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Abstract:

TRP channels play a central role in the transduction of thermal and nociceptive stimuli by free
nerve endings. Most of the research on these channels has been conducted in vitro or in vivo in
non-human animals and translation of these results to humans must account for potential
experimental biases and interspecific differences. This study aimed at evaluating the involvement
of TRPMS8, TRPA1 and TRPV1 channels in the transduction of heat and cold stimuli by the human
thermonociceptive system. For this purpose, we evaluated the effects of topical agonists of these
three channels (menthol, cinnamaldehyde and capsaicin) on the event-related brain potentials
(ERPs) elicited by phasic thermal stimuli (target temperatures: 10°C, 42°C, and 60°C) selected to
activate cold A8 thermoreceptors, warm sensitive C thermoreceptors and heat sensitive Ad
polymodal nociceptors. Sixty-four participants were recruited, 16 allocated to each agonist
solution group (20% menthol, 10% cinnamaldehyde, 0.025% capsaicin and 1% capsaicin).
Participants were treated sequentially with the active solution on one forearm and vehicle only
on the other forearm for 20 minutes. Menthol decreased the amplitude and increased the latency
of cold and heat ERPs. Cinnamic aldehyde decreased the amplitude and increased the latency of
heat but not cold ERPs. Capsaicin decreased the amplitude and increased the latency of heat ERPs
and decreased the amplitude of the N2P2 complex of the cold ERPs without affecting the earlier
N1 wave or the latencies of the peaks. These findings are compatible with previous evidence
indicating that TRPM8 is involved in innocuous cold transduction and that TRPV1 and TRPA1 are

involved in noxious heat transduction in humans.

Perspective

By chemically modulating TRPM8, TRPA1 and TRPV1 reactivity (key molecules in the
transduction of temperature) and assessing how this affected EEG responses to the activation of
cold thermoreceptors and heat nociceptors, we aimed at confirming the role of these channels in

a functional healthy human model.

Keywords:
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1. Introduction:

TRP channels and thermonociception

Following the discovery of the heat- and capsaicin-sensitive channel Transient Receptor Potential
Vanilloid 1 (TRPV1) by Caterina, Schumacher, Tominaga, Rosen, Levine, Julius 19, a number of
additional thermosensitive TRP channels were discovered and the fundamental role of these

channels in the transduction of thermal stimuli by nociceptive free nerve endings was disclosed.8.

56

Most of the research on TRP channels has been conducted in vitro or in vivo in genetically
engineered animals. If these techniques have undisputed interest, translation of these results to
humans should be done cautiously because of significant interspecific differences in the response
properties of some TRP channels!! 1432 and because their response properties are tuned by their
chemical and electrical environments5, which may be disrupted in some experimental setups.
Functional studies conducted in living humans are thus needed to understand the involvement of

TRP channels in human thermoreception and nociception.

At least three types of TRP channels are thought to be involved in the thermal activation of heat-
and cold-sensitive afferents in humans. TRPV1 is thought to be implicated in the signalling of heat,
both in the innocuous and noxious rangess, and the desensitization or deactivation of capsaicin-
sensitive afferents using high-concentration topical capsaicin was shown to strongly decrease the
ability of human subjects to detect heating stimuli in the innocuous and noxious range.53 The TRP
channel TRPMS8 is considered to be the main transducer of innocuous cold and may also be
involved in noxious cold transduction.? 4 24 It is thus likely that it plays an essential role in the
perception of cold triggered by the activation of cold-sensitive AS fibre thermoreceptors.2! Finally,
TRPA1 has been suggested to contribute to cold perception as a noxious cold sensitive channel,
even though this claim is still debated.% 45 5¢ Furthermore, together with the channels TRPV1 and
TRPM3, TRPA1 has been suggested to form a TRP channel “trio” necessary for acute noxious heat

sensing in mice 54, a fact supported by the burning pain elicited by various TRPA1 agonists such

4 ERP_agonists



as carvacrol or cinnamaldehyde.23 42 44 There is evidence that these channels are expressed by
human DRG neurons in physiological conditions.. 15> A more extensive review of the evidence of
the involvement of these TRP channels in human thermonociception can be found in a review by

Weyer-Menkhoff, Lotsch 61,

If thermosensitive TRPs can be activated by temperature, most of them are also sensitive to
certain chemicals.? Most studies in living humans investigating the role of different TRP channels
in thermoreception have focused on characterizing the spontaneous sensations elicited by the
topical application of such agonists and by evaluating the changes in sensitivity to heat and cold
using quantitative sensory testing.6! In the literature, the most widely used chemical agonists for

TRPV1, TRPA1, and TRPMS8 are, respectively, capsaicin, cinnamic aldehyde, and menthol.6!

Effects of TRP agonists on thermal-evoked brain potentials

Treating the skin with topical TRP agonists before applying transient thermal stimuli to record
event related brain potentials (ERPs) is another relatively simple way to probe the functional
involvement of TRP channels in human thermonociception. Such an approach was used by a few
studies aiming at assessing the role of TRPV1 positive fibers in the perception of heat by
evaluating the acute effects of capsaicin on contact heat-evoked brain potentials (CHEPs).12 29, 42
The authors of one of these studies also assessed the effects of topical cinnamic aldehyde and
menthol on CHEPs.#2 All failed to observe clear effects of these products. Conversely, Valeriani,
Arendt-Nielsen, Le Pera, Restuccia, Rosso, De Armas, Maiese, Fiaschi, Tonali, Tinazzi 4° showed
that laser evoked potentials (LEPs) recorded after stimulation of skin pre-treated with 3%
capsaicin cream for one hour were significantly delayed and reduced in amplitude compared to
LEPs recorded before capsaicin application or on the untreated hand. This difference in results
may come from the low signal to noise ratio of CHEPs recorded in the aforementioned studies,
which can be largely ascribed to the low heating ramps allowed by conventional Peltier thermodes

compared to laser stimulators (max. 70°C/s vs >1000°C/s respectively).
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Brisk innocuous cooling of the skin has been shown to elicit ERPs selectively reflecting the
activation of cold-sensitive AS fibre receptors 18, which are usually thought to be specific cold
thermoreceptors.16.2t However, to date, the effects of TRP channels agonists on these cold evoked

potentials (CEPs) have not been assessed.

