to analyze the stability of the thermal responses over time. Data
are reported as group averages plus or minus standard error and a p-value of <0.05 was
considered significant.

Units were recorded at a mean depth of 107 +/— 33 (SEM) um and were histologically localized
to the superficial dorsomedial V¢ as in previous studies [6,7,11,26]. They all responded to
noxious cooling and heating of the tongue (Fig. 1A).

Response to CA

Vc units exhibited a concentration-dependent increase in firing to lingual CA. Application of
1% CA significantly increased mean firing above the spontaneous firing rate (from 77.7 spikes/
60 sec + 29.1 SD to 223.2 spikes/60 sec + 25.0, n= 6, Fig 1A), as did 10% CA when applied
at least 22 min later (from 133.8 spikes/60 sec +61.2 to 361.3 spikes/60 sec £79.5; Fig. 1B).
The mean response to 10% CA was significantly greater than to 1% CA (p < 0.001).

CA modulation of cold-evoked reponses

Vc units exhibited a significant increase in firing during cooling (from 106.6 spikes/60 sec
+29.6 to 171.9 spikes/60 sec £48.4, p<0.001). The cold-evoked response 1 min after 1% CA
was not significantly different from the pre-CA cold-evoked response, but was significantly
larger 5 min after 1% CA (Fig. 1A; p<0.001). One min after 10% CA, the cold-evoked response
was significantly smaller, and 5 min after 10% CA it was significantly larger (p < 0.001 for
both), compared to the pre-CA cold response (Fig. 1B).

CA modulation of heat-evoked responses

The same units also exhibited a significant response to noxious heat (from 79.8 spikes/60 sec
+25.2 SD to 438.2 spikes/60 sec +49.2, Fig 1A). Heat-evoked responses were significantly
larger 3 min (p <0.01) and 7 min (p < 0.05) following 1% CA compared to the pre-CA response
(Fig. 1A). The mean heat-evoked response following 10% CA was numerically larger
compared to pre-CA although this did not reach statistical significance (Fig. 1B).

Ethanol control

Ethanol did not significantly affect mean firing (Fig. 2A, left-hand PSTH; gray bars).
Application of 10% CA post-ethanol elicited an increase in firing (Fig. 2A, right-hand PSTH,
gray bars; 215.6 spikes/60 sec +155.9 SD) that was significantly greater (p < 0.02) compared
to the response of the same units to 10% CA delivered prior to 10% ethanol (data not shown;
143.1 spikes/60 sec +46.7 SD). This indicates that 10% ethanol enhanced responses to CA.
The cold-evoked response recorded 1 min after CA following ethanol was significantly reduced
(p<0.001), similar to the effect observed when CA was delivered alone (Fig. 1B). Five min
after CA, the cold-evoked response had recovered and was not significantly different from the
cold-evoked response prior to ethanol (Fig. 2A). Mean responses to noxious heat were not
significantly affected (Fig. 2A).

Cross-desensitization between CA and menthol

When menthol was applied prior to CA, it elicited a significant (p < 0.001) increase in firing
(Fig. 2B, left-hand PSTH, gray bars). Subsequent application of CA elicited little or no increase
in firing (Fig. 2B, right-hand PSTH, gray bars), such that the response to CA post-menthol
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(54.0 spikes/60 sec £34.3 SD) was significantly smaller (p < 0.001; n= 8) compared to the
response to CA applied just prior to menthol (143.1 spikes/60 sec +46.7; Fig. 2A). The response
to CA applied before menthol (final stimulus sequence) was not significantly different from
the first CA response (p<0.2). This is consistent with menthol cross-desensitization of V¢
responses to CA rather than tachyphylaxis from repeated CA applications.

Immediately after menthol followed by CA, the mean cold-evoked response was significantly
lower compared to pre-menthol (pre-menthol: 138.2 spikes/60 sec +41.9 SD; post-CA: 65.5
spikes/60 sec +74.4, p<0.02). However, 5 min after CA the mean cold-evoked response was
significantly larger (204.3 spikes/60 sec £116.3, p<0.001) compared to pre-menthol. There
was no significant change in the mean heat-evoked response after menthol and CA (Fig. 2B).

Application of 10% CA evoked a significant increase in firing (Fig. 2C, left-hand PSTH, gray
bars). When menthol was applied 5 min later, it did not elicit a significant change in firing (Fig.
2C, right-hand PSTH, gray bars). The response to menthol post-CA was significantly lower
(Fig. 2C; $; p < 0.002) compared to the mean response to menthol when it was applied prior
to CA (Fig. 2B; left-hand PSTH; gray bars; (112.4 spikes/60 sec £51.9 pre-CA vs. 28.0 spikes/
60sec +34.5 5 min post-CA). This is consistent with CA cross-desensitization of V¢ responses
to menthol.

After CA followed by menthol, the cold-evoked response was significantly larger (Fig. 2C, *;
p < 0.05) compared to the pre-CA cold-evoked response (pre-CA: 158.2 spikes/60 sec +67.2
SD; post-CA and menthol: 221.4 spikes/60 sec £71.1) consistent with our previous study
(Zanotto et al., 2007). The subsequent response to cold, recorded 5 min post-menthol, was
numerically larger, but not significantly different compared to the pre-CA cold-evoked
response. There was no significant change in the heat-evoked responses following CA and
menthol (Fig. 2C).

The thermal stimulus sequence was always applied immediately prior to each successive round
of chemical stimulation (left-hand responses to cold and heat in Figs. 2A—C). There were no

significant differences in the cold- or heat-evoked responses preceding each chemical stimulus
when compared over the course of the experiment.

