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Abstract 

Transient receptor potential ankyrin 1 (TRPA1) is a homotetrameric nonselective cation-

permeable channel with six transmembrane domains and cytoplasmic N- and C-termini. The 

N-terminus is characterized by an unusually large number of ankyrin repeats. TRPA1 was 

initially identified as a potential mediator of noxious cold stimuli in mammalian nociceptive 

sensory neurons. Meanwhile, TRPA1s from non-mammalian vertebrates (snakes, green anole 

lizards, frogs and chickens) are activated by heat, but not cold stimulus. Although the 3-

dimensional structure of human TRPA1 has been determined and TRPA1 channels from 

insects to birds are known to be activated by heat stimulus, the mechanism for temperature-

dependent TRPA1 activation is unclear.  The aim of this thesis work is to investigate whether 

TRPA1 is activated by heat directly and how extracellular Ca2+ is involved in heat-evoked 

activation of TRPA1. The detailed properties of green anole TRPA1 channel (gaTRPA1) 

expressed in HEK293T cells exposed to thermal and chemical stimulation were first 

examined in whole-cell and single-channel recordings. Arrhenius plots showed heat-evoked 

activation of gaTRPA1 with an activation temperature threshold of 35.8 °C, whereas heat 

together with the chemical agonist allyl isothiocyanate (AITC) had synergistic effects on 

gaTRPA1 channel activation in that either the temperature threshold or activating AITC 

concentration was reduced in the presence of the other stimulus. To investigate whether heat 

directly activates gaTRPA1 channels, excised inside-out membrane patches from gaTRPA1-

expressing HEK293T cells were analyzed by the patch-clamp method. These measurements 

showed that heat and AITC directly activate gaTRPA1 channels. A comparison of the 

kinetics of heat- and AITC-evoked single-channel currents revealed that heat-activated 

currents had shorter open and closed times than those for AITC, thus indicating different 

activation mechanisms of heat and AITC. Significant heat-evoked gaTRPA1 activation was 

observed in the presence, but not absence, of extracellular Ca2+. To understand the role of 
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extracellular Ca2+ in heat-evoked activation of TRPA1 channels, the extracellular Ca2+-

dependent heat sensitivity of gaTRPA1 was compared with the heat-activated TRPA1 

channels from rat snake (rsTRPA1) and chicken (chTRPA1).  In the absence of extracellular 

Ca2+, rsTRPA1 and chTRPA1 were activated by heat and generated small inward currents at -

60 mV. A comparison of extracellular amino acids in TRPA1 from these three species 

(gaTRPA1, chTRPA1 and rsTRPA1) identified three negatively charged amino acid residues 

(glutamate and aspartate) near the outer pore vestibule that are involved in heat-evoked 

TRPA1 activation in the presence of extracellular Ca2+. These results suggest that 

neutralization of acidic amino acids by extracellular Ca2+ is important for heat-evoked 

activation of gaTRPA1, chTRPA1, and rsTRPA1, which could clarify mechanisms of heat-

evoked channel activation. 
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Introduction 

Transient receptor potential (TRP) channels are nonselective cation-permeable channels that 

can be categorized into 7 subfamilies: TRPC (canonical), TRPV (vanilloid), TRPA (ankyrin), 

TRPM (melastain), TRPP (polycystin), TRPML (mucolipin) and TRPN (NOMPC) (not 

found in mammals) (Wu et al., 2010). Over the last two decades, TRP ion channels were 

identified as molecular sensors for many different ambient stimuli, including temperature.  

The temperature sensitivity of TRP ion channel family members varies.  For example, TRP 

vanilloid (TRPV) 1-4 (Caterina et al., 1997; Caterina et al., 1999; Guler et al., 2002; Peier et 

al., 2002b; Smith et al., 2002; Xu et al., 2002) and TRP melastatin (TRPM) 2-5 (Talavera et 

al., 2005; Togashi et al., 2006; Vriens et al., 2011) are activated by hot and warm 

temperatures.  Meanwhile, TRPM8 and TRP canonical (TRPC) 5 in mice and humans are 

activated by cold stimulus (McKemy et al., 2002; Peier et al., 2002a; Zimmermann et al., 

2011). TRPA1, a unique member of the ankyrin subfamily, was initially identified as a 

potential mediator of noxious cold stimulus in mouse nociceptive sensory neurons (Story et 

al., 2003). This hypothesis was based on the observation that TRPA1 responds to cold 

stimulus in heterologous expression systems, although other recent studies did not observe 

TRPA1 cold sensitivity (Jordt et al., 2004; Nagata et al., 2005). Although many TRP channel 

family members contain between 3 and 6 ankyrin repeats (ARs) in the N-terminal region, 

TRPA1 is distinguished by having an unusually large (16-17) number of AR repeats 

(Cordero-Morales et al., 2011). The trpa1 gene was first cloned from lung fibroblasts 

(Jaquemar et al., 1999) and was originally named ANKTM1 because of these multiple N-

terminal ankyrin repeats (Story et al., 2003). TRPA1 is primarily expressed in dorsal root 

ganglia (DRG) as well as trigeminal ganglia (TG) and nodose ganglia in mammals, where it 

was reported to respond to noxious cold and some pungent chemicals (Story et al., 2003; 

Bautista et al., 2005).  TPRA1 is a homotetrameric nonselective cation permeable channel 
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with six transmembrane domains (Gaudet, 2008; Paulsen et al., 2015) that functions as a 

polymodal receptor to detect various noxious (pungent) chemicals such as allyl 

isothiocyanate (AITC), piperin, allicin, cinnamaldehyde (CA), sanshool, oleocanthal, 

carvacrol and miogadial contained in mustard oil, black pepper, garlic, cinnamon, Japanese 

pepper (Sansho), olive oil, oregano and Zingiber mioga (Bandell et al., 2004; Jordt et al., 

2004; Macpherson et al., 2005; Koo et al., 2007; Iwasaki et al., 2009; Okumura et al., 2010; 

Peyrot des Gachons et al., 2011). TRPA1 activity is inhibited by 1,8-cineole and borneol 

contained in some plants (Takaishi et al., 2012; Takaishi et al., 2014). The channels also 

respond to mechanical stimulus (Kwan et al., 2006), intracellular alkalization (Fujita et al., 

2008), and hyperosmotic stress (Zhang et al., 2008).  

    TRPA1 has been linked to several painful sensations and diseases, such as inflammatory 

pain, cold hyperalgesia, mechanical pain, mechanical hypersensitivity, inflammatory pain, 

and asthmatic airway inflammation (Bandell et al., 2004; Jordt et al., 2004; Nagata et al., 

2005; Bautista et al., 2006; Kwan et al., 2006; Caceres et al., 2009), and trpa1-/- mice or mice 

treated with TRPA1 antagonists showed reduced pain behaviors or inflammation.  TRPA1 is 

also involved in Familial Episodic Pain Syndrome (FEPS), an inherited disease that occurs in 

people from Columbia who carries a point mutation in TRPA1 (N855S) (Kremeyer et al., 

2010). The biophysical properties of TRPA1 N855S differ from wild type by showing 

increased inward currents upon stimulation with TRPA1 agonists or at normal resting 

potentials. 

    As TRPA1 is involved in various types of pain and diseases, drugs that can inhibit TRPA1 

channel activity are necessary in the medical sphere. Unlike TRPA1 activators, few TRPA1 

inhibitors have been studied. Whereas AP-18 [(Z)-4-(4-chlorophynyl)-3-methylbut- 3-en-2-

oxime] inhibits TRPA1 and reduces inflammatory pain in vivo (Petrus et al., 2007), A-

967079 [(R)-8-[4-methyl-5-(4-trifluoromethylphenyl)-oxazol-2-ylamino]-1,2,3,4-
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tetrahydronaphthalen-2-ol)], which is similar to AP-18 except for a replacement of the 

chloro-phenyl of AP-18 with fluor-phenyl at the para position and for its binding to F909 in 

hTRPA1 (Paulsen et al., 2015), prevented calcium influx through TRPA1 channels at low 

concentrations (Chen et al., 2011). Another TRPA1 inhibitor, HC-030031 [2-(1,3-dimethyl-

2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(4-isopropylphenyl)acetamide], and its analog 

Chembridge-5861528, also inhibit TRPA1 at micromolar concentrations (McNamara et al., 

2007; Eid et al., 2008; Wei et al., 2009; Gupta et al., 2016). 

    The physiological role of TRPA1 as a thermoreceptor in sensory transduction is currently 

the subject of spirited debate. The response of TRPA1 to temperature shows species-specific 

differences. Several studies showed that mouse TRPA1 is a thermosensitive TRP channel that 

is activated by noxious cold both in vitro (Story et al., 2003) and in vivo (Karashima et al., 

2009), while other studies found no cold activation of TRPA1 (Jordt et al., 2004; Zurborg et 

al., 2007).  A comparison of mouse and Drosophila TRPA1s showed opposing TRPA1 

thermosensitivity (Viswanath et al., 2003), suggesting that these two TRPA1s are not 

functional orthologues. Moreover, TRPA1 expressed by different snake species (Gracheva et 

al., 2010), fly (Kang et al., 2012), frog, lizard, and chicken (Saito et al., 2012; Kurganov et 

al., 2014; Saito et al., 2014) are activated by heat, but not cold.  However, whether vertebrate 

heat-activated TRPA1 is directly activated by temperature remains unclear. Therefore, one of 

my focuses was to study direct/indirect activation of TRPA1 by heat stimulus. 