The ERPs investigated in all these studies had latencies compatible with the conduction velocity
of Ad fibres but it is also possible, under special conditions 34, to record heat evoked potentials in
the C-fibre conduction velocity range. Valeriani, Tinazzi, Le Pera, Restuccia, De Armas, Maiese,
Tonali, Arendt-Nielsen 50 found that C-fibre LEPs recorded after one hour of pre-treatment with
3% capsaicin cream were delayed and reduced in amplitude compared to those recorded before
capsaicin application. However, this time, LEPs elicited by stimulation of skin untreated with

capsaicin (stimuli delivered to the contralateral arm) were also reduced in amplitude.

Aim

The aim of the present study was to characterize the contribution of TRPV1, TRPM8 and TRPA1
channels in the function of heat-sensitive A8 nociceptors, innocuous warm-sensitive C fibre
thermoreceptors and innocuous cold A fibre thermoreceptors in humans. For this purpose, ERPs
elicited by thermal stimulation preferentially activating these fibres were recorded for skin
treated with chemical agonists of these three TRP channels (capsaicin, cinnamic aldehyde, and
menthol), diluted in a vehicle solution, and compared to the ERPs elicited by stimulation of skin

treated with the vehicle solution only.

2. Methods:

2.1. Subjects:

A total of 64 healthy young volunteers were recruited (see Table 1 for information on the samples
characteristics). Each participant was given oral and written information on the experiment. After
reading the information leaflet, subjects gave their written informed consent. The study complied

with the latest version of the Helsinki Declaration (October 2013), except for study pre-
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registration, and was approved by the local Ethical Committee. Exclusion criteria were (1)
suffering or having a history of neurological, metabolic, or psychiatric condition, (2) habitual
consumption or consumption within the week before the experiment of medication (except
anticonception) or recreational drugs, (3) not having slept at least 6h the night before the
experiment, (4) suffering of a dermatologic condition, (5) having a lesion or scar on the volar
forearm, (6) suffering of chronic pain or being in pain on the day of the experiment, (7) playing
volleyball or another sport in which the volar forearm is stimulated extensively, (8) having a
history of allergic reaction to chili pepper, mint or cinnamon. One recruited subject was excluded
because she did not satisfy the inclusion/exclusion criteria at screening. The data of another

subject was discarded because of a dysfunction of the thermal stimulator during the experiment.

2.2. Study groups

Participants were assigned to one of four study groups. The first group (16 participants) was
treated with a topical solution of menthol (20%) used as an agonist of TRPM8. The second group
(16 participants) was treated with a topical solution of cinnamaldehyde (10%) used as an agonist
of TRPA1. The third group (15 participants after excluding one participant because she did not
satisfy inclusion criteria) was treated with a topical solution of capsaicin (0.025%) used as an
agonist of TRPV1. Finally, because the effects of the 0.025% solution of capsaicin were
inconsistent, a fourth group of 15 participants (after excluding one participant because of a
malfunction of the stimulator during the experiment) was treated with a topical solution of 1%

capsaicin.

All participants were treated with the agonist solution at one of the two forearms, and a vehicle
solution at the other forearm, during a single experimental session lasting about 2 hours. The
whole experimental sequence was performed with one of the two solutions at one forearm and
then repeated with the other solution at the other forearm (approximatively 50 minutes

separated the application of the first and second patch). The order of application of the agonist or
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vehicle solution, as well as whether it was applied on the dominant or non-dominant arm was

balanced between participants.

Participants were not aware of which products they were receiving. Due to the smell of the
compounds, most participants receiving patches with menthol or cinnamic aldehyde properly

guessed what was applied to that forearm.

2.3.  Agonist and vehicle solutions

Solutions were made using either capsaicin (>95% capsaicin; M2028, Sigma-Aldrich, Saint-Louis,
The USA), menthol (>99% L-menthol; W266523, Sigma-Aldrich, Saint-Louis, The USA) or
cinnamic aldehyde (99% trans-cinnamaldehyde; C80687, Sigma-Aldrich, Saint-Louis, The USA).
The compounds were diluted in pure ethanol (>99.8% ethanol, 20821.310, VWR, Radnor, the
USA) to obtain solutions of 0.025% and 1% capsaicin (w/v), 20% menthol (w/v) and 10%

cinnamic aldehyde (w/v).

Corresponding vehicle solutions were produced by mixing water and ethanol (80%, 90%, 99%
ethanol in water). In the case of 0.025% capsaicin, undiluted ethanol absolute was used as

corresponding vehicle solution.

2.4.  Topical agonist treatment

Capsaicin, menthol or cinnamic aldehyde was applied to the skin of the volar forearm using two
5x5 cm gauze pads (Sterilux ES, Hartmann) set on a transparent self-adhesive film (Opsite Flexifix,

Smith and nephew) and soaked with 1 ml of either active or vehicle solution per gauze pad.

The site of application of the patch (5 cm distal from the elbow crease; area: 5x10 cm) was marked
with four dots. Depilatory cream (Veet Silky Fresh®) was applied inside this area for three
minutes. After removal of the cream, three temperature measurements were taken inside and
outside (3 to 5 centimetres distally) of the application zone, using an infrared thermometer
(Tempett, SENSELab, Sweden). Subjects then rinsed their forearm using tepid water. After the

skin was dried, the two soaked gauze pads were applied against the skin during 20 minutes.
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During patch application, subjects were asked to report whether they had a sensation at the site
of the patch and, if applicable, were asked to rate the intensity of this sensation using a non-
graduated 100 mm visual analog scale (VAS; left extremity corresponding to “no sensation” and
right extremity to “the most intense imaginable”) and to describe its quality (as many and
whichever qualifiers the subjects saw fit). At the end of the 20 minutes, the patch was removed,
the area was wiped with a paper towel to remove residual solution, and three temperature
measurements were taken inside and outside of the patch area. Finally, the subject was asked to

wash the zone using tepid water and regular hand soap.
2.5.  Thermal stimulation

After topical treatment of each forearm, a total of 30 high-intensity noxious heat stimuli (60°C),
30 low intensity innocuous heat stimuli (42°C) and 30 cold stimuli (10°C) were delivered to the
treated skin in a pseudo random order (random repetition of random sequences of triplets
including all target temperatures). After each stimulus, the subject was asked to report the
intensity and quality of the elicited sensation using the same procedure used to evaluate the
sensation elicited by the patch. The inter-stimulus interval was approximately 12 s. A short break
was offered to the subject after 45 stimuli. Approximatively 20 minutes were necessary to deliver

these 90 stimulations.

