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　　The pungency induced by spices and herbs plays an important role in food choice and appetite, and it is suggested 
that adding spices and herbs to feed as natural alternatives to antibiotics has beneficial effects in poultry farming.  
However, our knowledge of the chemosensory perception of herbal compounds in chickens is limited.  Transient 
receptor potential ankyrin 1 (TRPA1) is involved in the sensory perception of various herbal compounds.  Here, we 
performed calcium imaging and electrophysiological analyses using cells transiently expressing chicken TRPA1 
(cTRPA1) and identified two novel cTRPA1 ligands—eugenol and thymol.  In a behavioral assay, chickens responded 
to cTRPA1 ligands, including eugenol, thymol, cinnamaldehyde, carvacrol, and allyl isothiocyanate.  These results 
provide evidence that chickens have a functional TRPA1 channel and chemosensory perception of various herbal 
compounds.
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Introduction

　Aside from the senses of taste and smell, the pungency 
induced by spices and herbs plays a considerable role in food 
choice and appetite.  Transient receptor potential (TRP) chan-
nels, such as TRP vanilloid 1 (TRPV1) and TRP ankyrin 1 
(TRPA1), are involved in the chemosensory perception of 
pungent compounds (Rhyu et al., 2021).  In mammals, 
TRPV1 is a pain receptor activated by capsaicin, a pungent 
substance present in hot chili pepper (Jordt and Julius, 2002), 
whereas TRPA1 is activated by a variety of natural spices and 
herbal compounds such as thymol, cinnamaldehyde (CA), 
carvacrol, and allyl isothiocyanate (AITC) (Rhyu et al., 
2021).  It is suggested that adding spices and herbs to poultry 
feeds enhances the performance of birds, improves feed 

utilization, helps digestion, and serves as natural alternatives 
to antibiotics (Vinus et al., 2018).  Thus, identification of the 
ligands for chicken TRP channels will be an important step 
toward identifying novel feed additives in poultry farming.  It 
has been reported that chicken TRPV1, unlike rat TRPV1, is 
hard for capsaicin to activate (Jordt and Julius, 2002), but CA, 
carvacrol, and AITC activate chicken TRPA1 (cTRPA1) 
(Saito et al., 2014).  The aim of the present study was to 
identify novel cTRPA1 ligands using cell-based assays.  
Using a behavioral assay, we also investigated the effects of 
the identified ligands on the sensory perceptions of chickens.