    On the other hand, it was suggested that all thermosensitive TRP channels have a U-shaped 

activation profile, which would explain the finding that all heat-activated TRP channels also 

show activation in response to cold (Clapham & Miller, 2011).  Several groups provided 

experimental evidence for a U-shaped thermosensitive response of TRPA1 (Moparthi et al., 

2014; Moparthi et al., 2016), while other studies reported that hTRPA1 is not a 

thermosensitive channel (Chen et al., 2013).  Meanwhile, some groups proposed allosteric 
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gating and coupling models to explain temperature-evoked activation of TRPA1 channels 

(Salazar et al., 2011; Voets, 2012; Jara-Oseguera & Islas, 2013; Qin, 2013).  As such, the 

mechanisms that mediate heat- or cold-activation of TRPA1 channel activity require 

additional clarification. 

    The chemical and temperature sensitivity of TRPA1 varies among species. Whereas the 

chemical sensitivity of TRPA1 from different species is similar, the temperature sensitivity 

remains puzzled. TRPA1 channel temperature sensitivity was studied in various species; such 

as insects (Drosophila, honeybee, mosquito and silkworm) (Viswanath et al., 2003; Hamada 

et al., 2008; Wang et al., 2009; Kohno et al., 2010; Kang et al., 2011; Liu & Zwiebel, 2013; 

Sato et al., 2014), vertebrates (frogs, lizards, snakes) (Gracheva et al., 2010; Saito et al., 

2012; Kurganov et al., 2014), birds (chicken) (Saito et al., 2014), and mammals (mouse and 

human) (Story et al., 2003; Moparthi et al., 2014). Recently, the evolutionary aspects (from 

insects to mammals) of temperature-dependent TRPA1 channel activity were reported and 

rationales for the loss or changes in TRPA1 temperature sensitivity were proposed (Laursen 

et al., 2015; Saito & Tominaga, 2015).  

     Ca2+ acts as a permeant ion and an intracellular modulator of various TRP channels.  

The importance of intracellular and extracellular Ca2+ for both activation and modulation of 

TRPA1 has been reported (Jordt et al., 2004; Doerner et al., 2007; Zurborg et al., 2007; 

Wang et al., 2008; Karashima et al., 2009).  However, whether extracellular Ca2+ plays a role 

in temperature-dependent gating of TRPA1 channels is unclear.   

In this thesis work I characterized the thermal and chemical sensitivity of gaTRPA1 

channels expressed in HEK293T cells. I found that gaTRPA1 was activated by heat and 

chemical stimuli, and that these two stimuli act synergistically. In addition, the gaTRPA1 

channel was activated by heat and AITC in excised membrane patches, indicating that 

gaTRPA1 is activated by these stimuli in a membrane-delimited manner. Furthermore, I 
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investigated the role of extracellular cations in the heat-evoked activation of TRPA1 and 

identified several negatively charged amino acids near the opening of the ion channel pore 

that are necessary for heat-evoked activation of gaTRPA1, chicken TRPA1 and rat snake 

TRPA1. Based on my data, I propose a new model for heat-evoked activation of TRPA1 with 

the involvement of extracellular Ca2+.    
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Material and Methods 

DNA 

The entire coding regions of TRPA1 from green anole and chicken were previously cloned 

into pcDNA3.1 (Invitrogen; (Saito et al., 2012; Saito et al., 2014). Rat snake TRPA1 cDNA 

(Gracheva et al., 2010) was a kind gift from David Julius (University of California San 

Francisco) and was subcloned into the pcDNA3.1 vector for HEK293 cell expression. 

 

Cell culture 

Human embryonic kidney-derived 293T (HEK 293T) cells were maintained at 37 °C and 5% 

CO2 in Dulbecco’s modified Eagle Medium (WAKO Pure Chemical Industries, Ltd.) 

containing 10% fetal bovine serum (Biowest SAS), 100 units/mL penicillin (Invitrogen 

Corp.), 100 µg/mL streptomycin (Invitrogen Corp.), and 2 mM GlutaMAX (Invitrogen 

Corp.). For patch-clamp recordings, 1 µg green anole, chicken, or rat snake TRPA1 plasmid 

DNA in pcDNA3.1 and 0.1 µg pGreen Lantern 1 cDNA were transfected to HEK293 cells 

cultured in 35 mm dishes using Lipofectamine Plus Reagent (Invitrogen Corp.). After 

incubating for 3–4 h, the cells were reseeded on cover slips and further incubated at 33 °C in 

5% CO2. Patch-clamp recordings were performed 1 day after transfection. 

 

Chemicals 

AITC was purchased from Kanto Chemical, Tokyo Chemical Industry and HC-030031 was 

purchased from Sigma. AITC was dissolved in methanol for stock solutions (1 M and 100 

mM), and HC-030031 was dissolved in DMSO as a stock solution (10 mM) and diluted to the 

final concentration using bath solution. 

 

Construction of mutant TRPA1 channels 
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TRPA1 point mutants were constructed according to the procedures described in the 

QuikChange site-directed mutagenesis kit (Stratagene) with minor modifications.  Point 

mutations were introduced by PCR using the green anole-TRPA1/pcDNA3.1, chicken-

TRPA1/pcDNA3.1, and rat snake-TRPA1/pcDNA3.1 vectors as templates with 

oligonucleotide primers containing the intended mutations (Table 1). The resulting amplified 

PCR products were cloned into pcDNA3.1, which was transformed into Escherichia coli, and 

pcDNA3.1 vectors containing TRPA1 with the desired mutations were then purified using 

standard procedures. The entire TRPA1 coding sequences were determined to confirm that 

only the intended mutations were introduced. 

 

Electrophysiology 

For whole-cell experiments the experimental solutions were: bath solution, 140 mM NaCl, 5 

mM KCl, 2 mM MgCl2, 2mM CaCl2, 10 mM HEPES and 10 mM glucose, pH 7.4 adjusted 

with NaOH (for Ca2+-free experiments 5 mM EGTA was added instead of 2 mM CaCl2); 

pipette solution, 140 mM KCl, 5 mM EGTA and 10 mM HEPES, pH 7.4 adjusted with KOH.  

In some experiments, the free calcium concentration of the pipette solution was maintained at 

100 nM and 1 µM as calculated with the MAXC program (Stanford University). Data from 

whole-cell voltage-clamp recordings were acquired at 10 kHz and filtered at 5 kHz for 

analysis (Axon 200B amplifier with pCLAMP software, Axon Instruments, Foster City, CA, 

USA).  The membrane potential was clamped at -60 mV and voltage ramp-pulses from -100 

to +100 mV (500 ms) were applied every 5 s.  Rectification ratios (positive voltages/negative 

voltages) were calculated by dividing current densities at +100 mV (positive potential) to -

100 mV voltages.  For inside-out experiments the solutions used were: bath solution, 140 mM 

KCl, 5 mM EGTA and 10 mM HEPES, pH 7.4 adjusted with KOH; pipette solution, 140 mM 

NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES and 10 mM glucose, pH 7.4 
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adjusted with NaOH. Single-channel data were sampled at 10 kHz and filtered at 2 kHz, and 

analyzed using Clampfit 10.2 software.  Single channel unitary current was determined from 

the best fit Gaussian distribution of amplitude histograms. 

     All experiments were performed at 25 °C unless otherwise stated.  Heat stimulation was 

induced by increasing the bath temperature using a pre-heated solution warmed in an inline 

heater or heating stage (1 °C/s, with a maximum of 62 °C).  The temperature was monitored 

using a thermocouple (TC-344; Warner Instruments, Hamden, CT, USA) placed within 100 

µm of the patch-clamped cell.  Temperature profiles and Arrhenius plots for the data from 

whole-cell voltage-clamp recordings were calculated using Origin software (Microcal).  

Temperature-sensitivity has been explained by a mechanism based on a fine balance of large 

changes in enthalpy and entropy (Voets et al., 2004).  Alternatively, temperature gating could 

be driven by changes in heat capacity (Clapham & Miller, 2011). Temperature-directionality 

could also be determined by the degree of allosteric coupling of a unidirectional temperature-

sensor to the channel gate (Jara-Oseguera & Islas, 2013).  Although the above mechanisms of 

temperature-activation differ substantially, we believe that thermal sensitivity (Q10) is still a 

reliable marker to some extent.  The absolute current values were plotted on a log scale 

against the reciprocal of the absolute temperature (T) (Arrhenius plot), and the temperature 

threshold for channel activation was determined by the temperature that caused a change in 

the slope.  