All thermal stimuli were delivered using a contact thermal stimulator (TCS model II.1, QST.Lab,
Strasbourg, France). The thermode (model T03) consists of 15 Peltier elements organized onto a
3 cm diameter disk. Each Peltier element has a 7.7 mm? surface, resulting in a total stimulation
surface of approximately 1.2 cm? Target temperature was set to reach 10°C (cold), 42°C
(innocuous warm) or 60°C (noxious heat) at a rate of 300°C/s. Stimulus duration was 200 ms
(including reaching and holding time but not return to baseline). The stimulator was manually
held against the skin by the experimenter and slightly displaced within the treated area after each

stimulus.
2.6. EEG recording
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The EEG signal was recorded using 32 actively shielded Ag-AgCl electrodes mounted in an elastic
electrode cap and arranged according to the International 10- 20 system (WaveGuard 32-channel
EEG cap, Advanced Neuro Technologies). It was digitized and amplified with a 1000 Hz sampling
rate and an average reference (HS64, Advanced Neuro Technologies). Impedance was kept below
10 kQ at every electrode site.

The subjects were seated in a comfortable chair. To reduce artefact occurrence, they were asked
not to blink, speak, yawn or move during the time of stimulation, signalled at the beginning
(approximately 1 s before stimulation onset) and at the end (approximately 2 s after stimulation
onset) of each trial by an oral cue. They were also instructed to lock their gaze on a point below

the horizontal to reduce eye-blink occurrence.

2.7. EEG analysis

The EEG recordings were analysed offline using Letswave 6 (www.letswave.org). The signal was
filtered using a 50 Hz notch filter and then a 0.3-30 Hz bandpass Butterworth filter. The signal
was then segmented into epochs ranging from 0.5 s before to 1.5 s after stimulation. Ocular
artefacts were removed using the FastICA algorithm (Hyvarinen & Oja, 2000). Epochs with
amplitude values exceeding +100 pV were rejected due to the likeliness of them being
contaminated by artefacts. The reference of the signal was changed to generate two versions of
the dataset: one referenced to the average of the mastoid electrodes (M1M2) and one referenced
to the frontal midline electrode (Fz). Baseline correction was applied to all datasets (reference
interval -500 to 0 ms). Lateral electrode coordinates were flipped for all stimuli delivered to the
right arm to obtain scalp topographies expressing signal amplitude relative to the stimulated arm
(ipsilateral or contralateral). Finally, average waveforms per experimental condition and subject

and grand averages per experimental condition were computed.

Based on previous studies characterizing heat- and cold-evoked ERPs, three peaks were identified
in the individual average waveforms of the ERPs elicited by noxious heat and innocuous cold

stimulation: a negative-positive complex maximal at the scalp vertex (N2-P2) and an earlier
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negative wave maximal over the hemisphere contralateral to the stimulated forearm (N1).
Latencies and amplitude of the N2 and P2 peaks were identified at the vertex electrode (Cz)
referenced to the mastoids (M1M2). The latency and amplitude of the earlier N1 was identified
the temporal electrode contralateral to the stimulated arm (Tc) referenced to the frontal midline

electrode (Fz).

Waveforms recorded following 42°C stimulation showed weak and inconsistent responses. It was
therefore not possible to identify and characterize latency and amplitude of peaks from these

recordings.

2.8. Data analysis and statistics

Statistical testing was conducted using the open-source software JASP (v 0.14). QQ-plots of the
residuals were used to check the validity of the distributional assumptions for the ANOVAs.
Nonparametric Bayesian paired sample t-tests relied on Wilcoxon signed rank test and a data-
augmentation algorithm with 5 chains of 10000 iterations. Convergence of the procedure was
assessed using the Gelman-Rubin R hat (with values <1.1 considered as indicating that

convergence had occurred). All t-test converged.

The groups of 3 temperature measurements were averaged and the change of temperature over
patch application (A=Tafter-Thefore) Was computed for measurements taken inside and outside the
patch and for each patch. For each active solution group, they were analysed using a Bayesian
repeated measures ANOVA (implemented in the open-source statistical software JASP;
Wagenmakers, Love, Marsman, Jamil, Ly, Verhagen, Selker, Gronau, Dropmann, Boutin, Meerhoff,
Knight, Raj, van Kesteren, van Doorn, Smira, Epskamp, Etz, Matzke, de Jong, van den Bergh,
Sarafoglou, Steingroever, Derks, Rouder, Morey 58) with a factor “vehicle vs active” and a factor

“site” (2 levels: inside or outside the treated area).

The VAS intensity ratings were measured (rounded to the mm; “not detected” scored as 0) and

then normalized by dividing them by the largest rating given by the subject during the whole
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experiment (patch application or stimulation), to account for interindividual differences in the

handling of the scale.

For each active solution group, VAS ratings obtained during patch application were analysed using
a Bayesian repeated measure ANOVA (implemented in the open-source statistical software JASP)
with a factor “vehicle vs active” and a factor “time” (4 levels: 5, 10, 15 and 20 minutes after the

beginning of patch application).

The VAS intensity ratings obtained after each thermal stimulation were averaged per modality
and per subject. For each active solution group, they were analysed using a Bayesian repeated
measure ANOVA (implemented in the open-source statistical software JASP) with a factor “vehicle
vs active” and a factor “target temperature” (3 levels: cold, innocuous warm and noxious heat
stimulations). When the ANOVA yielded at least a 3.2 Bayes Factor for the inclusion of the “vehicle
vs agonist” factor or the interaction term, post-hoc comparisons were conducted between the
ratings obtained from stimulation of the agonist and vehicle arms for the same modality (i.e. 10°C
agonist vs 10°C vehicle, 42°C agonist vs 42°C vehicle, and 60°C agonist vs 60°C vehicle) using a

non-parametric Bayesian paired sample t-test.

