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ABSTRACT. Transient receptor potential ankyrin 1 (TRPA1) is a nonselective cation channel that is
activated by a variety of stimuli and acts as a nociceptor. Mouse and human TRPA1 exhibit different
reactivity to some stimuli, including chemicals such as menthol as well as cold stimuli. The cold
sensitivity of TRPA1 in mammalian species is controversial. Here, we analyzed the reactivity of
heterologously expressed canine TRPA1 as well as the mouse and human orthologs to menthol or
cold stimulation in Ca?*-imaging experiments. Canine and human TRPA1 exhibited a similar response
to menthol, that is, activation in a concentration-dependent manner, even at the high concentration
range in contrast to the mouse ortholog, which did not respond to high concentration of menthol.
In addition, the response during the removal of menthol was different; mouse TRPA1-expressing
cells exhibited a typical response with a rapid and clear increase in [Ca?*]; (“off-response”), whereas
[Ca?*], in human TRPA1-expressing cells was dramatically decreased by the washout of menthol
and [Ca?*]; in canine TRPAT-expressing cells was slightly decreased. Finally, canine TRPAT1 as well as
J. Vet. Med. Sci. mouse and human TRPA1 were activated by cold stimulation (below 19-20°C). The sensitivity to cold
85(12): 1301-1309, 2023 stimulation differed between these species, that is, human TRPA1 activated at higher temperatures

. . compared with the canine and mouse orthologs. All of the above responses were suppressed by the
doi: 10.1292/jvms.23-0327 selective TRPA1 inhibitor HC-030031. Because the concentration-dependency and “off-response” of
menthol as well as the cold sensitivity were not uniform among these species, studies of canine
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Transient receptor potential ankyrin 1 (TRPA1) is a Ca**-permeable non-selective cation channel [13] that is expressed mainly in
primary sensory neurons [31] and is involved in the perception of painful stimuli. Mammalian TRPA1 is activated by a wide variety
of reactive compounds, including pungent natural substances such as allyl isothiocyanate (AITC), cinnamaldehyde [1], and allicin
[2]. In addition to these reactive chemicals, numerous nonreactive organic chemicals also activate TRPA1, including icilin [31] and
farnesyl thiosalicylic acid [20]. The reactivity of TRPA1 to many of these stimuli is conserved among mammalian species because
the binding sites of mammalian TRPA1 to these chemicals are conserved.

Interestingly, rodent and human TRPA1 exhibit different reactivity to some chemical ligands [5, 25, 34]. For instance, menthol, a
stimulator of transient receptor potential channel subfamily M member 8, blocks TRPA1 in rodents at high concentrations [19], whereas
it stimulates this channel at lower concentrations [14]. In contrast, TRPA1 in humans and some primates is activated by menthol in a
concentration-dependent manner, even at high concentrations [3, 34], which is attributable to the three amino acid residues near the
beginning of the fifth transmembrane (TMS5) region of TRPA1 [34].

Mammalian TRPA1 is also activated by physiological stressors such as mechanical stimuli and noxious cold stimuli (reviewed in
e.g., [12, 27, 32]). In the initial report, Story et al. found that noxious cold temperatures of less than approximately 17°C activated
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mouse TRPAT [31]. The response of TRPAL1 to cold temperature remains controversial, although many studies have been carried out
in vitro (heterologous expression system or cultured nerve cells), ex vivo (primary nerve cells), and in vivo (TRPA1 knockout mice)
(reviewed in e.g., [18, 35]). To date, several studies have provided evidence either for (e.g., [4, 7, 15, 22, 29]) or against (e.g., [4, 13,
17, 21, 24]) the activation of TRPA1 by cold temperature. Possible reasons for such discrepancies include species differences and/or
differences in the methodologies or experimental conditions.

Given that the reactivity of mammalian TRPA1 to menthol and cold stimuli appears to differ among species, it might be helpful to
investigate this in mammalian species other than rodents and primates in order to further clarify the species-specific differences in the
properties of mammalian TRPA1. In dogs (Canis lupus familiaris), TRPA1 cDNA has been cloned and its reactivity to several typical
TRPAL1 stimulators has been shown by using a heterologous expression system [8]. In that study, the reactivity of canine TRPA1 to
AITC, cinnamaldehyde, allicin, diallyl disulfide and icilin was found to be similar to that of human and rodent TRPA1. However, the
reactivity of canine TRPA1 to menthol and cold temperature, in which discrepancies have been observed in other mammals, has yet
to be investigated.

In the present study, the reactivity of canine TRPA1 to menthol and cold stimulation was clarified by performing Ca®*-imaging using
a heterologous expression system. Additionally, the sensitivity of human and mouse TRPA1 to low temperature was analyzed and
compared among three different mammalian species to pave the way for a better understanding of TRPA1 cold sensitivity in mammals.

MATERIALS AND METHODS

Cloning of TRPAI genes and plasmid construction

Canine TRPA1 was cloned from dog spinal cord cDNA (healthy adult Beagle donor; Zyagen, San Diego, CA, USA) by applying a
PCR-based approach and was subcloned into the pIRES-hr-GFP-1a expression vector (Agilent Technologies, Santa Clara, CA, USA).
A single nucleotide was modified to remove the original stop codon of the TRPA1 cDNA, and the sequence was added encoding
three consecutive DYKDDDDK (FLAG TM-tag) to its 3'-ends. The translated canine TRPA1 amino acid sequence was identical to
GenBank accession no. XP_038297051.1. Human TRPA1 (GenBank accession no. NM_007332.3) and mouse TRPA1 (GenBank
accession no. NM_001348288.1) were also subcloned into pIRES-hr-GFP-1a for protein expression.

Cell culture and transfection

Human embryonic kidney 293 (HEK293) cells (American Type Culture Collection, Manassas, VA, USA) were cultured at 37°C in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum and antibiotics. For TRPA1 expression, X-tremeGENE™
HP DNA Transfection Reagent (Sigma-Aldrich, St. Louis, MO, USA) was used. The cells were seeded onto collagen-coated glass
coverslips in a 35-mm dish at 1 day before transfection. Plasmids (2 pg) were mixed with 2 pL X-tremeGENE™ HP DNA reagent
in 200 pL serum-free medium. The transfected cells were subjected to Ca®*-imaging at 1 day after transfection. “Mock” indicates
HEK293 cells transfected with empty vector.