 

Statistical analysis 

Data in all figures are shown as means ± standard error of the mean (S.E.M.) or standard 

deviation (S.D.).  Statistical analysis was performed by Student’s t-test or analysis of variance 

(ANOVA) followed by a two-tailed multiple t-test with Bonferroni correction using Origin 

8.5 software. Probability values (p) of < 0.05 were considered statistically significant. 
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3D structure modelling of gaTRPA1 

Homology modelling of gaTRPA1 in the open state was performed using SWISS-MODEL 

(Automated Protein Modelling Server; (Arnold et al., 2006; Bordoli et al., 2009; Kiefer et al., 

2009)) and was based on a sequence alignment of amino acid residues 445-1078 of human 

TRPA1, for which the single-particle cryo-EM structure is known (Protein Data Bank 

accession number (3J5P); (Paulsen et al., 2015)). The homology modelling data were used 

with PyMol (Schrӧdinger) to generate graphic presentations (Figs. 9B and 11).     
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Results 

 

Temperature and chemical sensitivity of green anole TRPA1 

The channel activity of gaTRPA1 expressed in HEK293T cells was examined using a whole-

cell patch-clamp method.  The thermal responsiveness of gaTRPA1 was tested by increasing 

the temperature of the perfusate from ~25 °C to ~45°C, which elicited a robust and rapidly 

activating inward current (at a negative holding potential) that was desensitized even by 

continuous heat stimulation, with the second heat stimulation evoking a smaller response (Fig. 

1A).	
 Stimulation with AITC, a chemical known to activate mammalian TRPA1 through 

covalent modification of cytosolic cysteine residues (Hinman et al., 2006; Macpherson et al., 

2007), also elicited clear inward currents that were similar to the heat response with 

desensitization upon repetitive stimulation (Fig. 1B).  When voltage-ramp pulses (500 ms) 

from -100 mV to +100 mV were applied every 5 s, the whole-cell recordings showed both 

heat- and AITC-evoked gaTRPA1-mediated inward currents at -60 mV with an outwardly 

rectifying current-voltage (I-V) relationship (Fig.1C), indicating that heat- and AITC-evoked 

gaTRPA1 currents share this electrophysiological property.  When the rectification ratios 

(positive voltages/negative voltages) were measured for heat- and AITC-evoked gaTRPA1 

whole-cell currents, they both showed outward rectification (8.36 ± 1.26, n=6 and 2.18 ± 0.21, 

n=7 for heat- and AITC-evoked currents, respectively).  To determine whether gaTRPA1 is a 

cold sensor, the thermal responsiveness of gaTRPA1 was tested by lowering the perfusate 

temperature from ~30 °C to ~12 °C with 100 nM free Ca2+ in the pipette solution, which 

together are purported to enhance TRPA1 activity.  Whereas the cells responded to both heat 

and AITC stimulation, no cold-evoked currents in gaTRPA1-expressing HEK293T cells were 

observed (Fig. 1D). 
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Heat-evoked gaTRPA1 activation requires extracellular Ca2+ 

Since several TRP channels were reported to be activated or modulated by Ca2+ in various 

ways (McHugh et al., 2003; Nilius et al., 2006; Doerner et al., 2007; Xiao et al., 2008), the 

effect of extracellular Ca2+ on the heat- and AITC-evoked activation of gaTRPA1 was 

examined.  Whole-cell patch-clamp recordings in HEK293T cells expressing gaTRPA1 were 

performed in the absence of extracellular Ca2+ and presence of heat stimulation applied by 

increasing the perfusate temperature from ~25 °C to ~45 °C, which evoked very small 

currents. Meanwhile, large inward currents were elicited by AITC stimulation in the same 

cell at -60 mV (Fig. 2A), suggesting that extracellular Ca2+ is required to produce significant 

gaTRPA1 currents during the heating.  Heat-evoked currents in the presence of extracellular 

Ca2+ were significantly larger than those without extracellular Ca2+ (Fig. 2B; 199 ± 39 pA/pF, 

n =6 and 12 ± 6 pA/pF, n = 6 in the presence and absence of extracellular Ca2+, respectively, 

p < 0.01). Although intracellular Ca2+ was previously shown to affect TRPA1 channel 

function (Doerner et al., 2007; Zurborg et al., 2007), here an increase in intracellular Ca2+ to 

100 nM did not affect heat-evoked activation of gaTRPA1 expressed in HEK293 cells (15 ± 

2.2 pA/pF, n = 5).  Voltage-ramp pulses (500 ms) from -100 mV to +100 mV every 5 s were 

then applied, which again produced very small heat-evoked currents and large AITC-evoked 

gaTRPA1-mediated inward currents at negative potentials with an outwardly rectifying I-V 

relationship (Fig. 2A, C).  Because gaTRPA1 was activated by AITC even in the absence of 

extracellular Ca2+, whether AITC-evoked currents differ in the presence and absence of 

extracellular Ca2+ was examined.  Although stimulation with AITC elicited large inward 

currents at -60 mV that were similar to those shown in Fig. 1B, the inactivation became slow 

with half-inactivation (thalf) (1.05 ± 0.22 sec, n = 8 and 20.9 ± 3.32 sec, n = 8 in the presence 

and absence of extracellular Ca2+, respectively, p < 0.01) (Fig. 2D, F) in the absence of 

extracellular Ca2+.  However, there was no difference in the current sizes of initial AITC-
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evoked channels (420 ± 71 pA/pF, n = 6 and 423 ± 73 pA/pF, n = 6 in the presence and 

absence of extracellular Ca2+, respectively) (Fig. 2E) or ratios of the 2nd to 1st currents (0.26 ± 

0.03 pA/pF, n = 6 and 0.24 ± 0.02 pA/pF, n = 6 in the presence and absence of extracellular 

Ca2+, respectively) (Fig. 2G) in both the presence and absence of extracellular Ca2+, 

suggesting that extracellular Ca2+ does not affect the desensitization with repeated stimulation.  

These results indicated that extracellular Ca2+ plays a minor role in AITC-induced gaTRPA1 

activation. 

 

Synergistic effects of AITC and heat on green anole TRPA1 

Because increased temperature was expected to affect AITC sensitivity, the dose-dependent 

profiles of gaTRPA1 activation by AITC at 25 °C and 30 °C was next examined,.  The half-

maximal effective concentration of AITC (EC50) for gaTRPA1 activation at 25 °C was 394 ± 

51 µM (n = 6), whereas elevation of the temperature to 30 °C increased the potency of AITC 

and produced an EC50 of 270 ± 40 µM (n = 6) without changes in efficacy (Fig. 3A).  The 

current densities differed significantly between AITC concentrations of 300 and 600 µM (Fig. 

3A). Dose-response curves compiled for individual cells showed that the AITC EC50 values at 

25 °C and 30 °C were 468 ± 41 µM (n = 5) and 272 ± 36 µM (n = 5), respectively, which are 

similar to the above values and again significantly different from each other. 

  Arrhenius plots were then constructed to determine the temperature threshold for 

gaTRPA1 activation by heat without or with a low concentration of AITC (20 µM) that does 

not induce gaTRPA1 activation (Fig. 3A).  Whereas the average temperature threshold for 

activation by heat stimulation was 35.8 ± 0.5 °C without AITC (n = 6, Fig. 3B and E), the 

threshold was significantly lower in the presence of AITC (26.9 ± 0.4 °C, n = 6, Fig. 3C and 

E, p < 0.01), which is a synergistic effect that is similar to that observed for AITC 

dependence at different temperatures (Fig. 3A).  In addition, there was no significant 
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difference in temperature thresholds at two different basal temperatures (15-18 °C and 25 °C, 

n = 6, Fig. 3B, D and E), suggesting that the absolute temperature rather than the amount of 

temperature increase is important for gaTRPA1 activation, which is consistent with that seen 

for other thermosensitive TRP channels (Kashio et al., 2012; Komatsu et al., 2012).  This 

AITC-induced reduction in temperature thresholds for gaTRPA1 activation can be viewed as 

a “sensitization”. 

 

Heat and AITC activate gaTRPA1 in excised inside-out patches 

In whole-cell recordings, many receptors or ion channel proteins might be modulated by 

intracellular processes or factors.  To reduce the possibility that cytosolic factors might 

influence channel behaviors, heat- and AITC-mediated activation of gaTRPA1 channels in 

patches excised from transfected HEK293T cells in an inside-out configuration was next 

assessed.  When the temperature was elevated from 25 °C, the basal level was shifted and 

clear single-channel openings could be observed in the excised patches.  However, the single-

channel activity was decreased even in the presence of heat stimulation (Fig. 4A), which 

could be viewed as a run-down.  On the other hand, AITC-evoked single-channel openings 

with longer durations persisted even after AITC wash out, which could be due to the 

lipophilic nature of AITC (Fig. 4B).  The Fig. 4A and B insets demonstrate before (inset 1), 

during (inset 2) and after (inset 3) applications of heat and AITC, and show clearer single-

channel openings in the expanded traces.  Although these results suggest that gaTRPA1 can 

be activated directly by heat or AITC, their opening kinetics has different characteristics (Fig. 