As a significant number of 42°C stimulations were not detected, it was decided to also assess
whether the detection rate of these stimulations was affected by the agonist solutions. To do so, a
non-parametric paired sample Bayesian t-test was used to compare rates obtained from the

agonist treated arm vs those obtained from the vehicle treated arm.

The N1, N2 and P2 latencies and the N1 and N2P2 amplitudes of cold- and noxious heat-evoked
potentials were analysed, within each active solution group, using non-parametric paired sample
Bayesian t-tests (implemented in the open-source statistical software JASP)with a factor “vehicle

vs active”.

The Bayesian statistical procedure used in this article returned Bayes Factor (BF), either for the
different terms of the model (ANOVA) or for the difference between two datasets. Bayes Factors
correspond to the ratio between the probability of two hypotheses (for the ANOVAs: the factor
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should be included or not; for the t-tests: there is a difference or not) and are increasingly
recognized as a good alternative to p-values, not suffering from most of its caveats 59. The BF
reported in this paper were computed with H; (the factor should be included; there is a difference)
in the numerator (BFina or BF10), therefore, higher values indicate higher probability for an effect.
The terminology used to qualify the size of the evidence for Ho or H1 is adapted from that proposed
by Sir Harold Jeffreys??, i.e.: BF<0.01 extremely strong evidence for Ho, BF<0.032 very strong
evidence for Ho, BF<0.1 strong evidence for Ho, BF<1 trend for Ho, BF>1 trend for Hi, BF>10 strong

evidence for Hi, BF>32 very strong evidence for Hy, BF>100 extremely strong evidence for H;.

Raw data are available upon request to the corresponding author. Averaged waveforms, extracted
data, and data analysis conducted in JASP are freely available on the OSF repository of the

corresponding author (DOI 10.17605/0SF.I0/VCK6S).
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3. Results:

3.1 Patch application

Flare

The 10% cinnamic aldehyde and 1% capsaicin solutions consistently elicited a visible flare of the
treated skin. Interestingly, the visible aspect of the flare tended to differ across the two treatments.
The shape of the flare elicited by cinnamic aldehyde usually matched the shape of the gauze pad
and was uniform in colour. Conversely, the flare elicited by capsaicin tended to spread outside of
the area in direct contact with the patch and was less uniform in colour, matching the
characteristics of the axon reflex flare classically described after capsaicin application. As these
observations are derived from informal visual assessments and not from objective measures (e.g.
Doppler flowmetry), they must be taken with caution and we cannot exclude that cinnamic
aldehyde also induced an axon reflex flare of lesser intensity, as would be expected from previous
research.38-40, The 20% menthol and 0.025% capsaicin solution sometimes elicited a flare but of

lesser strength and in a less consistent fashion. Vehicle patches never elicited a flare.

Temperature

Table 2 shows the results of the two-way repeated measures Bayesian ANOVA used to analyse
temperature differences. The left panel of Figure 1 represents differences in temperature
measured in each participant. From these results, it appears that the temperature of the treated
skin consistently increased as compared to the skin outside the treated area, regardless of the
product being applied (moderate or extremely strong evidence for the inclusion of factor “Site” in
the model, depending on the agonist solution groups). The presence of 10% cinnamic aldehyde
solution on the patch led to a further increase of the temperature (extremely strong evidence for
the inclusion of the interaction term in the model) whereas the other solutions did not lead to a
clear change of temperature (trend towards an increase for 20% menthol and 1% capsaicin, trend

towards an absence of difference for 0.025% capsaicin).
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Intensity

Table 3 shows the results of the two-way repeated measures Bayesian ANOVA used to analyse the
normalized intensity ratings collected during the application of the patch. The right panel of
Figure 1 represents normalized ratings over time for each participant. In the light of these results,
all agonist solutions elicited a sensation more intense than their corresponding vehicle solutions
(extremely strong evidence for the inclusion of the factor “Agonist vs Vehicle”), which increased
over time in the case of 20% menthol, 1% capsaicin, and 0.025% capsaicin (respectively extremely
strong, very strong and very strong evidence for the inclusion of the interaction term in the model)
but not in the case of 10% cinnamic aldehyde (moderate evidence against the inclusion of the

factor “Time” and the interaction term in the model).

Quality

The 20% menthol patch elicited a cold sensation, sometimes with elements of warmness or
burning. The 10% cinnamic aldehyde patch elicited a warm/hot sensation, sometimes felt as
burning/prickly/itchy. The capsaicin patches elicited a warm/hot sensation with elements of itch,
prickle and burning, these later elements being more pronounced for the 1% than for the 0.025%

patch.

3.2. Stimulations

Intensity

As can be seen in Figure 2 and Table 4, the different temperatures of stimulation clearly led to
different perceived intensities (extremely strong evidence for the inclusion of factor “Target
temperature” in the model, for all agonist solutions). The 10°C stimulation was felt as more intense
than the 42°C stimulation and less intense than the 60°C stimulation. Except for the 20% menthol
solution, the agonists had no impact on the intensity of perception (moderate evidence against
the inclusion of the “Agonist vs Vehicle” factor in the model for cinnamic aldehyde and 0.025%

capsaicin, trend for its inclusion in the model for 1% capsaicin, moderate evidence for its inclusion
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for 20% menthol). The post-hoc comparisons revealed that menthol application led to a decrease
in the intensity of the sensation elicited by the 10°C (BF10=13.845, i.e,, strong evidence for H1) and
60°C stimulations (BF10=3.876, i.e, moderate evidence for Hi) but not by the 42°C stimuli

(BF10=0.350, i.e,, trend for Hy).

Quality

The 10°C stimulations were almost always felt as cold, sometimes with an additional element of
wetness, touch, prickle or burning. The 42°C stimuli that were detected were usually felt as warm
with sometimes an additional element of prickle or touch. Sometimes, the subject detected them
but was not able to describe the quality of the sensation. The 60°C stimuli were almost always felt
as hot and burning or pricking, sometimes only as burning or pricking without a clear thermal

quality. The agonist solutions did not seem to influence these qualities.