Chemicals

Stock solutions of AITC (Sigma-Aldrich), DL-menthol (Fujifilm Wako Pure Chemical Corp., Osaka, Japan), and HC-030031
(Fujifilm Wako Pure Chemical Corp.) were dissolved in dimethyl sulfoxide, while ionomycin (Cayman Chemical, Ann Arbor, MI,
USA) was dissolved in 99.5% ethanol (final dimethyl sulfoxide/ethanol concentration was <0.1%).

Ratiometric Ca’*-imaging

Ca**-imaging analysis was performed as described by Kita et al. with some modifications [16]. Cells plated on glass coverslips
were incubated with 5 uM Fura-2 acetoxymethyl ester (Dojindo, Kumamoto, Japan) for more than 30 min at 37°C and transferred to
a recording chamber (approximately 0.4 mL) mounted on the stage of an inverted fluorescence microscope (NIKON Corp., Tokyo,
Japan) equipped with a cooled CMOS CoolSNAP camera (Teledyne Photometrics, Tucson, AZ, USA). The cells were superfused with
HEPES-buffered physiological solution containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 10 mM D-glucose, and 10
mM HEPES (pH 7.4 with NaOH). The solution was perfused at approximately 2 mL/min. The experiments were performed at room
temperature (23—-25°C) unless stated otherwise when the temperature was regulated and monitored by a CL-100 bipolar temperature
controller (Warner Instruments, Hamden, CT, USA) with an SC-20 dual in-line heater/cooler (Warner Instruments) and TA-29 bead
thermistor (Warner Instruments). The temperature of the perfusion solution was lowered from 24°C to below 16°C, with a decrease
of less than 0.2°C in 10 sec. To analyze intracellular free Ca>" concentration ([Ca®'];), Fura-2-loaded HEK293 cells were excited
alternatively at 340 and 380 nm, and images of the emitted fluorescence at 510 nm were collected every 10 sec, using NIS-Elements
acquisition software (NIKON Corp.). The ratio of fluorescence intensity at both excitation wavelengths was calculated. For the
illustration of the traces of average changes, the mean values of the ratio were averaged from more than 16 individual cells at each
recording point in a single experiment. To calculate relative reactivity, the ratio values of five consecutive time points were averaged
and the highest one in each stimulation was normalized with the peak response induced by the Ca?" ionophore ionomycin (5 uM).
The peak response to ionomycin was defined as the mean ratio value after stabilization (less than 0.3% increase in five consecutive
time points) and this ratio value was used for normalization. For the Ca>*-imaging experiments using AITC, the cells showing more
than 10% in their relative reactivity in response to AITC were defined as TRPA1-expressing cells. In the case of the experiments
without AITC, the cells showing more than 10% in their relative reactivity in response to menthol were defined as menthol-reactive
TRPA1-expressing cells. For the analysis of cold sensitivity, cells with a >10% relative reactivity compared with AITC in response
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to cold stimulation were defined as cold-sensitive cells. The threshold temperature of activation was defined as the temperature at
which a 10% increase from baseline at the 340/380-nm ratio was observed. For each Ca®*-imaging experiment, at least four individual
experiments were conducted, unless stated otherwise.

Data analysis

Concentration-response data were fitted to sigmoidal curves to obtain ECs, value using Prism software ver. 9 (GraphPad Software
Inc., San Diego, CA, USA). The statistical significance of the results was determined via an unpaired z-test with Welch’s correction,
Brown—Forsythe and Welch analysis of variance (ANOVA) tests with a Dunnett’s T3 multiple comparisons test, and repeated one-
way ANOVA with the Greenhouse—Geisser correction followed by Tukey’s multiple comparisons test using Prism software ver. 9
(GraphPad Software Inc.).

RESULTS

Menthol activates canine TRPAI in a heterologous expression system

Using canine TRPA1 channels expressed heterologously in HEK293 cells, Ca?"-imaging experiments were performed to determine
whether canine TRPA 1 was activated by menthol. Expression on the plasma membrane was confirmed by western blotting (Supplementary
Fig. 3). The application of menthol clearly increased [Ca*']; in canine TRPA 1-transfected HEK293 cells (Fig. 1A). This reaction was
suppressed by 30 uM HC-030031, a selective TRPA1 inhibitor (Fig. 1B and 1D). Such reactions were not observed in mock-transfected
HEK293 cells (Fig. 1C). Menthol increased [Ca?*]; in canine TRPA 1-transfected HEK293 cells in a concentration-dependent manner
up to 3 mM, and the ECs, value was calculated as 151.3 pM. HC-030031 significantly inhibited the increase in [Ca®"]; in response to
0.3, 1, and 3 mM menthol (Fig. 1D). Next, the proportion of menthol-sensitive cells in canine TRPA1-expressing HEK293 cells was
assessed. For this experiment, menthol was applied to canine TRPA I-transfected HEK293 cells followed by perfusion with 100 pM
AITC, a selective TRPA1 stimulator, to confirm the expression of canine TRPA1. Most of the TRPA1-expressing (AITC-sensitive)
cells were sensitive to menthol (colored dots), with a few exceptions (gray dots) (Fig. 1E). Among the 194 canine TRPA1-expressing
cells from five individual experiments, 189 (97.4%) were sensitive to menthol (Fig. 1F).

