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In vertebrates, the extracellular calcium-sensing receptor (CaSR) plays a key role in calcium
homeostasis by sensing slight changes in extracellular Ca?*. CaSR is also expressed in mammals
including rodent taste cells and is involved in sensing kokumi, a rich, savory quality that enhances the
intensities of salty, sweet, and umami tastes. In this study, we focused on chicken CaSR (cCaSR) since
calcium is an essential nutrient that is necessary for making eggshell and for the extremely rapid initial
growth of bones. First we confirmed that cCaSR is expressed in taste cells. Next we cloned the cCaSR
gene from kidney and transiently transfected human embryonic kidney 293 T (HEK293T) cells with the
recombinant cCaSR, or empty vector and looked for the agonists and allosteric modulators (including
kokumi substances) of cCaSR by Ca?* imaging. We found that cCaSR was activated by extracellular
Ca?* and Mg* in a dose dependent manner. Several L-amino acids and kokumi substances such as
glutathione enhanced the response of cCaSR. In addition, NPS2143 as a negative allosteric modulator
of human CaSR negatively modulated the response of cCaSR. These results suggest that cCaSR

can sense extracellular Ca?* and Mg?* as well as positive and negative allosteric modulators. Taken
together, the results imply that CaSR might be a multifunctional receptor for calcium, amino acids,
and kokumi substances in chicken. The present finding that functional CaSR is expressed in the chicken
oral tissues will allow us to further elucidate the physiological role of CaSR in the chickens’ taste sense,
and to create new feeds that will contribute to the poultry industry.

Calcium is a very important nutrient for chickens. Low levels of calcium in the diet induce decreases in egg
production, eggshell strength, hatchability, and body weight gain’. It is known that chickens show a high affinity
to calcium®’. However, it is unknown whether chickens use taste to discriminate feed containing calcium.

The extracellular calcium sensing receptor (CaSR), a G-protein-coupled receptor belonging to Family C,
is abundantly expressed in the parathyroid glands, kidney, gut, and bone and plays a key role in regulating
the release of parathyroid hormone in response to circulating blood calcium concentrations in mammals*.
Extracellular Ca?* is the principal agonist of CaSR®, and other orthosteric agonists include various divalent
and trivalent cations, including Mg**, AI**, Sr**, Mn?*, Ni**, Gd**, and Ba*', as well as polyamines (spermine,
spermidine, and putrescine), aminoglycoside antibiotics (neomycin, gentamicin, kanamycin, tobramycin), and
some peptides (amyloid B-peptides, poly-lysine, and poly L-Arg)®’. Furthermore, functions of CaSR can be
regulated by many allosteric modulators such as aromatic L-amino acids (L-Phe, L-Trp, L-Tyr, and L-His),
calcimimetics (Cinacalcet, NPS R-568, NPS R-467, and Calindol), and calcilytics (NPS2143 and Calhex 231)%”.

Tordoff et al. revealed that TIR3 is a calcium-magnesium taste receptor in mice®, and it was speculated
that CaSR is also a calcium-magnesium taste receptor candidate gene’. Indeed, CaSR is expressed in taste cells
in rodents!®!'!. Moreover, it has been reported that CaSR functions as the receptor of a specific flavor quality,
kokumi®'®12, Although kokumi substances have only a slight flavor in water, they were found to markedly increase
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Figure 1. The relative mRNA levels of CaSR were significantly higher in the base of oral cavity than in the palate
and the tongue tip in chickens. Values are the mean relative mRNA levels (normalized to (A) RPS17, (B) B-actin,
and (C) GAPDH) = SD (n=6). Bars without a common letter differ significantly, P<0.01 by one-way factorial
ANOVA followed by post-hoc Tukey HSD test. (D) Representative sequence analysis data of the RT-qPCR
product of the base of oral cavity by using CaSR primer pair.