Materials and Methods

Chemicals
　Eugenol, thymol, CA, carvacrol, and AITC were obtained 
from FUJIFILM Wako Pure Chemical Corp., Osaka, Japan.  
They were dissolved in dimethyl sulfoxide (DMSO) and 
stored at －20℃.  Before the calcium imaging and patch 
clamp experiments, the DMSO stock solution (1 M) was 
diluted with a standard bath solution containing 140 mM 
NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, 
and 10 mM glucose at pH 7.4, adjusted using NaOH.  More-
over, before the brief-access test, the DMSO stock solution (1 
M) was diluted using reverse osmosis water.
Cell Culture
　Human embryonic kidney 293T (HEK293T) cells were 
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cultured in Dulbeccoʼs modified Eagleʼs medium (high glu-
cose; FUJIFILM Wako Pure Chemical Corp.) with 10% fetal 
bovine serum (GE Healthcare, Buckinghamshire, UK) and 
1% penicillin–streptomycin (FUJIFILM Wako Pure Chemical 
Corp.) at 37℃ in 5% CO2.
Calcium Imaging
　Calcium imaging analyses were performed as described in 
our previous report (Liang et al., 2019).  Briefly, HEK293T 
cells were transfected with either empty vector pcDNA3.1(+) 
for mock cells or cTRPA1/pcDNA3.1(+) using a lipofection 
method with ScreenFect A (FUJIFILM Wako Pure Chemical 
Corp.) on coverslips coated with poly-d-lysine (0.1 mg/ml; 
FUJIFILM Wako Pure Chemical Corp.).  After transfection, 
the cells were incubated for 48 h at 37℃ in 5% CO2.  The cells 
were then incubated with Fluo4-AM solution, prepared ac-
cording to the manufacturerʼs instructions (Dojindo Labora-
tories, Kumamoto, Japan), for 30 min at 37℃ in 5% CO2.  The 
Fluo4-AM solution was then washed with bath solution, and 
the coverslips were mounted on a chamber connected to a 
gravity flow system to deliver various stimuli by running a 
bath solution containing various chemicals.  Fluo4 fluores-
cence was measured using a laser scanning microscope 
(Nikon A1R; Nikon Solutions Co., Tokyo, Japan).  The chemi-
cal stimuli tested in the calcium imaging analyses were 
0.5 mM eugenol, 0.5 mM thymol, 0.5 mM CA, and 0.1% Triton 
X-100 (Sigma-Aldrich, St. Louis, MO, USA).  CA, a known 
cTRPA1 ligand (Saito et al., 2014), was used as a positive 
control.
Patch Clamp Recording
　Whole-cell patch clamp recordings were performed as 
previously described (Liang et al., 2019).  HEK293T cells 
were co-transfected with cTRPA1/pcDNA3.1(+) and EGFP/
pCAGGS using ScreenFect A on coverslips coated with poly-
d-lysine (0.1 mg/mL).  The EGFP fluorescence was used to 
identify the successful cells in the transfection of cTRPA1.  
The cells were incubated for 24-48 h at 37℃ in 5% CO2, and 
the coverslips were mounted in a chamber connected to a 
gravity flow system.  The cells were voltage clamped at －60  
mV using an EPC10 amplifier (HEKA Elektronik, Lambrecht, 
Germany).  Patch pipettes, which have resistances between 3 
and 5 MΩ, were filled with a pipette solution consisting of 
140 mM KCl, 5 mM EGTA, and 10 mM HEPES at pH 7.4, 
adjusted with KOH.  The chemical stimuli used in the patch 
clamp recording were 0.5 mM eugenol, 1.0 mM eugenol, 3.0  
mM eugenol, 0.5 mM thymol, 1.0 mM thymol, and 0.5 mM 
CA.
Animals
　The use of animals throughout the study was approved by 
the Committee for Laboratory Animal Care and Use at 
Kyushu University (approval no. A28-151-1) and followed 
the Guide for Animal Experiments issued by Kyushu Uni-
versity, the Law Concerning the Human Care and Control of 
Animals (Law No. 105; October 1, 1973), the Japanese 
Government Notification on the Feeding and Safekeeping of 
Animals (Notification No. 6; March 27, 1980), and the 
ARRIVE guidelines.  Fertilized eggs of the Rhode Island Red 
strain were obtained from the National Livestock Breeding 

Centerʼs Okazaki station (Okazaki, Japan), and the chicks and 
their offspring were used for this experiment.  The chicks 
were maintained in a box brooder with a heating system 
(Showa Furanki, Saitama, Japan) at a temperature of approxi-
mately 30℃ under a 12-h/12-h dark/light cycle.  They were 
provided ad libitum access to commercial feed (Powerlayer 
17Y, JA Kitakyushu Kumiai Shiryo, Fukuoka, Japan) and 
water.
Brief-access Test
　Brief-access tests were performed as described previously 
with some modifications (Yoshida et al., 2021).  Briefly, male 
and female chicks that were 0-2-week-old at the start of the 
experiment were used.  The tests were performed over five 
consecutive days.  Throughout the experiment, the chicks 
were supplied with commercial layer feed ad libitum, and 
water intake was restricted 23 h 40 min before the tests.  Either 
the control solution or the test solution was presented to the 
chicks for 5 min, and then, to minimize the variance in the 
daily solution intake of each chick, normal tap water was 
presented for 15 min.
　On days 1 and 2, the chicks were presented with the control 
solution for 5 min for a short-time intake training.  On day 3, 
to get the chicks accustomed to the test solution and avoid 
neophobia, the chicks were presented with the test solution 
for 5 min.  The test solutions used in the present study were as 
follows: 0.5-5.0 mM eugenol, 0.1-5.0 mM thymol, 0.1-
5.0 mM CA, 0.5-5.0 mM carvacrol, and 0.05-5.0 mM AITC.  
On days 4 and 5, the chicks were randomly presented with the 
test or control solution.  The control solution contained the 
same amount of DMSO as the test solution.  The intake of 
each of the solutions was measured and compared to evaluate 
the chemosensory responses to the test stimuli.  To evaluate 
the preferences for the test stimuli, the preference ratio for 
each solution was calculated as follows: test solution intake / 
(test solution intake + control solution intake), using the data 
on days 4 and 5, as previously reported (Yoshida et al., 
2018a).  For statistical analyses, each preference ratio was 
compared to each opposite ratio (control solution intake / [test 
solution intake + control solution intake] ).  A ratio ＞0.5 indi-
cated preference, whereas a ratio ＜0.5 indicated aversion.
Statistical Analyses
　Paired t-test was used for statistical analyses that were 
performed using Excel 2011 (Microsoft Corp., Redmond, 
WA, USA).  Differences were considered significant at P＜ 
0.05.