4C and D).  Heat- and AITC-activated channels, especially those that are heat-evoked, 

showed a small proportion of low-conductance channels at high voltages (e.g. ± 100 mV), 

which could correspond to the sub-conducting channels that have been reported for the heat-

activated channels dTRPA1 (Wang et al., 2013) and rTRPV1 (Nagy & Rang, 1999).  Unitary 
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amplitudes of the heat-activated currents at a membrane potential of +100 mV and -100 mV 

were 10.2 pA and 4.87 pA, resulting in single-channel conductance of 102 ± 2.9 pS and 48.7 

± 1.3 pS, respectively (n = 6, Fig. 4C and E).  Unitary amplitudes of the AITC-activated 

currents at +100 mV and -100 mV were 9.8 pA and 4.29 pA, resulting in single-channel 

conductance of 98.4 ± 0.9 pS and 42.9 ± 0.7 pS, respectively (n = 6, Fig. 4D and F), which 

are similar to the values observed for the heat-evoked responses.  Accordingly, the I-V 

relationship for both heat- and AITC-activated single-channel openings showed similar 

outward rectifications that resembled those observed in whole-cell recordings.  The outward 

rectification at the single-channel level might partially explain the outward rectification seen 

at the whole-cell level.  Because the single-channel openings differed (Fig. 4), a more 

detailed analysis of single-channel currents was performed. Surprisingly, a distinct difference 

in the open-time distributions of heat- and AITC-activated currents was observed (Fig. 5A 

and B).  The average open-times (τopen) of the heat-activated currents (τ = 0.44 ± 0.14 msec) 

were significantly shorter than those of AITC-activated currents (τ = 2.87 ± 0.83 msec) (Fig. 

5C-E).  The closed-time distributions similarly differed between the heat-activated currents 

(τ1 = 4.39 ± 1.05 msec) and the AITC-activated currents (τ1 = 25.2 ± 4.95 msec) (Fig. 5F - H).  

These results clearly indicated that heat-activated channels open and close with shorter 

durations compared with AITC-activated channels. 

 

AITC activates gaTRPA1 channels in excised inside-out patches in the absence of 

extracellular Ca2+ 

Because gaTRPA1 activation by AITC stimulation in the presence and absence of 

extracellular Ca2+ was quite similar at a whole-cell level, the properties of AITC-evoked 

gaTRPA1 channel activation were examined at a single-channel level.  In the inside-out patch 

configuration, AITC evoked single-channel currents in the absence of extracellular Ca2+ that 
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were similar to those observed in the presence of extracellular Ca2+ (Fig. 6A).   Meanwhile, 

almost no heat-evoked single-channel current activation was observed in the absence of 

extracellular Ca2+ in the pipette (data not shown).   The Fig. 6A insets demonstrate before 

(inset 1), during (inset 2) and after (inset 3) AITC application.  The amplitudes (4.2 ± 0.1 pA, 

n = 6 and 4.13 ± 0.27 pA, n = 5 in the presence and absence of extracellular Ca2+, 

respectively) (Fig. 6B and C), open-time distributions (τ = 2.87 ± 0.83 msec, n=5 and 2.23 ± 

0.6 msec, n = 5 for the τ of the open-time, in the presence and absence of extracellular Ca2+, 

respectively) (Fig. 6D and E) and closed-time distributions (τ1 = 25.2 ± 4.95 msec, n=4 

and17.86 ± 2.04 msec, n = 5 for the τ of the closed-time, in the presence and absence of 

extracellular Ca2+, respectively) (Fig. 6F and G) were quite similar in the presence and 

absence of extracellular Ca2+.  These results suggested that extracellular Ca2+ does not affect 

the properties of gaTRPA1-mediated single-channel currents that are activated by AITC. 

 

Extracellular Ca2+-dependent heat activation of gaTRPA1 

Whole-cell and inside-out single-channel recordings in HEK293T cells expressing gaTRPA1 

showed both heat and AITC-evoked current activation. Temperature-evoked gaTRPA1 

currents were not observed in the absence of extracellular Ca2+, although these cells did 

respond to AITC stimulation.  To explore how extracellular Ca2+ is involved in heat-evoked 

activation of gaTRPA1, gaTRPA1 channel activation was first examined upon heat 

stimulation using a high concentration (1 µM) of intracellular free Ca2+ in the pipette solution 

because intracellular Ca2+ is known to affect TRPA1 channel function (Jordt et al., 2004; 

Doerner et al., 2007; Zurborg et al., 2007).  In the whole-cell configuration, negligible inward 

currents were observed at -60 mV following heat stimulation (from 25 °C to over 45 °C) with 

1 µM intracellular Ca2+ (Fig. 7A) or without intracellular Ca2+ (Fig. 7B) in the absence of 

extracellular Ca2+, yet gaTRPA1 channels responded to AITC (400 µM) with large inward 
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currents.  This activation is known to occur through covalent modification of cytosolic 

cysteine residues of TRPA1 (Macpherson et al., 2005; Hinman et al., 2006) and was inhibited 

by the TRPA1-specific antagonist HC-030031 (50 µM) (Fig. 7A).  I next tested whether other 

divalent cations are involved in heat-evoked activation of gaTRPA1.  The absence of 

extracellular Mg2+ did not affect the heat-evoked activation of gaTRPA1 (Fig. 7C). 

Substitution of extracellular Ca2+ with another divalent cation, Ba2+, did not evoke gaTRPA1 

currents upon heat stimulation, but AITC-evoked currents were induced (Fig. 7D), suggesting 

that heat-evoked activation of gaTRPA1 channel is solely dependent on extracellular Ca2+. To 

gain more information on the dependency of TRPA1 heat activation on extracellular Ca2+, 

channel activity was recorded in the presence of increasing extracellular Ca2+ concentrations 

(0 to 2 mM) under heat stimulation.  The current densities of the heat-evoked gaTRPA1 

currents were significantly increased with increasing extracellular Ca2+ concentrations (Fig. 

7E and F).  However, the temperature thresholds for heat-evoked gaTRPA1 activation did not 

differ between 1 and 2 mM extracellular Ca2+ (34.6 ± 1.5 °C, n=5 and 35.8 ± 0.5 °C, n=6, 

respectively) (Fig. 7G-I).  These results suggested that extracellular, but not intracellular, 

Ca2+ ions are important for heat activation of gaTRPA1. 

 

Extracellular Ca2+ is not essential for heat activation of chicken and rat snake TRPA1 

To find the residue(s) responsible for heat-evoked gaTRPA1 activation in the presence of 

extracellular Ca2+, heat-evoked currents of TRPA1 from different species were examined.  

Based on the finding that chicken TRPA1 (chTRPA1) and rat snake TRPA1 (rsTRPA1) 

expressed in Xenopus oocytes are activated by heat (Gracheva et al., 2010; Saito et al., 2014), 

the requirement of extracellular Ca2+ for heat-evoked activation of chTRPA1 and rsTRPA1 

expressed in HEK293T cells was examined. The chTRPA1 and rsTRPA1 activation was first 

compared in the presence and absence of extracellular Ca2+ in whole-cell configurations at -
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60 mV.  Similar to gaTRPA1, large inward currents for both chTRPA1 (Fig. 8A) and 

rsTRPA1 (Fig. 8E) in the presence of extracellular Ca2+ were observed.  Interestingly, small 

but significant inward currents were elicited upon heat stimulation even in the absence of 

extracellular Ca2+ for chTRPA1 (Fig. 8B) and rsTRPA1 channels (Fig. 8F), suggesting that 

heat-evoked TRPA1 activation in these species does not depend solely on extracellular Ca2+.  

Although the heat-evoked currents were smaller in the absence of extracellular Ca2+, 

temperature thresholds for heat-evoked activation of chTRPA1 and rsTRPA1 determined by 

constructing Arrhenius plots were unchanged in the presence and absence of extracellular 

Ca2+ (chTRPA1, 39.3 ± 0.5 °C , n=5 and 39.6 ± 1.2 °C, n=6, Fig. 8C and D; and rsTRPA1, 

37.4 ± 0.9 °C , n=6 and 39 ± 0.6 °C , n=6, Fig. 8G and H). 

 

A single mutation within the pore vestibule affects gaTRPA1 heat activation 

Given the findings that gaTRPA1 heat activation requires extracellular, but not intracellular 

Ca2+, and that heat-evoked activation of chTRPA1 and rsTRPA1 occurred even in the 

absence of extracellular Ca2+, the TRPA1 amino acid sequences were compared for the three 

species (Fig. 9A).  The finding that extracellular Ca2+ is required for channel activation 

following heat stimulation suggests that negatively charged amino acids located on the 

extracellular face of gaTRPA1, but not chTRPA1 or rsTRPA1, are involved in this heat-

evoked activation.  An amino acid alignment showed that gaTRPA1 has only one negatively 

charged glutamate at position 894 (in red in Fig. 9A), whereas the equivalent residues in 

chTRPA1 (897) and rsTRPA1 (895) are neutral glutamines (Fig. 9A).  To understand the 

location of gaTRPA1 Glu894 in greater detail, homology modeling of gaTRPA1 was 

performed based on the cryo-EM structure of human TRPA1 (Paulsen et al., 2015). The 

resulting model suggested that Glu894 is exposed to the extracellular side of the gaTRPA1 

channel at the pore vestibule (Fig. 9B).  As such, a gaTRPA1 channel with Glu894 mutated 
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to Gln (E894Q) was constructed and the channel activity of this mutant expressed in 