thickness, continuity, and mouthfulness of taste when added to an umami solution or other food'>. These kokumi
substances, such as glutathione (y-L-glutamyl-L-cysteinylglycine, GSH), are perceived through CaSR in mice
and humans'®'%,

Elucidation of the functions of chicken CaSR (cCaSR) in oral tissues may reveal fundamental knowledge
with which to improve chicken feeds and enhance the efficiency of egg and meat production. Although it has
been reported that chickens have umami, bitter, and fat taste receptors'*-?, it is unknown whether chicken oral
tissues have sensors for calcium and kokumi flavors. Thus, the purpose of this study was to elucidate the sensing
mechanisms of calcium taste and kokumi quality in chickens. We analyzed CaSR expression in chicken oral tissues
and investigated whether cCaSR is activated by Ca?*, Mg?*, L-amino acids, and kokumi substances by using Ca**
imaging assay by using cCaSR-expressing cells.

Results

Reverse transcription qPCR. A previous study demonstrated that the taste buds of chickens were located
mainly in the palate and the base of oral cavity and that very few were located in the tongue tip, unlike the case in
mammals?%. The present study showed that CaSR mRNA expression levels were significantly higher in the base of
oral cavity than in the palate and the tongue tip (P <0.01) (Figs 1A-C). Although the expression level in the palate
was slightly higher than in the tongue tip, there was no significant difference. These expressions were confirmed
by using three different reference genes. We also confirmed the DNA sequences of reverse transcription (RT)-
qPCR products of base of oral cavity by using CaSR primer pair were identical with cCaSR sequence (Fig. 1D).

Cloning of chicken CaSR from kidney. We cloned the cCaSR gene from kidney. After amplification in
E. coli, we confirmed that the cDNA sequence of the cloned cCaSR was nearly identical to that in the nucleotide
sequence of the US National Center for Biotechnology Information (NCBI) database (Gallus Gallus CaSR,
XM_416491.7), with a difference of only two bases (C993T and A1020G; the left sequence of the number is
XM_416491.7 and the right one is that of the Rhode Island Red (RIR) strain). The translated product of the
cloned cCaSR gene matched that of the NCBI database (XP_416491.6).
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Figure 2. (A) HEK293T cells transiently transfected with cCaSR/pcDNA5/FRT were immunostained by the
cCaSR antiserum generated herein (red). Nuclei were stained with DAPI (blue). (B) HEK293T cells transiently
transfected with empty vector pcDNAS5/FRT (mock) were not labeled by the antiserum. Nuclei were stained
with DAPI (blue). (C) Expression of CaSR (green) in the kidney in 9-day-old chicks. Ten similar images of
kidney were obtained from two chicks. Nuclei were stained with DAPI (red). (D, E) Expression of vimentin
(red) and CaSR (green) in the taste buds of the base of oral cavity in 7-day-old chicks. Four similar images of
the base of oral cavity were obtained from two chicks. One representative image is shown. White dots outline
the taste buds labeled by vimentin, the molecular marker for the taste buds of chickens®. Nuclei were stained
with DAPI (blue). (E) shows a magnified image of (D). Arrowheads indicate taste cells immunostained by both
vimentin and CaSR. (F) In the negative control, the antiserum for CaSR was omitted. Nuclei were stained with
DAPI (blue).