Results

Eugenol and Thymol Activated cTRPA1
　We performed calcium imaging analyses using cells tran-
siently expressing cTRPA1 (cTRPA1 cells; Fig. 1A) or cells 
transfected with an empty vector (mock cells; Fig. 1B).  Mock 
cells were not activated by 0.5 mM eugenol, 0.5 mM thymol, 
or 0.5 mM CA (Fig. 1B).  By contrast, cTRPA1 cells were 
activated by 0.5 mM eugenol, 0.5 mM thymol, and 0.5 mM 
CA (Fig. 1A).  Both mock and cTRPA1 cells were activated 
by 0.1% Triton X-100 (Figs. 1A, B), suggesting that the Fluo4 
measuring system functioned normally in both cells.  Electro-
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physiological analysis revealed that 0.5 mM eugenol, 0.5 mM 
thymol, and 0.5 mM CA activated cTRPA1 cells (Fig. 1C, D).  
At all concentrations examined in the whole-cell patch clamp 
tests, eugenol and thymol activated cTRPA1 (Figs. 1E, F).
Chickens Showed Chemosensory Responses to all the cTRPA1 
Ligands Tested
　Brief-access tests were performed to evaluate dose-
dependent behavioral responses to five cTRPA1 ligands, 
namely, eugenol, thymol, CA, carvacrol, and AITC.  We 
found that the 0.5 mM eugenol intake was not changed 
compared to that of the control solution (P＞0.05), but the 
1.0 mM and 5.0 mM eugenol intakes were decreased com-
pared to that of the control solution (1.0 mM; P＜0.05, 5.0  
mM; P＜0.001; Fig. 2A).  Furthermore, the preference ratios 
for 1.0 mM and 5.0 mM eugenol were also decreased (1.0 mM; 
P＜0.05, 5.0 mM; P＜0.001; Fig. 2B).  In addition, the 0.1  
mM, 0.5 mM, and 1.0 mM thymol intakes were not changed 
compared to that of the control solution (P＞0.05), but the 
5.0 mM thymol intake was significantly decreased (P＜0.05; 

Fig. 2C).  Moreover, the preference ratio for 5.0 mM thymol 
was decreased (P＜0.01; Fig. 2D).  Furthermore, we also 
found that the 0.1 mM and 0.5 mM CA intakes were not 
changed, whereas the 1.0 mM and 5.0 mM CA intakes were 
decreased (1.0 mM; P＜0.05, 5.0 mM; P＜0.001; Fig. 2E).  
The preference ratio for 5.0 mM CA was also significantly 
decreased (P＜0.001; Fig. 2F).  Both the 1.0 mM and 5.0 mM 
carvacrol intakes were significantly decreased (1.0 mM; 
P＜0.05, 5.0 mM; P＜0.001; Fig. 2G), and the preference 
ratios for 1.0 mM and 5.0 mM carvacrol were also decreased 
(1.0 mM; P＜0.05, 5.0 mM; P＜0.001; Fig. 2H).  We also 
found that the 0.1 mM AITC intake was not changed (P＞ 
0.05), but the 0.05 mM, 0.5 mM, 1.0 mM, and 5.0 mM AITC 
intakes were significantly decreased compared to that of the 
control solution (0.05 mM; P＜0.05, 0.5 mM; P＜0.01, 1.0  
mM; P＜0.001, 5.0 mM; P＜0.001; Fig. 2I).  The preference 
ratios for 0.5 mM, 1.0 mM, and 5.0 mM AITC were signifi-
cantly decreased (0.5 mM; P＜0.01, 1.0 mM; P＜0.001, 5.0  
mM; P＜0.001; Fig. 2J).