Detection rate

As a significant number of 42°C stimulations were not detected, it was decided to also assess
whether the detection rate of these stimulations was affected by the agonist solutions. Individual
values as well as BFio for the difference between conditions vehicle and agonist are shown in
Figure 3. The 20% menthol and the 0.025% capsaicin solutions did not affect the detection rate of
the 42°C stimulations (moderate evidence for Hg), the effect of the 10% cinnamic aldehyde
solution was not clear (trend for Ho) and 1% capsaicin solution seemed to lead to a decrease of

the detection rate (moderate evidence for H1).

Evoked potentials elicited by 42°C stimulations

As can be seen in Figure 4, the 42°C stimulations elicited inconsistent and weak EEG responses, at
latencies ranging from the AS$ fibre to the C fibre conduction velocity range. This low signal-to-
noise ratio and this inconsistency prevented the extraction of latency and amplitude values and

these waveforms were therefore not subjected to statistical analyses.

Cold evoked potentials
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The 10°C stimulus elicited a clear cold evoked potential (CEP) in almost every participant. The
shape and topographies of the peak was in line with previous recordings of such ERPs 13.18.28, The
upper parts of Figures 5 to 8 present the group level average waveforms obtained for each of the
agonist solution groups as well as the individual values of latency and amplitude extracted for

each peak and condition.

Under these graphs are also reported the BF1 obtained for differences between the vehicle and
agonist conditions. The 20% menthol solution led to an increase in latency and a decrease in
amplitude of all peaks (with evidence level ranging from moderate to extremely strong for Hi).
The 1% capsaicin solution led to a decrease of the amplitude of the N2P2 complex (very strong
evidence for H1) but, unlike menthol, did not affect its latency (trend and moderate evidence for
Ho). It did not affect the N1 wave (trend and moderate evidence for Ho). The 0.025% capsaicin and
the 10% cinnamic aldehyde solutions had no apparent effect on the latencies and amplitudes of

CEP components (evidence for Ho ranging from a trend to moderate evidence in both cases).

Contact heat evoked potentials

The 60°C heat stimuli elicited a clear contact heat evoked potential (CHEP) in almost every
participant. The identification and extraction of N1 waves was, however, notably more difficult
than for CEPs. The lower parts of Figures 5 to 8 present the group level average waveforms
obtained for each of the agonist solution groups as well as the individual values of latency and
amplitude extracted for each peak and condition. In addition to the first ERP in the A$S fibre range,
two additional and more modest positive deflections can be observed at longer latencies (starting
around 0.7 s and 1 s after stimulation and peaking around 0.8 s and 1.2 s after stimulation,

respectively). Such additional positive waves do not seem to be present in the CEP traces.

As for CEPs, BFqo are reported under the linked individual values graphs (corresponding to the
peaks of the main CHEP, in the A§ conduction velocity range) in Figures 5 to 8. In summary, the
20% menthol solution led to an increase in latency of the N1 and N2 waves and a decrease in

amplitude of the N2P2 complex (with evidence level ranging from moderate to extremely strong
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for H1). N1 amplitude was apparently not affected (moderate evidence for Ho) and there was only
a trend for a difference of P2 latency. No clear effect of the 1% capsaicin solution was noted on the
N1 and P2 wave (trend for H; or Hp) but it led to an increase of N2 wave latency and a decrease of
the N2P2 complex amplitude (evidence ranging from moderate to strong for Hi). The 0.025%
capsaicin solution did not seem to affect the CHEPs (evidence ranging from a trend to moderate
evidence for Ho). The 10% cinnamic aldehyde solution led to an increase of the N1 wave latency
(moderate evidence for Hi) without clearly affecting its amplitude and clearly delayed the N2
wave and decreased the amplitude of the N2P2 complex (strong and very strong evidence for H1)
without really affecting the P2 wave latency (trend for Ho), still leading to a decrease of the overall

N2P2 complex amplitude (very strong evidence for Hi).

Residual sensations at the end of the stimulations

For menthol, cinnamic aldehyde and 0.025% capsaicin, 4 participants out of 16 were informally
asked at the end of each stimulation block if they still felt something at the site where the patch
was applied. For menthol, they all reported a mild fresh/cool sensation at the agonist arm. For
cinnamic aldehyde, three participants reported residual sensations at the agonist tested site,
respectively “mild warm”, “mild warm/irritated”, and “mild prickle”. For 0.025% capsaicin, two

subjects reported a residual mild itchy sensation at the end of the stimulation block. No

participant reported residual sensations at the vehicle treated forearm.

For the 1% capsaicin group, all participants were informally asked if they had residual sensations
at the end of the stimulation block. Nine reported a residual “hot” sensation at the agonist treated
arm, four reported residual “burning hot” sensation and two reported a residual “pricking hot”

sensation. Two participants reported a warm residual sensation at the vehicle treated arm.

4. Discussion:

The results obtained during patch application indicate that all three topical treatments penetrated

the skin sufficiently to modulate the function of free nerve endings. Menthol modulated both the
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latencies and amplitude of cold-evoked ERPs, whereas 1% capsaicin decreased the amplitude of
the cold-evoked ERP without affecting its latency, and cinnamic aldehyde had no effect. Menthol,
cinnamic aldehyde and 1% capsaicin modulated both the latency and the amplitude of noxious
heat-evoked ERPs. The ERPs elicited by 42°C stimulations could not be interpreted but the

detection rate of these stimuli was decreased after the application of 1% capsaicin solution.

Interpreting the effects of topical TRP agonists on heat- and cold-evoked ERPs

Chemical agonists decrease the activation threshold of thermosensitive TRP channels and
increase the probability of their opening.57 Sufficient concentrations of such agonists can lead to
the activation of thermosensitive primary afferents at baseline skin temperature, as evidenced by
the sensations elicited by capsaicin, menthol or cinnamic aldehyde. Furthermore, after agonist
application some thermal stimuli may become able to activate some fibre types that are not

activated by these same stimuli in the absence of treatment, including silent nociceptors.