Discussion

The broadly tuned thermal and chemical responsiveness of the present superficial V¢ units is
consistent with our previous studies [6,7,11,26]. We presently focused on V¢ neuronal
responses to CA and menthol, respective agonists of TRPAL and TRPM8. The Vc units were
excited in a concentration-dependent manner by CA, which reduced the immediately following
response to noxious cold (Fig. 1B). This is consistent with human psychophysical data showing
cold hypoalgesia following cutaneous application of 10% (0.8 M) CA [20]. The mechanism
for this is not known but may speculatively involve CA desensitization of cold gating of TRPAL
[24] expressed in cold-sensitive nociceptors. Interestingly, the second cold stimulus following
CA was enhanced suggesting that activation of TRPAL can lead to delayed cold hyperalgesia.
This is consistent with our recent observation of a weak enhancement of cold pain following
application of CA (0.2%; 16 mM) to the tongue in human subjects [1].

Our data indicate lack of self-desensitization or tachyphylaxis at an interstimulus interval of
greater than 20 minutes. We previously observed that repeated application of CA at a shorter
(5 min) interstimulus interval did result in significant self-desensitization [7 and authors’
unpublished observations]. These data are consistent with human psychophysical data showing
self-desensitization of CA-evoked oral irritation lasting at least 10 min [22].
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Following 1% (but not 10%) CA, responses to noxious heat were enhanced (Fig. 1A), consistent
with our recent finding that CA enhanced the perceived intensity of lingual heat pain [1]. The
mechanism might speculatively involve a peripheral interaction between TRPA1 and TRPV1
co-expressed in thermal nociceptors, or central sensitization of V¢ neurons. The latter is

supported by the enhanced responses to both noxious cold and heat after 1% CA (Fig. 1A), but
is mitigated by the lack of significant enhancement of heat responses after 10% CA (Fig. 1B).

Menthol excited cold-sensitive V¢ neurons consistent with our recent report [26]. V¢ responses
to asecond application of menthol were reduced indicating self-desensitization [26]. Moreover,
as shown here, menthol cross-desensitized Vc responses to CA. Likewise, CA cross-
desensitized responses to menthol. The mutual cross-desensitization is unlikely to involve a
direct interaction between TRPM8 and TRPAL since they do not appear to be co-expressed in
DRG or trigeminal ganglion cells [15,19]. It also does not appear to involve central inhibition
since cold-evoked responses were enhanced, rather than depressed, following CA and menthol
regardless of the order in which they were applied. One plausible explanation comes from a
recent observation that CA inhibits TRPM8 [17], providing a peripheral site at which CA might
reduce menthol activation of TRPM8-expressing primary afferents projecting to VVc. However,
the cold-evoked response immediately post-menthol was significantly enhanced (Fig. 2C) as
we recently reported [26]. Therefore, although prior CA may inhibit gating of TRPM8 by
menthol, this is apparently not sufficient to prevent menthol enhancement of the response to
cooling. Similarly, the recent demonstration that menthol inhibits TRPAL [17] might explain
menthol cross-desensitization of V¢ responses to CA, via a peripheral depression of CA
activation of TRPA1-expressing nociceptors.

The menthol vehicle, 10% ethanol, did not excite V¢ units consistent with our recent report
[26]. Unexpectedly, V¢ unit responses to 10% CA were enhanced following ethanol (Fig. 2A).
Since ethanol was reported to excite TRPV1 [25], a possible explanation for our result is that
the ethanol acted through TRPV1 to enhance CA activation of TRPAL co-expressed in the
same nociceptive lingual nerve endings by an as yet unknown cellular interaction.
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Fig. 1.

Averaged responses of 6 V¢ units to thermal stimulation and 1% (A) or 10% (B) CA. The
response to 10% CA was significantly larger than to 1% CA (#, p<0.001). The cold responses
at 5 min post-1% and 10% CA and the heat responses at 3 and 7 min post-10% CA were
significantly larger than pre-CA (*, p<0.05), however the cold response at 1 min post-10% CA
was significantly smaller that the pre-CA response (+, p<0.001).
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Fig. 2.

Averaged responses of 8 V¢ units to thermal stimuli before and after chemical application.
A: Application of 10% EtOH followed 5 min later by 10% CA. Ethanol did not elicit a
significant response (gray portion of PSTH). The CA response was significantly increased
following EtOH (#, p<0.05). The cold response was significantly decreased at 1 min post-CA
(+, p<0.001) as compared to pre-ethanol. There were no other significant changes in the thermal
responses.

B: Application of 1% menthol followed 5 min later by 10% CA. The CA response post-menthol
was significantly reduced compared to CA alone ($, p<0.001). The cold responses were similar
to those following CA alone. The response at 1 min post-CA was significantly decreased (+,
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p<0.01) while the response at 5 min post-CA was significantly enhanced (*, p<0.05) as
compared to the response pre-menthol. The heat responses were not significantly different.
C: Application of 10% CA followed 5 min later by 1% menthol. The menthol response post-
CA was significantly reduced compared to menthol prior to CA ($, p<0.01; compare gray
portions of PSTHSs for menthol in A and B). Unlike following CA, the cold response was
significantly enhanced at 1 min post-menthol (*, p<0.05), but not significantly different at 5
min post-menthol as compared to pre-CA. The heat responses did not change significantly.

Neurosci Lett. Author manuscript; available in PMC 2009 January 3.