Canine TRPA1-expressing HEK293 cells respond to cold stimulation
Next, the cold sensitivity of canine TRPA1 was analyzed by Ca*'-imaging experiments using canine TRPA1-transfected HEK293
cells. The temperature of the perfusion solution was gradually lowered from 24°C to below 16°C. The cells that were activated by the
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Fig. 1. Response of canine transient receptor potential ankyrin 1 (TRPA1) to menthol as assayed by ratiometric calcium imaging. (A—C) Dotted
trace of the average changes in [Ca®']; induced by increasing the concentration of menthol in canine TRPA 1-transfected human embryonic
kidney (HEK) 293 cells in the absence (A) or presence (B) of 30 uM HC-030031, and mock-transfected HEK293 cells (C). A trace represents
a typical result from at least four experiments, and each dot represents the meanvalue of 17-25 cells from one experiment. The cells were
perfused with 5 uM ionomycin. (D) Concentration-response relationship of canine TRPA1 to menthol. Closed circles with a bold line represent
menthol, and open squares with a dotted line represent menthol plus 30 uM HC-030031 (HC). The ordinate axis represents the relative reactivity
of each concentration of menthol with or without HC-030031 to that of ionomycin. Mean = SEM (n>7). ***P<(0.001 and **P<0.01 compared
with the response without inhibitor by an unpaired ¢-test with Welch’s correction. (E) Typical dotted traces in individual cells, [Ca®']; induced
by menthol, and subsequent perfusion of 100 uM allyl isothiocyanate (AITC) to canine TRPA1-transfected HEK293 cells. (F) Percentage of
menthol-sensitive (closed bar; left) and menthol-insensitive cells (open bar; right) in canine TRPA 1-expressing cells. Mean + SEM (n=5).
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subsequent perfusion of 100 pM AITC were regarded as TRPA1-expressing cells. Among canine TRPA1-expressing cells, not only
cold-sensitive cells (colored dots) but also cold-insensitive cells (gray dots) were observed (Fig. 2A). In many cold-sensitive canine
TRPA1-expressing cells, [Ca>']; was clearly increased when the temperature was lower than 18°C (Fig. 2A and Supplementary Fig.
1A). The ratio of low temperature-sensitive cells was calculated as 59.9% (94 out of 157 cells, from five individual experiments)
(Fig. 2B). When 30 uM HC-030031 was applied during cold stimulation, the increase of [Ca?*]; in canine TRPA1-expressing cells
was hardly observed (Fig. 2C). HC-030031 decreased the reactivity of canine TRPA 1-expressing cells to cold stimulation (Fig. 2D),
to AITC (100 uM) at 25°C to similar extent and to that at lower temperature to a lesser extent (Supplementary Fig. 2). The increase
of [Ca?"]; was not observed in mock-transfected HEK293 cells during cold or AITC stimulation (Fig. 2E).

Human and mouse TRPAI exhibit sensitivity to menthol as well as to cold stimulation

For comparison, human and mouse TRPA1 were subjected to similar analysis as canine TRPA 1. Expression on the plasma membrane
was confirmed by western blotting (Supplementary Fig. 3). First, to confirm the reactivity of human or mouse TRPA 1-transfected
cells to menthol, Ca**-imaging experiments were performed using heterologously expressed channels. As previously reported [34],
human or mouse TRPA 1-transfected cells were activated by menthol in a concentration-dependent manner, up to 1 mM for human
TRPAI (Fig. 3A) and 10 uM for mouse TRPA1 (Fig. 4A). Similar to the results in canine TRPA1-transfected cells, a large majority
of human or mouse TRPA 1-expressing cells reacted to menthol. From four individual experiments, there were 129 menthol-sensitive
cells out of 134 (96.3%) human TRPA1-expressing (AITC-sensitive) cells (Fig. 3A and 3B) and 153 menthol-sensitive cells out of
165 (92.7%) mouse TRPA1-expressing cells (Fig. 4A and 4B).

Next, the cold sensitivity of human and mouse TRPA1 was analyzed using heterologously expressed channels in HEK293 cells.
Among human or mouse TRPA1-expressing (AITC-sensitive) cells, similar to canine TRPA 1-expressing cells, not only cold-sensitive
cells (colored dots) but also cold-insensitive cells (gray dots) were observed (Figs. 3C and 4C). From four individual experiments,
there were 85 cold-sensitive cells out of 130 (65.4%) human TRPA1-expressing cells (Fig. 3D) and 96 cold-sensitive cells out of 140
(68.6%) mouse TRPA1-expressing cells (Fig. 4D). The proportion of cold-sensitive cells in human or mouse TRPA1-expressing cells
was similar to that of canine TRPA1-expressing cells. HC-030031 decreased the reactivity of mouse or human TRPA1-expressing
cells to cold stimulation (Figs. 3E, 3F and 4E, 4F) and to AITC (100 uM) at lower temperature to a lesser extent (Supplementary Fig.
2). Notably, the ratio value in human TRPA1-expressing cells appeared to be decreased by HC-030031 perfusion (Fig. 3E).
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Fig. 2. Response of canine transient receptor potential ankyrin 1 (TRPAT1) to cold stimulation as assayed by ratiometric calcium imaging. (A, C, E)
Typical dotted traces in individual cells, [Ca?']; induced by lowering the temperature, and subsequent perfusion of 100 pM allyl isothiocyanate
(AITC) to canine TRPA1-transfected human embryonic kidney (HEK) 293 cells in the absence (A) or presence (C) of 30 uM HC-030031, and
mock-transfected HEK293 cells (E). The AITC-sensitive cells were considered as canine TRPA1-expressing cells. The cells were perfused with
5 uM ionomycin. (B) Percentage of cold-sensitive (closed bar; left) and cold-insensitive cells (open bar; right) in canine TRPA 1-expressing cells.
Mean + SEM (n=5). (D) Comparison of the relative reactivity to cold stimulation in the absence (—; closed bar) or presence (+; open bar) of
HC-030031. Asterisks indicate a significant difference between the absence and presence of HC-030031 as determined using an unpaired z-test
with Welch’s correction (**P<0.01). Mean + SEM (n>4).
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Fig. 3. Response of human transient receptor potential ankyrin 1 (TRPA1) to menthol- or cold-stimulation. (A) Typical dotted traces in individual
cells, [Ca?"]; induced by menthol, and subsequent perfusion of 100 uM allyl isothiocyanate (AITC) to human TRPA1-transfected human em-
bryonic kidney (HEK) 293 cells. (B) Percentage of menthol-sensitive (closed bar; left) and menthol-insensitive cells (open bar; right) in human
TRPA 1-expressing cells. Mean + SEM (n=4). (C, E) Typical dotted traces in individual cells, [Ca®"]; induced by lowering the temperature, and
the subsequent perfusion of AITC to human TRPA1-transfected HEK293 cells in the absence (C) or presence (E) of 30 uM HC-030031. The
AITC-sensitive cells were considered as canine TRPA 1-expressing cells. The cells were perfused with 5 uM ionomycin. (D) Percentage of cold-
sensitive (closed bar; left) and cold-insensitive cells (open bar; right) in human TRPA1-expressing cells. Mean + SEM (n=4). (F) Comparison of
the relative reactivity to cold stimulation in the absence (—; closed bar) or presence (+; open bar) of HC-030031. Asterisks indicate a significant
difference between the absence and presence of HC-030031 as determined using an unpaired #-test with Welch’s correction (**P<0.01). Mean +
SEM (n=4).