HEK293T cells following heat and chemical stimulations was analyzed. E894Q exhibited a 

large inward current upon heat application in the presence of extracellular Ca2+, and a small 

but significant inward current was observed even in the absence of extracellular Ca2+ (Fig. 9C 

and D), suggesting that Glu894 of gaTRPA1 is involved in the heat-evoked activation of 

gaTRPA1 in the presence of extracellular Ca2+.  Although the sizes of the heat-evoked 

currents for E894Q differed in the presence and absence of extracellular Ca2+, AITC-evoked 

currents were similar among wild type TRPA1 (420.2 ± 50.6 pA, n=6) in the presence of 

extracellular Ca2+ and TRPA1 E894Q in the presence (425.3 ± 67.9 pA, n=5) and absence 

(415.2 ± 81.5 pA, n=6) of extracellular Ca2+ (Fig. 9E). Moreover, changing Glu894 to 

positively charged Lys (E894K) conferred heat-evoked current activation in the absence (87.7 

± 15.3 pA, n=6) and presence (219.4 ± 26.5 pA, n=5) of extracellular Ca2+ (Fig. 9F and G), 

which was similar to that seen for E894Q, suggesting that neutralization of the negative 

charge is important for heat-evoked activation of gaTRPA1 in the absence of extracellular 

Ca2+.  To further confirm the importance of the negative charge at position 894 of gaTRPA1 

for heat-evoked activation in the presence of extracellular Ca2+, Gln897 in chicken TRPA1 

and Gln895 in rat snakeTRPA1 were mutated to Glu.  Interestingly, both Q897E (chTRPA1) 

and Q895E (rsTRPA1) mutants showed significantly smaller inward currents upon heat 

stimulation in the absence of extracellular Ca2+ (20.9 ± 6.3 pA, n=4 and 50.8 ± 11.9 pA, n=5, 

respectively) than did WT channels (Fig. 9I, J, L and M), whereas Q897E (chTRPA1) and 

Q895E (rsTRPA1) mutants showed large inward currents upon heat stimulation in the 

presence of extracellular Ca2+ (97.1 ± 16.5 pA, n=5 and 335.7 ± 22.2 pA, n=5, respectively) 

(Fig. 9H, J, K and M), which is similar to that seen for WT channels.  These data suggested 

that more negative charges on the channel vestibule surface increase Ca2+ sensitivity of the 

channels to heat stimulation, as was seen for gaTRPA1.  Together these results indicated that 
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AITC-induced activation of gaTRPA1 differs from temperature-induced activation and that a 

a negatively charged amino acid is important for heat-evoked activation of TRPA1 channels 

in the presence of extracellular Ca2+. 

 

Conserved residues near the extracellular face of TRPA1 transmembrane helix 2 are 

needed for heat-induced channel activation 

Since the gaTRPA1 E894Q mutant is similar to chTRPA1 and rsTRPA1 in that its heat-

evoked currents are smaller in the absence of extracellular Ca2+ than in the presence of 

extracellular Ca2+ (Figs. 8 and 9), it was hypothesized that negatively charged amino acids at 

the extracellular side of the channel could be conserved across all three species (gaTRPA1, 

chTRPA1, and rsTRPA1).  Further amino acid sequence alignment identified two candidate 

amino acids, Glu and Asp, before (green) and within (cyan) transmembrane pore helix 2 (Fig. 

10A).  To neutralize these charged amino acids, the Glu and Asp residues were mutated to 

Gln and Asn, respectively, and single, double, and triple mutants of the channels were made.  

As mentioned above (Fig. 9D), gaTRPA1 (E894Q) exhibited significantly larger heat-evoked 

currents at -60 mV in the absence of extracellular Ca2+ than wild type gaTRPA1 (97.8 ± 14.3 

pA, n=6 vs. 11.9 ± 1.2 pA, n=5, p < 0.05) (Fig. 10C).  Therefore, two double mutations 

(E894Q/D918N and E894Q/E922Q) and one triple mutation (E894Q/D918N/E922Q) were 

made in gaTRPA1.  Although the two double mutations showed heat-evoked currents that 

were similar in size to the single mutation E894Q (E894Q/D918N, green, 125.6 ± 40.9 pA, 

n=6; E894Q/E922Q, cyan, 120.5 ± 38.7 pA, n=5) in the absence of extracellular Ca2+, the 

triple mutant showed large inward currents upon heat stimulation in the absence (197.2 ± 

41.1 pA, n=5, navy) and presence (200.4 ± 45.2 pA, n=6, pink) of extracellular Ca2+, and the 

currents were similar in size to those of wild type gaTRPA1 currents in the presence of 

extracellular Ca2+ (199.1 ± 39.1 pA, n=5, black) (Fig. 10B and C).  Unlike gaTRPA1, in the 
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absence of extracellular Ca2+, chTRPA1 and rsTRPA1 channels were activated by heat with 

small inward currents (Fig. 9B and F).  Thus, two single point mutants in chTRPA1 and 

rsTRPA1 (D921N and D925N for chTRPA1; E919Q and E923Q for rsTRPA1) were made, 

as well as double mutants (D921N/D925N for chTRPA1; E919Q/E923Q for rsTRPA1) and 

the channel activity of these mutants after heat stimulation in the absence or presence of 

extracellular Ca2+ was examined.  Single point mutations in chTRPA1 (D921N and D925N) 

had inward currents (D921N, green, 48.6 ± 14 pA, n=6; D925N, cyan, 44.8 ± 10.4 pA, n=6) 

that were similar to wild type (white, 38.5 ± 7.6 pA, n=6) (Fig. 10D and E).  A double 

chTRPA1 mutant (D921N/D925N) showed large inward currents (104 ± 16 pA, n=6, navy), 

which were not affected by the presence of extracellular Ca2+ (113 ± 26 pA, n=6, pink) and 

were similar to wild type chTRPA1 currents in the presence of extracellular Ca2+ (109.3 ± 

22.2 pA, n=6, black).  For rsTRPA1, the single mutant E919Q (141.6 ± 37.5 pA, n=5, green) 

had similar inward currents in response to heat stimulation compared to wild type (95.1 ± 

25.4 pA, n=6, white), whereas the E923Q single mutant showed significantly larger heat-

evoked currents (189.9 ± 24.9 pA, n=5, cyan, p < 0.05) than wild type (Fig. 10F and G).  

Meanwhile, the E919Q/E923Q rsTRPA1 double mutant showed large inward currents (298.4 

± 56.5 pA, n=5, navy) that were not affected by extracellular Ca2+ (330.2 ± 51.4 pA, n=5, 

pink) and were similar to the wild type rsTRPA1 currents in the presence of extracellular 

Ca2+ (340.3 ± 40.9 pA, n=7, black); this pattern was similar to that of chTRPA1.  These 

results suggested that neutralization of the two charged amino acids by extracellular Ca2+ is 

important for the heat-evoked large activation of gaTRPA1, chTRPA1, and rsTRPA1. 
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Discussion 

TRPA1 channels have been primarily reported as cold-activated channels in mice (Story et al., 

2003; Bandell et al., 2004), although this phenomenon is a matter of debate (Caspani & 

Heppenstall, 2009).  TRPA1 channel activation by heat stimulation in snakes, frogs, lizards, 

chicken, Drosophila, and mosquitoes was subsequently reported (Wang et al., 2009; 

Gracheva et al., 2010; Kang et al., 2011; Saito et al., 2012; Saito et al., 2014).  

Characterization of gaTRPA1 channel properties in a heterologous expression system using 

HEK293T cells showed that gaTRPA1 was activated by AITC (Fig. 1B), which has been 

shown to activate mammalian TRPA1 channels (Bandell et al., 2004; Jordt et al., 2004).  

Mammalian TRPA1s also show desensitization upon repeated chemical stimuli in whole-cell 

recordings (Raisinghani et al., 2011), a property that is shared by gaTRPA1.  However, 

AITC-induced activation of gaTRPA1 has an EC50 value that is higher than that for the 

mammalian TRPA1s hTRPA1, rTRPA1 and mTRPA1 (394 µM vs. 1.9 µM, 6.2 µM and 22 

µM, respectively) (Bandell et al., 2004).  The outwardly rectifying I-V relationship for AITC-

evoked gaTRPA1-mediated currents is also similar to that seen for mammalian TRPA1s 

(Bandell et al., 2004; Jordt et al., 2004).  The temperature sensitivity of gaTRPA1 differed 

from mammalian TRPA1 in that gaTRPA1 was activated by heat, but not cold stimulus (Fig. 

1D) (Story et al., 2003; Bandell et al., 2004).  In the absence of AITC, the gaTRPA1 

temperature threshold for activation was 35.8 °C (Fig. 3B), which is similar to the value 

determined in an oocyte system (33.9 °C) (Saito et al., 2012). Notably, both thresholds are 

slightly higher than the preferred body temperature for green anole lizards (29-30 °C) 

(Goodman & Walguarnery, 2007), suggesting that gaTRPA1 functions as a noxious heat 

sensor. 