Expression of CaSR in taste cells of chickens. We investigated the specificity of the anti-chicken CaSR
antiserum newly generated in this study. First we observed that human embryonic kidney 293 T (HEK293T)
cells transfected with cCaSR/pcDNAS5/FRT were specifically labeled by the antiserum (Fig. 2A), while HEK293T
cells transfected with the empty vector pcDNA5/FRT were not (Fig. 2B). We also found immunoreactivities
in chicken kidney, which was reported to express CaSR?, by the antiserum (Fig. 2C). We then observed CaSR
expression in chicken taste buds labeled by vimentin, the molecular marker for chicken taste buds®® (Fig. 2D).
We also observed double-positive taste cells expressing both vimentin and CaSR in taste buds (Fig. 2E). We
confirmed that specific immunosignals within chicken taste buds were not seen when the antiserum was omitted
(Fig. 2F).
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Figure 3. CaCl, and MgCl, activated cCaSR-expressing HEK293T cells in a dose dependent manner. (A)
Representative data of the ratios of relative fluorescence units (RFUs), the index of cytosolic Ca?* concentration,
to the baseline value after stimulus with repetitive CaCl, solutions and 0.1% Triton X-100 in cCaSR-expressing
cells. (B) CaCl, solutions did not affect the RFU values in the cells transfected with empty vector (mock),
although 0.1% Triton X-100 increased RFU values. (C) MgCl, solutions increased the RFU values in cCaSR-
expressing cells. Data are the means + SE (n=70-100 cells). (D) Representative changes in the index of cytosolic
Ca?* concentrations after stimuli, as indicated by the Fluo 4 ratio with pseudo-color expression.

Extracellular Ca?* and Mg?* activated cCaSR in a dose dependent manner. After repeated
stimulation with CaCl,, the ratio of the relative fluorescence units (RFU), reflecting the cytosolic Ca?*
concentration, was increased in cCaSR-expressing HEK293T cells in a dose dependent manner (Fig. 3A). The
mock cells were not affected by the same extracellular Ca** stimulation (Fig. 3B). These changes were also
observed by stimulation with MgCl, (Fig. 3C,D).

Several L-amino acids enhanced the cCaSR activity. Although RFU was increased slightly by only
2.5 mM CaCl,, the increase was enhanced by the addition of L-Phe, L-Trp, or L-Ala (Fig. 4). However, cCaSR
was not activated by these amino acids with low extracellular Ca?* and Mg?* bath solution (0.5 mM CaCl, and
MgCl,).

Kokumi compounds also enhanced cCaSR activity. Asdid L-amino acids, kokumi substances such as
GSH, y-Glu-Cys, and y-Glu-Val-Gly enhanced cCaSR activities with 2.5 mM CaCl, (Fig. 5).

NPS2143 negatively modulated cCaSR activity. cCaSR was activated by 10 mM CaCl,. Repeated
stimulation with 10 mM CaCl, also activated cCaSR, but the second response was weaker than the first (Fig. 6A).
That was thought to be attributable to the desensitization of cCaSR. In the case of 10 mM CaCl, stimulus with
1 uM NPS2143, the response of cCaSR almost disappeared (Fig. 6B). We analyzed the ratio (second peak/first
peak) between the responses for 10 mM CaCl, only (Fig. 6A) and 10 mM CaCl, with 1 uM NPS2143 (Fig. 6B).
There was a significant difference in the ratio (second peak/first peak) between the two conditions (Fig. 6C).
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Figure 4. L-Phe, L-Trp, and L-Ala enhanced cCaSR activities with 2.5 mM CaCl,. (A) L-Phe enhanced cCaSR
activity with 2.5 mM CaCl, in a dose dependent manner. (B) Thirty mM L-Trp enhanced cCaSR activity

with 2.5 mM CaCl,. (C) Thirty mM L-Ala also enhanced cCaSR activity with 2.5 mM CaCl,. RFU: relative
fluorescence units, the index of cytosolic Ca?* concentration. Data are means + SE (n=70-100 cells).

These results suggested that NPS2143 is a negative allosteric modulator of cCaSR. In this study, we confirmed
cCaSR expression in cells by the first 10 mM CaCl, stimulus. Although we also used NPS2143 with the first CaCl,
stimulus, we could not check the cCaSR-expressing cells by the second CaCl, stimulus because the negative
modulatory effect of NPS2143 on cCaSR persisted after washout (data not shown).