Comparison of the “off-response” and cold sensitivity in canine, mouse, and human TRPAI

The “off-response” phenomenon (an increase of [Ca>']; by the rapid washout of menthol) was observed in mouse TRPA1-expressing
cells (Figs. 4A and 5B) but not in human or canine TRPA 1-expressing cells (Figs. 1A, 1E, 3A, 5A and 5C). By analyzing the changes
in relative reactivity before and during the washout of menthol, the reactivity of mouse TRPA1 was confirmed to be significantly
enhanced (Fig. 5D). In contrast, the relative reactivity of canine TRPA1 tended to be slightly decreased during the washout period
while that of human TRPA1 was dramatically and significantly decreased.

The threshold temperature of activation was compared among canine, mouse, or human TRPA1-expressing cold-sensitive cells.
The average activation temperature was 19.2°C = 0.2°C, 19.3°C £ 0.3°C, and 20.2°C £ 0.2°C for canine, mouse, and human TRPA1-
expressing cells, respectively. The threshold temperatures of canine and mouse TRPA 1-expressing cells were significantly lower than
that of human TRPA1-expressing cells (Fig. 6A). Additionally, the relative reactivity of cold-sensitive cells was also compared at
approximately 16°C, 18°C, 20°C, and 22-23°C. In all three species, the relative reactivity of TRPA1-expressing cells was increased
as the temperature was lowered. Relative reactivity was significantly enhanced when the temperature was lowered to <18°C (Fig. 6B
and Supplementary Fig. 1). Of note, the relative reactivity of human TRPA 1-expressing cells tended to be enhanced at 20°C.

DISCUSSION

In this study, by analyzing heterologously expressed TRPA1 channels in Ca**-imaging experiments, we demonstrated some of
the functional properties of canine TRPA1, specifically, its reactivity to menthol as well as to cold stimulation. Canine TRPA1 was
activated by menthol in a concentration-dependent manner. Canine TRPA1 was also activated by cold stimulation, and its activation
increased as the temperature decreased. In addition to canine TRPA1, we demonstrated the cold sensitivity of mouse and human
TRPA1, which has been controversial.

Heterologously expressed canine TRPA1 was shown to respond to menthol, and this reaction was not observed in the presence of
30 uM HC-030031, a selective inhibitor of TRPA1 [10], or in mock-transfected cells (Fig. 1). Thus, we concluded that the increase
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Fig. 4. Response of mouse transient receptor potential ankyrin 1 (TRPA1) to menthol- or cold-stimulation. (A) Typical dotted traces in indi-
vidual cells, [Ca®"]; induced by menthol, and subsequent perfusion of 100 uM allyl isothiocyanate (AITC) to mouse TRPA 1-transfected human
embryonic kidney (HEK) 293 cells. (B) Percentage of menthol-sensitive (closed bar; left) and menthol-insensitive cells (open bar; right) in
mouse TRPA1-expressing cells. Mean + SEM (n=4). (C, E) Typical traces in individual cells, [Ca®"]; induced by lowering the temperature,
and subsequent perfusion of AITC to mouse TRPA1-transfected HEK293 cells in the absence (C) or presence (E) of 30 pM HC-030031. The
AITC-sensitive cells were considered as mouse TRPA1-expressing cells. The cells were perfused with 5 uM ionomycin. (D) Percentage of
cold-sensitive (closed bar; left) and cold-insensitive cells (open bar; right). Mean + SEM (n=4). (F) Comparison of the relative reactivity to
cold stimulation in the absence (—; closed bar) or presence (+; open bar) of HC-030031. Asterisks indicate a significant difference between the
absence and presence of HC-030031 as determined using an unpaired #-test with Welch’s correction (**P<0.01). Mean + SEM (n=4).

of [Ca?"]; induced by menthol was attributable to canine TRPA 1. Until now, mammalian TRPA1 orthologs have been reported to be
sensitive to menthol in humans, rhesus monkeys, rats, and mice. Interestingly, there is a clear difference in concentration-dependency
between TRPA1 in primates and rodents. Human TRPA1 is activated in a concentration-dependent manner by menthol up to 1 mM,
whereas mouse TRPA 1 exhibits a bell-shaped concentration-response curve to menthol [34]. The sensitivity to menthol has been shown
to be attributable to three amino acid residues in the TM5 region of TRPA1, namely, Ser-Thr-Val/Gly [34]. These Ser and Thr residues
are essential for the reactivity to menthol, and they are well conserved in mammals. The subsequent residue, Val or Gly, determines the
distinct dose dependency. Compared with previous studies, the reactivity of canine TRPA1 to menthol in the present study is similar
to that of human TRPAT1 but not to that of the mouse ortholog. Our observations are compatible with sequence information confirmed
by us and others [8], in that canine TRPA1 contains Ser-Thr-Val residues in its TMS region, which is the same as in human TRPA1
(Ser873, Thr874, and Val875) but not in the mouse ortholog (Ser876, Thr877, and Gly878).