     For TRPV1, a heat-gated channel that is also activated by several chemicals, including 

capsaicin (Caterina et al., 1997), a synergistic activation between chemical and heat 
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stimulation is well-recognized.  However, for mammalian TRPA1 channels, the temperature 

sensitivity remains unclear.  In the present thesis work, a synergism between temperature and 

chemical sensitivity was clearly apparent in that the AITC sensitivity was increased at higher 

temperatures that alone did not activate gaTRPA1 (Fig. 3A).  Similarly, the temperature 

threshold for gaTRPA1 activation was decreased with a minimal concentration of AITC that 

alone could not promote channel activity (Fig. 3C and E).  These results indicate that the 

synergistic properties of gaTRPA1 resemble those of TRPV1.  Physiological temperatures 

were reported to enhance AITC-induced TRPV1 stimulation in mammals (Everaerts et al., 

2011), and AITC can directly activate mouse TRPV1 and/or possibly sensitize TRPV1 to 

heat stimulation in a TRPA1-independent manner (Alpizar et al., 2014).  Although there are 

no reports regarding the function of green anole TRPV1, this channel could be involved in 

AITC-induced hyperalgesia in green anoles via a mechanism similar to that seen in mammals. 

          A previous study on cold activation of TRPA1 showed that mTRPA1 is activated by 

cold in cell-attached patches, but not inside-out patches	
 (Karashima et al., 2009; Chen et al., 

2013), suggesting that cold might indirectly activate mTRPA1.  Using cell-attached and 

inside-out patches, another group showed heat-mediated dTRPA1 activation, which may have 

occurred through a direct mechanism (Wang et al., 2013).  The characteristics of the 

gaTRPA1 single-channel activity (heat- and AITC-sensitivity and I-V relationship) 

correspond closely with the heat- and AITC-activated currents recorded in a whole-cell 

configuration.  In addition, the observation of both heat- and AITC-evoked single-channel 

responses in the inside-out configuration indicates a membrane-delimited mechanism for 

gaTRPA1 activation without involvement of cytosolic factors.  As with the whole-cell 

responses, there are distinct similarities in the characteristics of heat- and AITC-evoked 

single-channel currents, such as the I-V relationship and mean unitary amplitudes, which 

indicates that heat and AITC converge to some extent in gaTRPA1 activation.  
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     The functional properties of TRPA1s have been reported for several species.  Zebrafish 

has two paralogous TRPA1 genes (TRPA1a and TRPA1b) (Prober et al., 2008), whereas 

insects (Coleoptera and Hymenoptera: B. mori, T. castaneum, A. mellifera, N. vitripennis) 

have multiple TRPA subfamily members	
 (Matsuura et al., 2009).  As with mammalian 

TRPA1s, insect TRPA1 channels are activated by noxious chemicals and this sensitivity is 

further shared with Drosophila (Kang et al., 2011).  Mammalian TRPA1s have a sensitivity 

to noxious chemicals that is similar to the gaTRPA1 channel, with conductance for AITC-

activated currents of 100 ± 2 pS for hTRPA1	
 (Komatsu et al., 2012), 73 ± 3 pS for 

mTRPA1	
 (Fujita et al., 2008), and 98.4 ± 0.9 pS for gaTRPA1.  In terms of heat sensitivity, 

TRPA1s in insects and some vertebrates such as frogs and snakes are activated by heat, while 

zebrafish TRPA1 is insensitive to temperature	
 (Prober et al., 2008).  Meanwhile, dTRPA1 

showed a conductance of 41 ± 2 pS with a linear I-V relationship	
 (Wang et al., 2013), 

which differs from that seen for gaTRPA1.  Although how temperature thresholds for 

activation of TRPA1 changed from hot to cold is unclear, such changes seem to have 

occurred at some point in the mammalian evolutionary process, but the chemical sensitivity 

was preserved. 

     Interestingly, compared with AITC-activated channels, heat-activated channels produce 

currents that have shorter open- and closed-times (Fig. 5), suggesting that the two stimuli 

have different gating mechanisms.  For temperature-gating of the TRPA1 channel, the 

channel opening-closing is obviously complicated as was shown for dTRPA1	
 (Wang et al., 

2013), with sub-conductances more frequently observed than for AITC-activated channels, 

especially at high membrane potentials.  The differences in the open- and closed-times were 

consistent with the reduction in the dTRPA1 open-time upon heating	
 (Wang et al., 2013).   

Temperature-dependent changes in open- and closed-time kinetics were also seen for heat-

evoked single-channel currents of rTRPV1	
 (Liu et al., 2003) and heat-evoked single-
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channel events in rat DRG neurons that probably involve TRPV1	
 (Nagy & Rang, 1999).  In 

contrast, Grandl et al. reported that thermal activation of rTRPV1 depends on long channel 

open times, which were absent in temperature-insensitive mutants	
 (Grandl et al., 2010).  

Although the precise reason for these differences is unclear, the fact that single channels were 

analyzed in the range of 10-30 °C may have played a role.  The similarity between TRPV1 

and TRPA1 suggests that the short durations of channel openings and closings is a common 

property for heat-gated channel activation.  

      The roles for Ca2+ in heat-evoked TRPA1 channel activation in non-mammalian 

vertebrates (snakes, frogs and lizards) and Drosophila have not been reported, whereas the 

effects of extracellular and intracellular Ca2+ have been studied for mTRPA1.	
 Karashima et 

al. (2009) showed that cold-evoked mTRPA1 activation does not require 

extracellular/intracellular Ca2+. Our findings showed that heat-evoked activation of gaTRPA1 

is dependent on extracellular Ca2+ (Fig. 2A), and the fact that even the presence of 1 µM free 

intracellular Ca2+ could not activate the channel upon heat stimulation suggests that 

extracellular Ca2+, but not intracellular Ca2+, is important for heat-evoked gaTRPA1 

activation. On the other hand, both the initial AITC-evoked current sizes and the 2nd/1st 

current ratios were not dependent on extracellular Ca2+ (Fig. 2E and G), which is similar to 

the mustard oil sensitivity of rTRPA1 in the presence or absence of extracellular Ca2+ (Jordt 

et al., 2004).  However, a longer inactivation time (thalf) of gaTRPA1 currents induced by 

AITC stimulation in the absence of extracellular Ca2+ (Fig. 2F) suggests that Ca2+ influx 

could accelerate channel inactivation, which is in agreement with earlier results showing that 

AITC-induced mTRPA1 activation was delayed and slow in the absence of extracellular Ca2+ 

(Nilius et al., 2011).  

      Heat-evoked activation of gaTRPA1 requires Ca2+ binding to negatively charged amino 

acids near the extracellular face of the channel pore (Fig. 11). Together, extracellular Ca2+ 
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binding and heat could activate the TRPA1 channel, whereas the absence or substitution of 

other divalent cations for extracellular Ca2+ abrogated heat-evoked currents (Fig. 7 A, C and 

D).  The inability of intracellular Ca2+ to activate TRPA1 following heat stimulation in our 

experiments could support our hypothesis that extracellular Ca2+ is involved only in heat-

evoked activation of gaTRPA1, as opposed to previous reports showing that intracellular Ca2+ 

is important for TRPA1 activation (Jordt et al., 2004; Doerner et al., 2007; Zurborg et al., 

2007) as well as potentiation/activation and secondary inactivation after Ca2+ influx through 

the TRPA1 channel following chemical stimulation (Nagata et al., 2005; Karashima et al., 

2008; Wang et al., 2008).  Meanwhile, heat-evoked activation of chTRPA1 and rsTRPA1 

was observed both in the absence and presence of extracellular Ca2+, although the inward 

currents were significantly smaller in the absence of extracellular Ca2+ (Figs. 8 and 9).  An 

alignment of gaTRPA1, chTRPA1, and rsTRPA1 amino acid sequences showed that the 

residues corresponding to Glu894 in gaTRPA1, 897 and 895, in chTRPA1 and rsTRPA1, 

respectively, were both Gln (Fig. 9A).  Mutation of Glu894 to Gln in the gaTRPA1 channel 

led to a small, but significant heat-evoked activation even in the absence of extracellular Ca2+, 

whereas currents for the chTRPA1 (Q897E) and rsTRPA1 (Q895E) mutants were reduced in 

the absence of extracellular Ca2+ (Fig. 9).  Moreover, neutralization of acidic amino acids in 

TRPA1 that are common to all three species may mimic the effect of extracellular Ca2+, since 

TRPA1 with Gln and Asn showed large heat-evoked inward currents even in the absence of 

extracellular Ca2+, and the channel sizes were comparable to those seen for wild type 

channels in the presence of extracellular Ca2+ (Fig. 10).  Thus, binding of extracellular Ca2+ 

to acidic amino acids is likely important for heat-evoked activation of TRPA1 expressed in 

green anole, chickens, and rat snakes. 