The increased firing rate of agonized primary afferents at baseline skin temperature would be
expected to alter the characteristics of afferent volleys generated by the presentation of a thermal
stimulus. For example, this increased firing could lead to a lesser post-stimulus increase in activity
when the stimulus is presented, especially for temperatures already saturating the afferent
activity in the absence of agonists. In parallel, the prolonged firing caused by the agonist could
lead to habituation or fatigue, i.e. the necessity for a larger change in temperature to cause the
same effects. Finally, at the time of stimulus presentation, a fraction of the fibres could be in their
refractory period, delaying their activation by the thermal stimulus and increasing the temporal
jitter of the afferent volley. These three mechanisms could take place at the level of the primary

afferent but also at higher-order relays.

Such alterations of the nociceptor afferent volley and its subsequent processing by higher-order
neurons could explain the decreased amplitudes and increased latencies that we and others#9 50
observed when recording the scalp response to brief thermal stimuli delivered to TRP agonised

skin. Indeed, somatosensory evoked potentials -such as CEPs, LEPs, and CHEPs- are triggered by
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a sudden change in the afferent input received by the brain and the amplitudes and latencies of
their peaks partially reflect the temporal dynamics of this change of input. Due to weaker pre-
synaptic activity and/or an increased post-synaptic thresholds (habituation), the post-synaptic
activation could be weaker (lesser crossing of the threshold), delayed (more time integration
necessary to reach the threshold), and more jittered (more variability arise between lines if time
integration is needed). This would result in weaker (less activated units, lower firing rates) and
slower afferent volleys and, therefore, smaller and delayed ERPs. Furthermore, increased
temporal jitter would lead to wider peaks of lesser amplitude and, if the latency jitter distribution

is left skewed (as expected for a Poisson process), later latencies.3>

Importantly, the magnitude of heat evoked potentials has been shown to be strongly dependent
on factors influencing the saliency of the stimulus.1? 27.36 Because the topical application of TRP
agonists can produce an ongoing thermal sensation (caused by the activation of sensitized
primary afferents at baseline temperature), a change in ERP amplitude observed during treatment
must be interpreted cautiously as it could be due, at least in part, to the fact that this ongoing
sensation reduces the salience of cold and/or heat stimuli applied onto the skin.*® Conversely,

manipulating stimulus salience does not seem to affect the latency of heat-evoked ERPs.

Cold-sensitive AS fibres.

The effect of menthol on the latency and amplitude of cold-evoked ERPs and the lack of effect of
cinnamic aldehyde on these same ERPs are compatible with the notion that cold-sensitive A
fibres rely on TRPM8 to encode innocuous cold, and that this transduction process does not
involve TRPAL1. This is in line with the fact that one of the few cold sensitive AS fibres recorded

with microneurography was sensitized by menthol.”

Topical 1% capsaicin reduced the amplitude of the N2-P2 complex of cold-evoked ERPs without
modulating the latency of the N2 and P2 components. This lack of effect on latencies was not due
to a lack of power, as the corresponding BFs indicated an absence of difference (moderate

evidence and a trend for Hyp in the case of N2 and P2 latencies, respectively). Furthermore, there
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was no effect of topical 1% capsaicin on the magnitude and latency of the earlier cold evoked N1
component. This isolated effect of capsaicin on the amplitude of the cold-evoked N2-P2 complex
could be explained by the fact that topical capsaicin produces an ongoing burning sensation at the
treated skin, continuing for some time after patch removal, which may render the sensation
elicited by the transient cold stimuli less prominent and hence less salient. This sustained and
prolonged burning pain sensation and the activation of heat nociceptors that underly it is also
known to cause central sensitization, a phenomenon that may not only produce hyperalgesia, but
also decrease innocuous cold detection based on the findings of one quantitative sensory testing
study?6. This could be another mechanism explaining this effect of capsaicin on cold-evoked ERPs.
Finally, it could also be a consequence of an antagonist effect of capsaicin on TRPMS, depressing

its reactivity to cold.*6

Heat-sensitive quickly responding Ad nociceptors

The finding that both capsaicin 1% and cinnamic aldehyde modulated both the latencies and the
amplitudes of A8 heat-evoked potentials is compatible with the notion that both TRPV1 and
TRPA1 are expressed by quickly responding heat-sensitive Ad nociceptors and play a role in
noxious heat encoding by these fibres. These nociceptors are thought to closely resemble the

capsaicin-mechano-heat-sensitive quickly adapting AMH type Il fibres described in monkeys. 3%

41,47

The finding that menthol also modulated the latencies and amplitude of noxious heat-evoked
potentials is more surprising. It could be explained by the fact that, at relatively high
concentrations, menthol may act as an agonist of TRPA1.5 33, 62 This effect could also be a
consequence of an antagonistic effect of menthol on TRPV1, depressing its reactivity to heat.#6
Finally, the effect of menthol on heat-evoked responses could reflect a crosstalk between cold and
noxious heat sensitive pathways, a mechanism that could also explain why innocuous cooling of
the neighbouring skin strongly reduces the sensations and evoked potentials related to the

activation of noxious heat sensitive A$ fibres.3” These last two mechanisms could also explain why
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topical menthol can alleviate the spontaneous pain, hyperalgesia and allodynia caused by

cinnamic aldehyde or capsaicin.2 42

Topical capsaicin can also produce some amount of secondary hyperalgesia due to central
sensitization. However, previous studies using high-frequency electrical stimulation of the skin to
induce such secondary hyperalgesia without agonizing TRPV1 have suggested that this central
phenomenon does not significantly affect the ERPs reflecting the activation of heat sensitive A
nociceptorsst 52, Therefore, it seems unlikely that central sensitization played a role in the

observed effects of capsaicin on CHEP latencies and amplitudes.

Heat-sensitive C fibers

The EEG responses to the 42°C stimuli had a low signal-to-noise ratio. Furthermore, between-
subject variability of the EEG response to these stimuli was high (both in terms of
presence/absence of a response and in terms of latency). Previous studies using CO- laser stimuli
managed to record innocuous warm C-fibre ERPs with similar target temperatures, shorter pulse
durations, and smaller stimulation surfaces.20. 50 This discrepancy between our results and
previous attempts may come from differences between the density of primary afferent
subpopulations between the volar forearm and the skin of the back or the perioral region where
the laser stimuli were delivered. Differences between the temperature reached at the depth of free

nerve endings using an infrared laser or a contact thermode may also be part of the explanation.?