Xiao et al. (2008) reported another interesting and distinctive property of mouse TRPA1, namely its “off-response” phenomenon.
They showed that 250 uM menthol did not induce an increase of [Ca®']; in mouse TRPA 1-expressing cells but that subsequent rapid
washout of menthol led to an increase of [Ca*]; [14, 34]. In the present study, the “off-response” was analyzed after the perfusion of 1
mM menthol because we and others have shown that this concentration of menthol induces a nearly maximal reaction in these species
[34]. A clear “off-response” was observed only in mouse TRPA1 (Fig. 5). In addition, an interesting difference was observed in the
reaction of canine and human TRPAT1 to the washout of menthol; that is, the reactivity of canine TRPA1 was only slightly decreased,
whereas that of human TRPA1 was decreased to almost the quiescent level. We considered that the washout of menthol was sufficient
given that the solution in the chamber was theoretically exchanged 20 times after perfusion for 4 min. Although the mechanisms
underlying such an effect of menthol on mouse TRPA1 have not well been determined, Xiao et al. (2008) proposed that menthol may
initially activate mouse TRPA1 at a single binding site but the channel switches rapidly into a non-conducting state, which has access
to the open state after the removal of menthol. Others have proposed that menthol may have two separate binding sites on mouse
TRPAL1: one responsible for activation, the other for inhibition [14]. In any case, our observations with canine, human, and mouse
TRPA1 together with the previous findings emphasize the importance of the residues in the TMS5 region for TRPA1 responsiveness
to menthol. For instance, canine and human TRPA1 share Ser-Thr-Val residues in the TM5 region (essential residues for menthol
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Fig. 5. Comparison of the “off-response” in canine, mouse, and human transient receptor potential ankyrin 1 (TRPA1). (A—C) Dotted traces of the
average changes in [Ca?']; induced by perfusion of 1 mM menthol and subsequent allyl isothiocyanate (AITC) perfusion to human embryonic
kidney (HEK) 293 cells that were transfected with canine (A), mouse (B), or human (C) TRPA1. For washout, the cells were perfused with a
menthol-free solution for at least 4 min. A trace represents a typical result from at least four experiments, and each dot represents the mean value
of 17-30 cells from one experiment. (D) Changes in relative reactivity by washout of menthol in canine, mouse, or human TRPA1-expressing
HEK293 cells. Relative reactivity of the cells just before the washout step was set to 1 (serve as a baseline), and relative reactivity after 4-min
perfusion of a menthol-free solution was compared. Asterisks indicate a significant difference between before and during washout of menthol in
the different species as determined using an unpaired #-test with Welch’s correction (*P<0.05). Mean + SEM (n=4).

(A) (B)
* * %k *%
| | | | o
122-23°C
& 21.0- 30+ | * * il 0 20°C
g 20.54 gg = 18°C
© 3 5 20 B 16°C
3 20.0- ok
£ 23
£ 495 o £
k=] 2 ® 10+
B S o
g 19.04 &8
e
F 485
18.5 0
Canine  Mouse  Human Canine Mouse Human

Fig. 6. Comparison of cold sensitivity in canine, mouse, and human transient receptor potential ankyrin 1 (TRPA1). (A) Threshold temperatures
of activation for canine, mouse, and human TRPA1-expressing human embryonic kidney (HEK) 293 cells in Ca?*-imaging experiments with
cold stimulation. Each dot represents the mean value of 16-26 cells from one experiment. Cross-bars indicate the mean value of all experiments
in each species. Asterisks indicate a significant difference, as determined by Brown—Forsythe and Welch analysis of variance (ANOVA) tests
followed by a Dunnett’s T3 multiple comparisons test (**P<0.01, *P<0.05). Mean + SEM (n>4). (B) Relative reactivity of canine, mouse,
or human TRPA1-expressing HEK293 cells in Ca?*-imaging experiments with cold stimulation was compared at approximately 16°C, 18°C,
20°C, and 22-23°C (with £+ 0.5°C margin for all temperatures). The ordinate axis shows relative reactivity at these temperatures to that of 5 uM
ionomycin. Asterisks indicate a significant difference as determined using repeated one-way ANOVA with the Greenhouse—Geisser correction
followed by Tukey’s multiple comparisons test (***P<0.001, **P<0.01, *P<0.05). Mean + SEM (n>4).

sensitivity as discussed above), but several other residues in the TM5 and neighboring regions are not identical. Such differences may
be responsible for the different reactivity of canine and human TRPA1 to menthol washout. Additionally, one of the possible factors
could be the variation in TRPA1 expression level in the plasma membrane among the species observed in the present study. Further
studies are required to clarify this point.
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It is known that mammalian TRPA1 serves as an irritancy receptor for a wide variety of chemicals, but its role in cold sensation
remains controversial. One of the possible reasons has been argued to be species differences. Nevertheless, most studies in mammals
have been carried out in humans, mice, or rats. This situation prompted us to analyze the cold sensitivity of TRPA1 in non-primate
and non-rodent species to further clarify the species differences in the cold sensitivity of mammalian TRPA1 based on comparative
perspectives. In the present study, there was no increase in [Ca®']; during cold stimulation in the presence of HC-030031 or in mock-
transfected cells (Figs. 2-4). Thus, we concluded that the observed increase of [Ca®']; during cold stimulation was attributable to
TRPAL in all three tested species.

During the cold stimulation of cells transfected with TRPA1 from all species tested in this study, not all cells were observed to be
sensitive to cold stimulation (Figs. 2—4), whereas menthol-insensitive cells were hardly observed in the TRPA 1-expressing cells (Figs.
1, 3, and 4). This observation might be explained by differences in the interaction between TRPA1 and the distinct types of stimuli.
Chemicals such as menthol and AITC exhibit direct interactions with TRPA1 by binding to their binding site(s) in the channel [11].
However, although the mechanisms underlying the cold sensitivity of TRPA1 remain to be clarified, human TRPA1 is reported to
function as a noxious cold sensor without direct cold sensing by transducing cold-induced reactive oxygen species signaling [21].
For that, the hydroxylation status of a proline residue (Pro394) in human TRPA1 plays an essential role. Cold triggers the generation
of reactive oxygen species, which are unable to activate TRPA1 with a hydroxylated proline residue, whereas they can activate a
non-hydroxylated proline, resulting in cold hypersensitivity. These findings might provide a further hint to explain our observations.
The variation of cold sensitivity among cells expressing TRPA1 from the same species might be attributable to differences in the
proline hydroxylation status (by unknown reason[s]) among the cells.