     Atomic level structures of TRPV1, a capsaicin- and heat-activated TRP channel, have 

recently been determined by single-particle analysis with cryo-EM under conditions wherein 
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the purified protein was in complex with amphipathic polymers or in nanodiscs (Caterina et 

al., 1997; Cao et al., 2013; Liao et al., 2013; Gao et al., 2016).  The structural data suggest 

that the presence of phosphatidylinositides supports a closed state of TRPV1 and removal of 

endogenous phosphatidylinositides upon heat stimulation could contribute to channel gating 

and further cation influx through the TRPV1 pore (Gao et al., 2016).  Thus, we propose a 

new model for extracellular Ca2+-dependent heat-evoked activation of TRPA1 wherein 

binding of extracellular Ca2+ to acidic amino acids near the extracellular side of the TRPA1 

channel contributes to channel gating and cation influx upon heat stimulation.  Support for 

this model is provided by the involvement of Glu at position 920 of human TRPA1 in 

collecting cations into the mouth of the pore and changing the surface potential by ~16 mV 

(Christensen et al., 2016).  Our model is also supported by the channel gating and ion 

permeation of the highly Ca2+-selective channel TRPV6, which involves extracellular cation 

binding to the channel (Saotome et al., 2016). Although the Ca2+ sensitivity and permeability 

of TRPV6 (>100) (Yue et al., 2001) and TRPA1 (>5) (Karashima et al., 2010) differ, the 

overall locations of the acidic amino acids in both channels are similar, suggesting that a 

comparison of the characteristics of the two channels could clarify the significance of Ca2+ 

binding in heat-evoked gating of TRPA1 channels.   

     Since extracellular Ca2+ dependency has not been clearly shown in heat-activated TRPA1 

channels from various species (Hamada et al., 2008; Gracheva et al., 2010; Kang et al., 2012; 

Saito et al., 2012; Saito et al., 2014), we emphasize that, in addition to potentiation/activation 

or secondary inactivation (Nagata et al., 2005; Karashima et al., 2008; Wang et al., 2008) by 

intracellular Ca2+, binding of extracellular Ca2+ to acidic amino acids in the TRPA1 channel 

vestibule is important for heat-evoked channel gating.  Ca2+ concentrations vary in 

extracellular spaces during development (Brown et al., 1995) and proliferation of various 

cells such as skin keratinocytes (Pillai et al., 1990), although TRPA1 is not strongly 
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expressed in epithelial cells. Nonetheless, the dependence of TRPA1 heat-induced activation 

on extracellular Ca2+ in some species could be involved in physiological phenomena that are 

affected by extracellular Ca2+ levels. 

 In conclusion, I showed similarities and differences between heat and AITC activation of 

gaTRPA1 in whole-cell and single-channel recordings, which indicates that heat and AITC 

can directly activate gaTRPA1.  I showed the synergistic effects of heat and AITC on 

gaTRPA1 activation with a reduced temperature threshold for activation in the presence of 

AITC.  I have also identified negatively charged amino acid residues located at the outer 

vestibule of the gaTRPA1 channel that play an important role in heat-induced channel 

activation, but do not participate in responses to other stimuli such as AITC. Moreover, the 

observation that several acidic amino acids in TRPA1 from three species (green anole, 

chicken, and rat snake) contribute to large channel activation following heat stimuli suggests 

that allosteric coupling may be involved in this type of channel activation. These findings 

would be helpful for understanding the mechanisms of TRPA1 activation by temperature.  
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Figure legends 

Figure 1 

Heat and AITC sensitivities of green anole TRPA1 expressed in HEK 293 cells 

A and B, Representative current (upper) and temperature (lower) traces for repeated heat and 

AITC stimulation in HEK293 cells expressing green anole TRPA1. C, Representative 

gaTRPA1-mediated whole-cell current traces upon application of heat and AITC (400 µM) 

recorded at -60 mV with voltage-ramp pulses (-100 to +100 mV in 500 ms) every 5 s. 

Current-voltage relationships of heat- and AITC-evoked responses are shown (C, inset). D, 

Representative current (upper) and temperature (lower) traces for repeated cold, heat and 

AITC stimulation.  

 

Figure 2 

Comparison of heat- and AITC-evoked currents in the presence and absence of 

extracellular Ca2+ 

A, Representative current (upper) and temperature (lower) traces for heat and AITC 

stimulation in the absence of extracellular Ca2+.  B, The average difference in heat-evoked 

gaTRPA1 currents in the presence (filled) and absence (open) of extracellular Ca2+.  C, 

Representative gaTRPA1-mediated whole-cell current traces upon application of heat and 

AITC (400 µM) recorded at -60 mV with voltage-ramp pulses (-100 to +100 mV in 500 ms) 

every 5 s in the absence of extracellular Ca2+.  Current-voltage relationships for heat- and 

AITC-evoked gaTRPA1 currents are shown (C, inset).  D, Representative current traces for 

repeated AITC stimulation in the absence of extracellular Ca2+.  E, Comparison of initial 

AITC-evoked currents in the presence (filled) and absence (open) of extracellular Ca2+.  F, 
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Comparison of thalf (time for half inactivation) of the initial AITC-evoked currents in the 

presence (filled) and absence (open) of extracellular Ca2+. G, Comparison of the 2nd/1st ratio 

of AITC-evoked currents in the presence (filled) and absence (open) of extracellular Ca2+. 

Data represent the mean ± S.E.M. (n=6-8).  ** p <0.01. 

 

Figure 3 

Synergistic effects of heat and AITC on gaTRPA1 activation   

A, Dose-response curves for gaTRPA1 current responses to AITC at 25 °C (black line) and 

30 °C  (red line). Data are shown as the mean ± S.E.M. (n = 6-13).  B - D, Arrhenius plot of 

the currents elicited by heat stimulation at 15-18 °C  (B and C) or 25 °C  (D) without AITC 

(B and D) or with 20 µM AITC treatment for 1 min (C).  The average temperature thresholds 

for heat stimulation were 35.8 ± 0.5 °C (n=6; B), 26.9 ± 0.8 °C (n = 6; C) and 36.4 ± 0.5 °C   

(n=7; D).  Representative current traces upon application of heat at 15-18 °C without (B, 

inset) and with AITC (C, inset), and at 25 °C without AITC (D, inset).  E, The average 

difference in temperature thresholds for gaTRPA1 activation expressed in HEK293 cells 

without or with AITC from different basal temperatures.  – and + represent the absence and 

presence of AITC, respectively.  Data represent the mean ± S.E.M. (n=6). ** p < 0.01. 
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Figure 4 

Single-channel currents of green anole TRPA1 in HEK293 cells activated by heat or 

AITC 

A and B, Representative single-channel current traces obtained in inside-out patches excised 

from HEK293 cells expressing gaTRPA1 at Vp= -60 mV.  Temperature changes are also 

shown in A.  Insets 1, 2, and 3 show the indicated segments of the continued current traces 

with expanded scales and real temperatures in A.  The dotted lines indicate closed (c) and 

open (o) levels.  C and D, Recordings of heat- and AITC-induced single-channel events at 

different membrane potentials in an inside-out patch configuration.  The dotted lines indicate 

closed (c) and open (o) levels.  E and F, The single-channel I-V curves of heat- and AITC-

activated channels in inside-out patches (n = 6).  Both curves show outward rectification.  

Data represent the mean ± S.D. (n = 6).  

 

Figure 5 

Comparison of single-channel properties produced by heat and AITC recorded in 

inside-out patches at +60 mV 

A and B, Single-channel events induced by heat and AITC.  C- E, open-time distribution of 

channel openings induced by heat (C) and AITC (D) and time difference in open-times 

between heat and AITC (h).  F - H, closed-time distribution of channel openings induced by 

heat (F) and AITC (G) and time difference in closed-times between heat and AITC (H).  

Data represent the mean ± S.E.M. (n = 6).  
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Figure 6 

Comparison of single-channel properties produced by AITC recorded in inside-out 

patches at +60 mV in the presence and absence of extracellular Ca2+ 

A, Representative single-channel current traces obtained in inside-out patches excised from 

HEK293 cells expressing gaTRPA1 at Vp= -60 mV in the absence of extracellular Ca2+. 

Insets 1, 2 and 3 show the indicated segments of the continued current traces with expanded 

scales.  The dotted lines indicate closed (c) and open (o) levels.  B and C, Amplitude 

histogram of channel events in the absence of extracellular Ca2+ (B) and comparison between 

the presence and absence of extracellular Ca2+ (C).  Unitary amplitudes for currents activated 

by AITC in the presence and absence of extracellular Ca2+ were 4.2 ± 0.1 pA and 4.13 ± 0.27 

pA, respectively.  D and E, Open-time distribution of channel openings induced by AITC in 

the absence of extracellular Ca2+ (D) and time difference in open-times between the presence 

and absence of extracellular Ca2+ (E).   F and G, Closed-time distribution of channel 

openings induced by AITC in the absence of extracellular Ca2+ (F) and time difference in 

closed-times between the presence and absence of extracellular Ca2+ (G). Data represent the 

mean ± S.E.M. (n = 6). 

 

Figure 7 

Heat-evoked gaTRPA1 currents in HEK293T cells in the absence and presence of 

extracellular Ca2+ 

A, Representative current (upper) and temperature (lower) traces in response to heat or AITC 

(400 µM) stimulation in the absence of extracellular Ca2+ in HEK293T cells expressing 

gaTRPA1.  HC030031 (50 µM) was added after AITC stimulation. The pipette solution 

included 1 µM intracellular free Ca2+.  B, Representative current (upper) and temperature 
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(lower) traces for heat and AITC (400 µM) stimulation in the absence of extracellular and 

intracellular Ca2+. C, Representative current (upper) and temperature (lower) traces in the 

absence of extracellular Mg2+ with extracellular Ca2+ (2 mM) in HEK293T cells expressing 

gaTRPA1.  D, Representative current (upper) and temperature (lower) traces in response to 

heat or AITC (400 µM) simulation in the presence of extracellular Ba2+ (2 mM) and absence 

of extracellular Ca2+ in HEK293T cells expressing gaTRPA1.  E, Representative gaTRPA1-

mediated heat-evoked whole-cell current traces.  Lines above the traces show heat 

stimulation duration.  Extracellular Ca2+ concentrations ([Ca2+]o) are shown below the traces. 