Fig. 1.　(A and B) Responses of HEK293T cells transiently expressing cTRPA1 (cTRPA1 cells) or cells 
transfected with empty vector (mock) to herbal compounds.  The ratios of relative fluorescence unit (RFU) that 
are the indices of cytosolic Ca2+ concentration after stimulation with 0.5 mM eugenol (Eug), 0.5 mM thymol (Thy), 
and 0.5 mM cinnamaldehyde (CA) in cTRPA1 cells (A) and mock cells (B) are presented.  All cells responded to 
Triton X-100.  Values are presented as the mean±SE.  The data were obtained from 3 coverslips.  Each had 
approximately 100 cells, and the averages of the data from these cells were treated as the data for one coverslip.  
(C-F) Electrophysiological responses of cTRPA1 cells to herbal compounds.  The representative currents of 
cTRPA1 cells stimulated with 0.5 mM Eug and 0.5 mM CA (C) and 0.5 mM Thy and 0.5 mM CA (D) are shown.  
Current densities of cTRPA1 cells stimulated with 0.5 mM, 1.0 mM, and 3.0 mM Eug (E) and 0.5 mM and 1.0 mM 
Thy (F) are shown.  Values are presented as the mean±SE.  The data were obtained from 3 cells.
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Fig. 2.　Behavioral responses to various herbal compounds in chickens.  (A, C, E, G, and I) Control solution 
intake/BW (white bar) and flavored test solution intake/BW (black bar) were compared using 0.5 mM, 1.0 mM, 
and 5.0 mM eugenol (A); 0.1 mM, 0.5 mM, 1.0 mM, and 5.0 mM thymol (C); 0.1 mM, 0.5 mM, 1.0 mM, and 
5.0 mM cinnamaldehyde (CA) (E); 0.5 mM, 1.0 mM, and 5.0 mM carvacrol (G); and 0.05 mM, 0.1 mM, 0.5 mM, 
1.0 mM, and 5.0 mM allyl isothiocyanate (AITC) (I).  (B, D, F, H, and J) Preference ratios for the corresponding 
concentrations of eugenol (B), thymol (D), CA (F), carvacrol (H), and AITC (J) are shown.  Values are presented 
as the mean±SE (n＝6-8).  * P＜0.05, ** P＜0.01, and *** P＜0.001 using paired t-test.
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Discussion

　The results of the calcium imaging assay and electro-
physiological analysis revealed that the natural herbal 
compounds eugenol and thymol activated cTRPA1 similarly 
to the known cTRPA1 ligand CA (Saito et al., 2014).  Because 
these stimuli did not affect the mock cells in the calcium 
imaging, it was considered that these herbal compounds 
specifically activated the cTRPA1 channel without affecting 
any endogenous receptors in HEK293T cells.  In addition, the 
brief-access test demonstrated that the cTRPA1 ligands 
eugenol, thymol, CA, carvacrol, and AITC (Saito et al., 2014) 
induced behavioral responses in chickens.  Thus, the present 
study identified two novel cTRPA1 ligands and demonstrated 
that chickens have chemosensory perception of natural herbal 
compounds that activate cTRPA1.  Furthermore, it should be 
noted that AITC activates mouse TRPV1, but not chicken 
TRPV1 (Kawabata et al., 2017), suggesting that the behavioral 
responses to AITC observed in the present study can be 
mediated by cTRPA1.  Since the brief-access test was con-
ducted to minimize post-ingestive effects (Yoshida et al., 
2018b), it was hypothesized that chickens detected the herbal 
compounds by olfactory and/or oral trigeminal chemorecep-
tion.  In mammals, TRPA1 is expressed in sensory neurons, 
including the olfactory receptor neurons and trigeminal nerve 
fibers (Nakashimo et al., 2010; Rhyu et al., 2021).  Thus, 
future immunohistochemical analyses on the localization of 
TRPA1 in chicken sensory neurons will contribute to our 
understanding of the chemosensory perception of spices and 
herbal compounds in chickens.
　We observed that the chickens significantly rejected the 
high concentrations of the cTRPA1 ligands in the brief-access 
test, although the concentrations that repelled them in the 
behavioral tests were slightly above the concentrations that 
activated cTRPA1 in the patch clamp tests.  Because trigemi-
nal nerve fibers expressing cTRPA1 may be covered with a 
multilayered epithelium, there may be gaps in effective con-
centrations between channel functions and behaviors.  In a 
previous study, cTRPA1 was activated by the bird repellent 
methyl anthranilate (Saito et al., 2014).  Thus, it was assumed 
that eugenol and thymol identified in the present study could 
be potential non-lethal bird repellents.  However, a study on 
broilers suggested that supplementation with an essential oil 
mix from oregano and clove, containing eugenol and thymol, 
improved the feed conversion ratio even more than in the 
group supplemented with only an antibiotic (Ertas et al., 
2005).  This suggested the possibility that an adequate con-
centration of herbal compounds could improve chicken pre-
ferences and performance.  Therefore, further studies are 
needed to investigate the preferences for these herbal com-
pounds when added to feed, as well as their effects on appetite, 
for the future use of cTRPA1 ligands in poultry farming.
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