By comparing the cold sensitivity of canine, mouse, and human TRPA1, we found that TRPAT1 in all three species exhibited a
significant increase in their reactivity to cold stimulation when the temperature was lower than 18°C, whereas the threshold temperature
of activation was different (Fig. 6). The threshold temperature of canine and mouse TRPA 1 was lower than that of the human ortholog.
In addition, considering that the ratio value in human TRPA 1-expressing cells tended to be decreased by HC-030031 perfusion (Fig.
3E), human TRPA1 might be activated to some extent even at room temperature. The threshold temperature for TRPA1 activation
is considered to vary among mammalian species. In several invertebrate and ancestral vertebrate species, TRPA1 is reported to be
heat-sensitive (e.g., [9, 26, 28]), and the bimodal thermal properties of TRPA1 have been reported even in mammalian species [23,
30]. The pore-forming domain of TRPA1 is essential for its temperature sensitivity, and the ankyrin repeat domain in the N-terminal
region is important for regulating the activating temperature or reactivity to cold [6, 33]. For example, human TRPA1 is sensitive to
cold regardless of whether the N-terminal ankyrin repeat domain is retained or removed, but its reactivity to cold is different [22]. These
observations might explain the differences in the threshold temperature of activation among canine, mouse, and human TRPA1 in the
present study, in which the threshold temperature of activation and/or reactivity to cold might be differently affected according to their
N-terminal ankyrin repeat domain. Further studies are required to fully identify the mechanisms of mammalian TRPA1 cold sensitivity.

The present study showed that human and mouse TRPA1 are sensitive to cold, but this is inconsistent with the findings of some
other studies (e.g., [4, 21, 24]). Conceivable reasons for this inconsistency are differences in the methodologies and/or experimental
conditions. Moparthi ef al. (2016) argued that the regulation of TRPA1 is complex and that its sensitivity to ligands is dependent on
cellular context such as the redox state and protein kinase/phosphatase enzymes. Many of these factors are probably dependent on the
cell expression system and experimental conditions [23, 36]. These might also explain the intra-species difference in cold sensitivity
found in the present study (discussed above). Another possible difference in the experimental conditions might be the speed at which
the temperature was lowered. In the present study, the temperature was lowered gradually (a decrease of approximately 10°C in 12
min), whereas in the other studies, the temperature was lowered rapidly. Prolonged cold stimulation might enhance the cold sensitivity
of TRPAL1 via one or more unknown mechanisms.

In conclusion, we demonstrated the reactivity of canine TRPA1 to menthol as well as to cold stimulation. Because the responses of
TRPAT1 to menthol and cold differed among mammalian species, the information provided by the current study with canine TRPA1
might help to deepen our understanding of the species-specific characteristics of TRPA1, as well as lead to improvements in the
current drug development process, in which rodent models are heavily relied upon, although many human TRPA1 stimulators react
differently toward mouse or rat channels.

CONFLICT OF INTEREST STATEMENT. None of the authors has any financial or personal relationships that could inappropriately
influence or bias the content of the paper.

ACKNOWLEDGMENTS. This work was supported in part by grants from the Japan Society for the Promotion of Science KAKENHI
[No. 23K05541 to T.Y., and No. 20K06437 to J.Y. and K.U.], grants from Scientific Research on Innovative Areas ‘Thermal Biology’
[No. 15H05928 to K.U.], and a Nihon University Research Grant-in-Aid for Early-Career Scientists [to T.Y.].

REFERENCES

1. Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus MJ, Earley TJ, Patapoutian A. 2004. Noxious cold ion channel TRPA1 is activated
by pungent compounds and bradykinin. Neuron 41: 849—-857. [Medline] [CrossRef]

2. Bautista DM, Movahed P, Hinman A, Axelsson HE, Sterner O, Hogestétt ED, Julius D, Jordt SE, Zygmunt PM. 2005. Pungent products from garlic
activate the sensory ion channel TRPA1. Proc Natl Acad Sci USA 102: 12248-12252. [Medline] [CrossRef]

3. Bianchi BR, Zhang XF, Reilly RM, Kym PR, Yao BB, Chen J. 2012. Species comparison and pharmacological characterization of human, monkey,

J. Vet. Med. Sci. 85(12): 1301-1309, 2023 1308


http://www.ncbi.nlm.nih.gov/pubmed/15046718?dopt=Abstract
http://dx.doi.org/10.1016/S0896-6273(04)00150-3
http://www.ncbi.nlm.nih.gov/pubmed/16103371?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0505356102

The Journal of

Veterinary

Medical

Science COLD SENSITIVITY OF MAMMALIAN TRPA1 CHANNEL

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

rat, and mouse TRPA1 channels. J Pharmacol Exp Ther 341: 360-368. [Medline] [CrossRef]

Chen J, Kang D, Xu J, Lake M, Hogan JO, Sun C, Walter K, Yao B, Kim D. 2013. Species differences and molecular determinant of TRPA1 cold
sensitivity. Nat Commun 4: 2501. [Medline] [CrossRef]

Chen J, Zhang XF, Kort ME, Huth JR, Sun C, Miesbauer LJ, Cassar SC, Neelands T, Scott VE, Moreland RB, Reilly RM, Hajduk PJ, Kym PR,
Hutchins CW, Faltynek CR. 2008. Molecular determinants of species-specific activation or blockade of TRPA1 channels. J Neurosci 28: 5063-5071.
[Medline] [CrossRef]

Cordero-Morales JF, Gracheva EO, Julius D. 2011. Cytoplasmic ankyrin repeats of transient receptor potential A1 (TRPA1) dictate sensitivity to
thermal and chemical stimuli. Proc Natl Acad Sci USA 108: E1184-E1191. [Medline] [CrossRef]

del Camino D, Murphy S, Heiry M, Barrett LB, Earley TJ, Cook CA, Petrus MJ, Zhao M, D’ Amours M, Deering N, Brenner GJ, Costigan M, Hayward
NJ, Chong JA, Fanger CM, Woolf CJ, Patapoutian A, Moran MM. 2010. TRPA1 contributes to cold hypersensitivity. J Neurosci 30: 15165-15174.
[Medline] [CrossRef]