F, Heat-evoked gaTRPA1 current densities at different extracellular Ca2+ concentrations. G 

and H, Representative current (upper) and temperature (lower) traces for gaTRPA1 and 

Arrhenius plots of currents elicited by heat stimulation at 25 °C at 1 mM (G) and 2 mM (H) 

extracellular Ca2+. The average temperature thresholds for activation by heat were 34.9 ± 

1.9 °C, (n=4; G) and 35.8 ± 1.8 °C, (n=6; H) at 1 mM and 2 mM extracellular Ca2+, 

respectively I, Temperature thresholds for heat-induced gaTRPA1 activation at 1 mM and 2 

mM extracellular Ca2+. Holding potential was -60 mV. Data represent the mean ± S.E.M. 

(n=5-8). * p < 0.05 vs. 0 mM; # p < 0.05 vs. 2 mM. 

 

Figure 8 

Heat-evoked currents of chTRPA1 and rsTRPA1 expressed in HEK293T cells in the 

presence and absence of extracellular Ca2+ 

A and B, Representative current (upper) and temperature (lower) traces for chTRPA1 in the 

presence (A) and absence (B) of extracellular Ca2+.  C, Arrhenius plots of currents elicited by 

heat stimulation from 25 °C in the presence (left) and absence (right) of extracellular Ca2+. 

The average temperature thresholds for heat-evoked activation were 39.3 ± 0.5 °C, (n=5) and 

39.6 ± 1.2 °C (n=6) in the presence and absence of extracellular Ca2+, respectively. D, 
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Temperature thresholds for chTRPA1 activation at 2 mM (filled) and 0 mM (blank) 

extracellular Ca2+. Data represent the mean ± S.E.M. (n=5). n.s. – no significance.  E and F, 

Representative current (upper) and temperature (lower) traces for rsTRPA1 in the presence 

(E) and absence (F) of extracellular Ca2+. G, Arrhenius plots of currents elicited by heat 

stimulation from 25 °C in the presence (left) and absence (right) of extracellular Ca2+. 

Temperature thresholds for heat-evoked activation were 37.4 ± 0.9 °C (n=6) and 39 ± 0.6 °C 

(n=6) in the presence and absence of extracellular Ca2+. H, Temperature thresholds for 

rsTRPA1 activation at 2 mM (filled) and 0 mM (blank) extracellular Ca2+. Data represent the 

mean ± S.E.M. (n=6). n.s. – no significance. 

 

Figure 9 

Location of gaTRPA1 amino acid residues that is required for heat-evoked activation 

A, Alignment of TM5 amino acids in gaTRPA1, chTRPA1, and rsTRPA1.  The location of 

amino acids that differ from gaTRPA1 (E894) is indicated in red. Numbering is based on the 

gaTRPA1 sequence. *-identical, :-similar, .-different. B, A side view of the homology model 

structure for two gaTRPA1 subunits based on hTRPA1. The red and black arrow indicate the 

E894 side chain and direction of ion flow, respectively. C and D, Representative current 

(upper) and temperature (lower) traces for gaTRPA1 (E894Q) in the presence (C) and 

absence (D) of extracellular Ca2+.  E, Comparison of AITC-evoked currents for wild type 

(black) and E894Q (grey and white) gaTRPA1 in the presence and absence of extracellular 

Ca2+.  F, Representative current (upper) and temperature (lower) traces for heat and AITC 

(400 µM) stimulation in the absence of extracellular and intracellular Ca2+ in HEK293T cells 

expressing gaTRPA1 mutant (E894K). G, Representative current (upper) and temperature 

(lower) traces for heat stimulation in the presence of extracellular and absence of intracellular 

Ca2+ in HEK293T cells expressing gaTRPA1 mutant (E894K). H, I, K and L, Representative 
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current (upper) and temperature (lower) traces for chTRPA1 (Q897E) (H, I) and rsTRPA1 

(Q895E) (K, L) in the presence (H, IK) and absence (I, L) of extracellular Ca2+.  J and M, 

Comparison of heat-evoked currents for wild type (black and white) and Q to E mutants 

(light and dark grey) of chTRPA1 (J) and rsTRPA1 (M) in the presence (+) and absence ( ̶ ) 

of extracellular Ca2+.  Data represent the mean ± S.E.M. (n=4-6). n.s., no significance; * 

p<0.05 vs WT (+ and  ̶ ), Q897E and Q895E (+); # p < 0.05 vs WT (+), Q897E and Q895E 

(+). 

 

Figure 10 

Heat-evoked activation of wild type and mutant TRPA1 channels from three species. 

A, Amino acid sequence alignment of gaTRPA1, chTRPA1, and rsTRPA1. The locations of 

TM5, pore helix 1, pore helix 2, and TM6 are indicated by lines above the alignment.  The 

negatively charged amino acids examined are shown in red (gaTRPA1), green, and cyan (all 

three species).  Numbering on the right of the alignment is based on gaTRPA1. *-identical, :-

similar, .-different. *-identical, :-similar, .-different.  B, D and F, Representative heat-evoked 

whole-cell current traces recorded at -60 mV for gaTRPA1 (B), chTRPA1 (D), and rsTRPA1 

(F) having the indicated mutations. C, E and G, Comparison of heat-evoked activation of 

wild type and mutated gaTRPA1 channels (C), chTRPA1 (E) and rsTRPA1 (G) in the 

presence and absence (minus sign) of extracellular Ca2+. Data represent the mean ± S.E.M. 

(n=5-7). n.s. – no significance. * p<0.05 vs WT (+). # p < 0.05 vs E894Q/D918N/E922Q (-

−,+); D921N/D925N (−,+); E919Q/E923Q (−,+). † p < 0.05 vs. E894Q; E894Q/D918N; 

E894Q/E922Q (−). ‡ p < 0.05 vs WT (-). 
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Figure 11 

Possible external Ca2+ binding sites on the gaTRPA1 channel. A ribbon representation 

showing a side view of the transmembrane domains of two opposing gaTRPA1 model 

subunits based on hTRPA1 is shown. The side chains of mutated amino acids are indicated 

by red arrows and the black downward vertical arrow indicates the direction of ion flow.  
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Table and Figures 

 

Table 1 

Primer sets for green anole, chicken and rat snake TRPA1 glutamate/glutamine, 
glutamine/glutamate, aspartate/asparagine and glutamate/lysine mutations 
 

Green anole TRPA1 Sense primer (5’→3’) Antisense primer (5’→3’) 
E894Q 
E894K 
D918N  
E922Q 
E922Q (D918N) 

CTTCTTGGTTCACAGcAAGCATATGGCACTCC 
TCACAGaAAGCATATGGCACTC 
GATATCAATTATCATaATGCTTTCCTTGA 
CATGATGCTTTCCTTcAACCAATGTTGAC 
CATaATGCTTTCCTTcAACCAATGTTGAC 

GGAGTGCCATATGCTTgCTGTGAACCAAGAAG 
CATATGCTTtCTGTGAACCAAGAAG 
TCAAGGAAAGCATtATGATAATTGATATC 
GTCAACATTGGTTgAAGGAAAGCATCATG 
GTCAACATTGGTTgAAGGAAAGCATtATG 

 
Chicken TRPA1 Sense primer (5’→3’) Antisense primer (5’→3’) 
Q897E 
D921N 
D925N 
DD921-925NN 

CCTTTTGGGTTCACAGgAAACATACAGCACAC 
GACATAAATTATCACaATGCATTCCTTGA 
CACGATGCATTCCTTaATCCATTACTGAG 
CACaATGCATTCCTTaATCCATTACTGAG 

GTGTGCTGTATGTTTcCTGTGAACCCAAAAGG 
TCAAGGAATGCATtGTGATAATTTATGTC 
CTCAGTAATGGATtAAGGAATGCATCGTG 
CTCAGTAATGGATtAAGGAATGCATtGTG 

 
Rat snake TRPA1 Sense primer (5’→3’) Antisense primer (5’→3’) 
Q895E 
E919Q 
E923Q 
EE919-923QQ 

CTTCTTGGTTCACAGgAAACATATGGCACTCC 
CCGTcAGGCTTTCCTTGAACCAATG 
TTCCTTcAACCAATGCTCGCTGATAAACTC 
CCGTcAGGCTTTCCTTcAACCAATG 

GGAGTGCCATATGTTTcCTGTGAACCAAGAAG 
AAGGAAAGCCTgACGGTAGTTGTTATCTCC 
CATTGGTTgAAGGAAAGCCTCACGGTAG 
CATTGGTTgAAGGAAAGCCTgACGGTAG 
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Figure 9 (continued)
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