Interestingly, application of 1% capsaicin led to a decrease of the detection rate of 42°C stimuli.
This could reflect a non-specific distracting effect of the spontaneous burning sensation elicited
by capsaicin. Alternatively, it could reflect modulation of the fibers responsible for the warm

sensation elicited by these 42°C stimuli.

In the absence of agonist, it seems unlikely that C-nociceptors encoded these innocuous warm
stimuli, as the threshold of mechano-heat-sensitive C nociceptors is reported to be somewhere
between 40 and 42°C#3 0. 63 and that of mechano-insensitive C nociceptors are even higher
(~48°C).60 C-warm fibers are a more likely candidate, as they start responding at temperatures
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slightly above baseline skin temperatures (32°C) and up to 40°C and maybe more.2s Another
possible candidate to encode these stimuli would be the C2 fibres described by Campero,
Baumann, Bostock, Ochoa 7, which responded to cold in the innocuous range and to warmth in the
upper innocuous range (median threshold 37.6°C). These two last categories of C fibres are
thought to be the main drivers of the sensation of warmth in humans.30

Capsaicin modulation of the response of these fibres is expected, as capsaicin “denervation” was
shown to strongly disturb the sense of innocuous warmth, suggesting that at least one of these
two populations of neurons express TRPV1.53 The decreased detection rate that we observed after
capsaicin application could be explained by agonisation of TRPV1 channels expressed by these
fibres, leading to an increased firing rate at baseline temperature and therefore a lesser or absent
increase in firing elicited by the 42°C stimuli.

Importantly, after the application of TRP agonists such as capsaicin or cinnamic aldehyde, some
fibres may have become responsive to the 42°C stimulus, including C fibre nociceptors and even

silent nociceptors. Our results cannot provide evidence for or against this possibility.

Effects of topical agonists in other experimental approaches

The decreased responses to thermal stimuli that we observed in the present study could appear
to contradict the results of studies having shown that capsaicin, cinnamic aldehyde and menthol
decrease heat pain thresholds (HPT) assessed using quantitative sensory.¢! A likely explanation
for this discrepancy is that QST assesses the HPT by slowly ramping temperature by 1°C/s until
the subject presses a button. Using such a stimulation protocol, the sensation leading the
participant to press the button most probably relates to the overall activity within heat-sensitive
afferents which is likely to be increased by the topical agonists. Conversely, transient responses
to a short-lasting thermal pulse such as heat-evoked ERPs are determined mainly by the relative
increase in activity immediately following the thermal stimulus rather than the total net activity
within peripheral afferents. Another explanation could be that quickly responding afferents

producing transient responses such as heat-evoked ERPs and slowly-responding afferents that
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contribute to the sensations produced by slow thermal ramps such as those used for QST are not
similarly modulated by topical agonists. Finally, as the skin acts as a buffer on heat transfer, the
relative temperature at different skin depth is certainly different between stimuli reaching their
target temperature at 1°C/s or 300°C/s (more uniform across depth in the first case) and such

very phasic stimuli may, therefore, fail to recruit primary afferents terminating deeper in the skin.

Limitations of the chosen TRPM8, TRPV1 and TRPA1 agonists

Menthol is often presented as a specific agonist of TRPM8. However, there is a significant amount
of evidence that the human TRPA1 is also sensitive to menthol,5 33 62 albeit a higher concentration
of this compound is needed to produce the same agonistic effect as cinnamic aldehyde (~20 fold).
5 Menthol has also been reported to have an antagonistic effect on human TRPV1, and capsaicin
(usually presented as a selective agonist of TRPV1) may have a symmetrical antagonistic effect on
human TRPM&8.4¢ Further, capsaicin has been reported to have a number of effects that do not

depend on TRP channels but could influence thermoreception.6

This lack of specificity limits the possibility of using these substances to tease out the specific
involvement of TRPMS8, TRPV1 and TRPA1 channels in the transduction of thermal stimuli within
human free nerve endings. This also applies to our results, even though combined information on
the effects of several agonists partially counterbalances this lack of specificity of each separate

agonist.

Limitations of using ethanol as solvent

Ethanol is also thought to be an agonist of TRPV1.48 [ts use as a solvent in this experiment may, at
first sight, appear as a limitation of our study. However, the design that we used allows to cancel
out the effect of ethanol, as it should be equally strong in both the agonist and vehicle conditions
and therefore should not influence the paired sample analysis. This holds true only if the effect of
ethanol on TRPV1 is weak enough to allow an additional effect of another agonist. Based on the
quality of the sensations elicited by the vehicle patch and the absence of flare, it seems that this

was the case in our experiment.
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Additional deflections in the waveforms recorded after 60°C stimuli

In addition to the classical peaks in the A§ conduction velocity range elicited by 60°C stimuli, we
also observed two positive deflections ranging from approximatively 700 to 800 ms and 1000 to
1200 ms post stimulation. The latter is probably related to the activation of (noxious) heat
sensitive C fibres and can be paralleled with numerous recordings of such ultra-late ERPs.34
However, it is usually accepted that concomitant stimulation of noxious heat sensitive A fibres
results in the masking/suppression of this ultra-late response. For some reason, some stimuli may
have failed to elicit sufficient AS nociceptor activity to elicit an ERP in the late range, leading to
the unmasking of an ERP in the ultra-late range, both types of ERPs being pooled together when
computing the subject level average waveforms. The deflection ranging from 0.7 to 0.8 s after
stimulation could be a small CEP elicited by the active cooling of the skin at the end of the 200 ms

stimulation period.