Doihara H, Nozawa K, Kawabata-Shoda E, Kojima R, Yokoyama T, Ito H. 2009. Molecular cloning and characterization of dog TRPA1 and AITC
stimulate the gastrointestinal motility through TRPA1 in conscious dogs. Eur J Pharmacol 617: 124-129. [Medline] [CrossRef]

Gracheva EO, Ingolia NT, Kelly YM, Cordero-Morales JF, Hollopeter G, Chesler AT, Sanchez EE, Perez JC, Weissman JS, Julius D. 2010. Molecular
basis of infrared detection by snakes. Nature 464: 1006—-1011. [Medline] [CrossRef]

Gupta R, Saito S, Mori Y, Itoh SG, Okumura H, Tominaga M. 2016. Structural basis of TRPA1 inhibition by HC-030031 utilizing species-specific
differences. Sci Rep 6: 37460. [Medline] [CrossRef]

Hinman A, Chuang HH, Bautista DM, Julius D. 2006. TRP channel activation by reversible covalent modification. Proc Natl Acad Sci USA 103:
19564-19568. [Medline] [CrossRef]

Hoffstaetter LJ, Bagriantsev SN, Gracheva EO. 2018. TRPs et al.: a molecular toolkit for thermosensory adaptations. Pflugers Arch 470: 745-759.
[Medline] [CrossRef]

Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt PM, Hogestitt ED, Meng 1D, Julius D. 2004. Mustard oils and cannabinoids excite
sensory nerve fibres through the TRP channel ANKTM1. Nature 427: 260-265. [Medline] [CrossRef]

Karashima Y, Damann N, Prenen J, Talavera K, Segal A, Voets T, Nilius B. 2007. Bimodal action of menthol on the transient receptor potential channel
TRPAL1. J Neurosci 27: 9874-9884. [Medline] [CrossRef]

Karashima Y, Talavera K, Everaerts W, Janssens A, Kwan KY, Vennekens R, Nilius B, Voets T. 2009. TRPA1 acts as a cold sensor in vitro and in vivo.
Proc Natl Acad Sci USA 106: 1273-1278. [Medline] [CrossRef]

Kita T, Uchida K, Kato K, Suzuki Y, Tominaga M, Yamazaki J. 2019. FK506 (tacrolimus) causes pain sensation through the activation of transient
receptor potential ankyrin 1 (TRPA1) channels. J Physiol Sci 69: 305-316. [Medline] [CrossRef]

Knowlton WM, Bifolck-Fisher A, Bautista DM, McKemy DD. 2010. TRPMS, but not TRPA, is required for neural and behavioral responses to acute
noxious cold temperatures and cold-mimetics in vivo. Pain 150: 340-350. [Medline] [CrossRef]

Kwan KY, Corey DP. 2009. Burning cold: involvement of TRPA1 in noxious cold sensation. J Gen Physiol 133: 251-256. [Medline] [CrossRef]
Macpherson LJ, Hwang SW, Miyamoto T, Dubin AE, Patapoutian A, Story GM. 2006. More than cool: promiscuous relationships of menthol and
other sensory compounds. Mol Cell Neurosci 32: 335-343. [Medline] [CrossRef]

Maher M, Ao H, Banke T, Nasser N, Wu NT, Breitenbucher JG, Chaplan SR, Wickenden AD. 2008. Activation of TRPA1 by farnesyl thiosalicylic
acid. Mol Pharmacol 73: 1225-1234. [Medline] [CrossRef]

Miyake T, Nakamura S, Zhao M, So K, Inoue K, Numata T, Takahashi N, Shirakawa H, Mori Y, Nakagawa T, Kaneko S. 2016. Cold sensitivity of
TRPA1 is unveiled by the prolyl hydroxylation blockade-induced sensitization to ROS. Nat Commun 7: 12840. [Medline] [CrossRef]

Moparthi L, Survery S, Kreir M, Simonsen C, Kjellbom P, Hogestitt ED, Johanson U, Zygmunt PM. 2014. Human TRPA1 is intrinsically cold- and
chemosensitive with and without its N-terminal ankyrin repeat domain. Proc Natl Acad Sci USA 111: 16901-16906. [Medline] [CrossRef]

Moparthi L, Kichko TI, Eberhardt M, Hogestitt ED, Kjellbom P, Johanson U, Reeh PW, Leffler A, Filipovic MR, Zygmunt PM. 2016. Human TRPA1
is a heat sensor displaying intrinsic U-shaped thermosensitivity. Sci Rep 6: 28763. [Medline] [CrossRef]

Nagata K, Duggan A, Kumar G, Garcia-Afioveros J. 2005. Nociceptor and hair cell transducer properties of TRPA1, a channel for pain and hearing.
J Neurosci 25: 4052-4061. [Medline] [CrossRef]

Nagatomo K, Ishii H, Yamamoto T, Nakajo K, Kubo Y. 2010. The Met268Pro mutation of mouse TRPA1 changes the effect of caffeine from activation
to suppression. Biophys J 99: 3609-3618. [Medline] [CrossRef]

Nguyen THD, Chapman S, Kashio M, Saito C, Strom T, Yasui M, Tominaga M. 2022. Single amino acids set apparent temperature thresholds for
heat-evoked activation of mosquito transient receptor potential channel TRPAL. J Biol Chem 298: 102271. [Medline] [CrossRef]

Saito S, Tominaga M. 2017. Evolutionary tuning of TRPA1 and TRPV1 thermal and chemical sensitivity in vertebrates. Temperature 4: 141-152.
[Medline] [CrossRef]

Saito S, Nakatsuka K, Takahashi K, Fukuta N, Imagawa T, Ohta T, Tominaga M. 2012. Analysis of transient receptor potential ankyrin 1 (TRPA1) in
frogs and lizards illuminates both nociceptive heat and chemical sensitivities and coexpression with TRP vanilloid 1 (TRPV1) in ancestral vertebrates.
J Biol Chem 287: 30743-30754. [Medline] [CrossRef]

Sawada Y, Hosokawa H, Hori A, Matsumura K, Kobayashi S. 2007. Cold sensitivity of recombinant TRPA1 channels. Brain Res 1160: 39-46.
[Medline] [CrossRef]

Sinica V, Zimova L, Barvikova K, Macikova L, Barvik I, Vlachova V. 2019. Human and mouse TRPA1 are heat and cold sensors differentially tuned
by voltage. Cells 9: 57. [Medline] [CrossRef]

Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR, Earley TJ, Hergarden AC, Andersson DA, Hwang SW, Mclntyre P, Jegla T, Bevan
S, Patapoutian A. 2003. ANKTMI, a TRP-like channel expressed in nociceptive neurons, is activated by cold temperatures. Cel/ 112: 819-829.
[Medline] [CrossRef]

Talavera K, Startek JB, Alvarez-Collazo J, Boonen B, Alpizar YA, Sanchez A, Naert R, Nilius B. 2020. Mammalian transient receptor potential
TRPA1 channels: from structure to disease. Physiol Rev 100: 725-803. [Medline] [CrossRef]

Wang H, Schupp M, Zurborg S, Heppenstall PA. 2013. Residues in the pore region of Drosophila transient receptor potential A1 dictate sensitivity to
thermal stimuli. J Physiol 591: 185-201. [Medline] [CrossRef]

Xiao B, Dubin AE, Bursulaya B, Viswanath V, Jegla TJ, Patapoutian A. 2008. Identification of transmembrane domain 5 as a critical molecular
determinant of menthol sensitivity in mammalian TRPA1 channels. J Neurosci 28: 9640-9651. [Medline] [CrossRef]

Zhang H, Wang C, Zhang K, Kamau PM, Luo A, Tian L, Lai R. 2022. The role of TRPA1 channels in thermosensation. Cell Insight 1: 100059.
[Medline] [CrossRef]

Zygmunt PM, Hogestitt ED. 2014. TRPAL. pp. 583-630. In: Mammalian Transient Receptor Potential (TRP) Cation Channels. Handbook of
Experimental Pharmacology, vol. 222 (Nilius B, Flockerzi V eds.), Springer, Berlin.

J. Vet. Med. Sci. 85(12): 1301-1309, 2023 1309


http://www.ncbi.nlm.nih.gov/pubmed/22319196?dopt=Abstract
http://dx.doi.org/10.1124/jpet.111.189902
http://www.ncbi.nlm.nih.gov/pubmed/24071625?dopt=Abstract
http://dx.doi.org/10.1038/ncomms3501
http://www.ncbi.nlm.nih.gov/pubmed/18463259?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.0047-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/21930928?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1114124108
http://www.ncbi.nlm.nih.gov/pubmed/21068322?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.2580-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/19576208?dopt=Abstract
http://dx.doi.org/10.1016/j.ejphar.2009.06.038
http://www.ncbi.nlm.nih.gov/pubmed/20228791?dopt=Abstract
http://dx.doi.org/10.1038/nature08943
http://www.ncbi.nlm.nih.gov/pubmed/27874100?dopt=Abstract
http://dx.doi.org/10.1038/srep37460
http://www.ncbi.nlm.nih.gov/pubmed/17164327?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0609598103
http://www.ncbi.nlm.nih.gov/pubmed/29484488?dopt=Abstract
http://dx.doi.org/10.1007/s00424-018-2120-5
http://www.ncbi.nlm.nih.gov/pubmed/14712238?dopt=Abstract
http://dx.doi.org/10.1038/nature02282
http://www.ncbi.nlm.nih.gov/pubmed/17855602?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.2221-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/19144922?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0808487106
http://www.ncbi.nlm.nih.gov/pubmed/30478741?dopt=Abstract
http://dx.doi.org/10.1007/s12576-018-0647-z
http://www.ncbi.nlm.nih.gov/pubmed/20542379?dopt=Abstract
http://dx.doi.org/10.1016/j.pain.2010.05.021
http://www.ncbi.nlm.nih.gov/pubmed/19237590?dopt=Abstract
http://dx.doi.org/10.1085/jgp.200810146
http://www.ncbi.nlm.nih.gov/pubmed/16829128?dopt=Abstract
http://dx.doi.org/10.1016/j.mcn.2006.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18171730?dopt=Abstract
http://dx.doi.org/10.1124/mol.107.042663
http://www.ncbi.nlm.nih.gov/pubmed/27628562?dopt=Abstract
http://dx.doi.org/10.1038/ncomms12840
http://www.ncbi.nlm.nih.gov/pubmed/25389312?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1412689111
http://www.ncbi.nlm.nih.gov/pubmed/27349477?dopt=Abstract
http://dx.doi.org/10.1038/srep28763
http://www.ncbi.nlm.nih.gov/pubmed/15843607?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.0013-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/21112285?dopt=Abstract
http://dx.doi.org/10.1016/j.bpj.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/35850302?dopt=Abstract
http://dx.doi.org/10.1016/j.jbc.2022.102271
http://www.ncbi.nlm.nih.gov/pubmed/28680930?dopt=Abstract
http://dx.doi.org/10.1080/23328940.2017.1315478
http://www.ncbi.nlm.nih.gov/pubmed/22791718?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M112.362194
http://www.ncbi.nlm.nih.gov/pubmed/17588549?dopt=Abstract
http://dx.doi.org/10.1016/j.brainres.2007.05.047
http://www.ncbi.nlm.nih.gov/pubmed/31878344?dopt=Abstract
http://dx.doi.org/10.3390/cells9010057
http://www.ncbi.nlm.nih.gov/pubmed/12654248?dopt=Abstract
http://dx.doi.org/10.1016/S0092-8674(03)00158-2
http://www.ncbi.nlm.nih.gov/pubmed/31670612?dopt=Abstract
http://dx.doi.org/10.1152/physrev.00005.2019
http://www.ncbi.nlm.nih.gov/pubmed/23027824?dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.2012.242842
http://www.ncbi.nlm.nih.gov/pubmed/18815250?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.2772-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/37193355?dopt=Abstract
http://dx.doi.org/10.1016/j.cellin.2022.100059