Conclusion

Our results are compatible with the notion that TRPM8 is involved in innocuous cold transduction
and that TRPV1 and TRPA1 are involved in noxious heat transduction in human free nerve
endings. More specifically, our data are compatible with the notion that small myelinated A$ cold
thermoreceptors are reliant on TRPM8 and that quickly responding heat sensitive A$ fibre

nociceptors are reliant on both TRPV1 and TRPA1.
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5. Tables

10% 0.025%
20% menthol 1% capsaicin
cinnamaldehyde capsaicin

n 16 16 15 15

24 22 23 23
Age (years)

[23 - 26] [20.75 - 24] [21.5 - 24] [20 - 24]

Gender (F / M) 9/7 9/7 9/6 9/6
Laterality (RH / LH) 14/2 14/2 14/1 15/0

Table 1: sample characteristics Count variables are presented as sums, continuous variables
are presented as median [25% percentile - 75% percentile]; F: females, M: males; RH: right handed,

LH: left handed
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Model > > Menthol Cinnamaldehyde Capsaicin 0.025% Capsaicin 1%
incl excl
Component Pinclldata Pexclldata BFinc Pinclldata Pexclldata BFina Pinclldata Pexclldata BFina Pinclldata Pexclldata BFina
A%ZEE:S 0600 0400 | 045¢ 0546 0555 [ETNNESGRENSIZIZNPN 0481 0519 0617 | 0736 0264 1863
Site 0600 0400 | 0924 0076 8138 [EEEN) 9'011(?6 © 7.399¢+8 5'95;5‘? T 1.120e+6  1.000 1'5?30‘*' 4.192¢ +8
Interaction 0.200 0.800 0.257 0.743 1.387 0.999 6'7_1% 5896.806 0.126 0.874 0.576 0.345 0.655 2.110
Table 2 Change of temperature during patch application - Results of the Bayesian repeated measures ANOVA
Menthol Cinnamaldehyde Capsaicin 0.025% Capsaicin 1%
Model p p
incl excl
Component Pinclldata Pexclldata BFinc Pinclldata Pexclldata BFina Pinclldata Pexclldata BFina Pinclldata Pexclldata BFina
Agoni 883e-
OMIStVS 1 600 0400 ETOLIEIL 1000 /883€ 54570413 1000 4766e-7  1399e+6  1.000  0.000
vehicle 15
Time (ORI 1.000 5.28le-6  126232.752 0.266 0.734 0.241 1.000 2.128e-6 313214.818
Interaction 0.200 0.800 0.997 0.003 1533.503 0.031 0.969 0.128

Table 3 Intensity ratings during patch application - Results of the Bayesian repeated measures ANOVA

Model Menthol
t Pincl Pexcl
componen Pinc1|data Pexcl|data BFinc
Target 0.600 0400 [EROLIOXO
temperature
Avoni
BOMIStVS 1 (600 0400 | 0842 0158 3.541
vehicle
Interaction | 0200 0.800 | 0459  0.541 3.398

Pinclldata

1.000

0.218

0.048

Cinnamaldehyde
Pexclldata BFind
2.554e -

15 2.611e+14
0.782 0.186
0.952 0.200

Capsaicin 0.025%
Pincljdata  Pexcljdata ~ BFinal
1.000 0.000
0.201 0.799 0.167
0.027 0.973 0.112

Pina |data

0.608

0.099

Capsaicin 1%

Pexcl|data BFind
2.665e -
15 2.502e +14
0.392 1.033
0.901 0.442

Table 4 Intensity ratings of the stimuli - Results of the Bayesian repeated measures ANOVA
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6. Figures
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Figure 1 Effects of patch application on skin temperature and perception For each agonist
solution group (rows), the individual values of temperature difference inside and outside of the
patch (left column) and normalized intensity rating (right column) taken at different time points

during patch application (5’, 10’, 15’, and 20’ after patch application) are represented. For each
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subject, the observations obtained during the active (a) patch application and that obtained

during the vehicle (v) patch application are linked.

Normalized ratings (0-1)
Menthol 20% Cinnamaldehyde 10%

WA

0.8}

06

0.4

0.2}

Figure 2 Normalized intensities of the sensations elicited by the thermal stimulations For
each agonist solution group, the averaged normalized intensities are plotted per subject and per
target temperature (10°C, 42°C, and 60°C) as linked observation for the active (a) patch and the

vehicle (v) patch arms.
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Detection rate of the 42°C stimuli

Menthol Cinnamaldehyde Capsaicin Capsaicin
20% 10% 0.025% 1%
1 1
ool 0.9r
0.8}
0.8f
0.7f
0.7} 0.6k
0.6 0.5¢
0.4r
0.5f
0.3}
0.4r 02}
0.3 alx v 0.1
BF,,: 0.268

Figure 3 Detection rate for the 42°C stimulation For each agonist solution group, individual
detection rates of stimuli are plotted as linked observations for the active patch (a) and vehicle
patch (v) arms. The BFy for the paired sample non-parametric Bayesian t-test conducted on these

data is reported under each graph.
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Innocuous warm (42°C) evoked potential

Menthol 20% Cinnamaldehyde 10%

4 N )

Cz Cz
M1M2 agonist M1M2

agonist
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1 p\;'l_ 1 u\;l

+ +

02s 02s
. VRN /
Capsaicin 0.025% Capsaicin 1%
/ CZmime agonist \ / CZymimz agonist \

m vehicle vehicle

Figure 4 Group level grand average waveforms recorded at the vertex electrode
(referenced to the mastoid electrodes) following the 42°C stimulation Waveforms obtained

from the agonist patch arm (blue) and the vehicle patch arm (orange) are plotted separately.
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Figures 5/6/7/8 Effects of 20% menthol/10% cinnamic aldehyde/0.025% capsaicin/1% capsaicin patch on CEPs (upper row) and CHEPs
(lower row) In the left part of the graph, grand average waveforms recorded at the vertex (reference: mastoid electrodes) and at the contralateral
temporal electrode (reference: frontal midline electrode) are displayed. Waveforms obtained from stimulation of the active (blue) and vehicle (orange)
patch arms are plotted separately. In the right part of the graph, the latencies and amplitudes extracted from the average waveforms per subject and
per condition (a=active patch arm, v=vehicle patch arm) are displayed as linked observations (per subject). The BF1, for the paired sample non-

parametric Bayesian t-test conducted on these data is reported under each graph.
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