A representative calcimimetic, cinacalcet HCI, activated cCaSR. Fura 2 fluorescence ratios,
reflecting the cytosolic Ca** concentration, were increased in cCaSR-expressing HEK293T cells after stimulation
with 2.5 mM CaCl, (Fig. 7A). The mock cells were not affected by the same stimulation (Fig. 7A). These changes
were also observed by stimulation with a representative calcimimetic, cinacalcet HCI (Fig. 7B). Cinacalcet HCI
activated cCaSR in a dose dependent manner as well as CaCl,, MgCl,, and CaCl, + L-Ala (Fig. 7C). The responses
of cCaSR by cinacalcet HCI were enhanced by 1.5 mM CaCl, (Fig. 7C).

Discussion

In this study, we confirmed that the expression of CaSR in the base of oral cavity was significantly larger than
that in the tongue tip (Fig. 1). Since CaSR-positive cells were observed in vimentin-positive taste cells in the base
of oral cavity, we supposed that CaSR functions as a taste receptor. Vimentin is a taste cell marker in chickens,
and because some vimentin-positive cells express T1R3, a-gustducin, synaptosomal-associated protein 25, and
glutamate-aspartate transporter’®?, it is possible that CaSR may be co-expressed with these molecules in taste
cells.

We cloned the CaSR gene from RIR strain chickens. As a result, although there were two mutations in the
open reading frame (ORF) compared with that of Gallus Gallus, the translated amino acids were not changed
from those of Gallus Gallus. Because Gallus Gallus is an ancestor species of chickens, it is estimated that CaSR
is an essential receptor for living, and this important molecule has been preserved even after a long period of
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Figure 5. Glutathione (GSH), y-Glu-Cys, and y-Glu-Val-Gly enhanced cCaSR activities with 2.5 mM CaCl,.
(A) Ten uM GSH enhanced cCaSR activity with 2.5 mM CaCl,. (B) One-hundred pM y-Glu-Cys enhanced
cCaSR activity with 2.5 mM CaCl,. (C) One-hundred uM y-Glu-Val-Gly enhanced cCaSR activity with

2.5 mM CaCl,. RFU: relative fluorescence units, the index of cytosolic Ca** concentration. Data are means+SE
(n=70-100 cells).

selection pressure. In addition, when the amino acid sequence of CaSR in chicken was compared with those in
other animal species, the homology percentages were about 85% with humans, rats, and mice (data not shown).
These results also implied that CaSR is an important receptor from an evolutionary standpoint.

Through Ca** imaging, we confirmed the responses of cCaSR-expressing cells to CaCl, and MgCl, solutions
in a dose dependent manner (Fig. 3). These responses were similar to the responses of human CaSR (hCaSR)-
expressing cells to CaCl, and MgCl, by using same method (data not shown). Because extracellular Ca?* activated
cCaSR-expressing cells in lower concentrations than did extracellular Mg?*, Ca** is thought to be the main
orthosteric agonist in cCaSR as it is in hCaSR. Diaz et al. reported that cCaSR is activated by Ca** and Mg?**. The
present study showed an identical result. The binding sites of extracellular Ca?* in hCaSR are five extracellular
domain regions®'. In cCaSR, only one amino acid (Ser-388) in Site 4 was mutated to Thr among these important
sites. Since other Ca?*-binding sites were not changed, it is reasonable that cCaSR can sense Ca?* as observed
in the present study.

In addition, L-Phe, L-Trp, and L-Ala enhanced the responses of CaCl, in cCaSR-expressing cells (Fig. 4).
Under the 0.5 mM Ca** and 0.5 mM Mg** conditions, these L-amino acids did not activate cCaSR, suggesting
that these L-amino acids are positive allosteric modulators of cCaSR. Thus, it is implied that these amino acids
may be sensed by oral CaSR in chickens under the condition of around 2.5 mM extracellular Ca**. Although
a heterodimer of taste receptor type 1 member 1/3 (T1R1/T1R3), a chicken umami taste receptor candidate,
is activated by L-Ala and L-Ser but not by L-Pro in a heterologous expressing system??, chicken T1R1/T1R3
activities for other L-amino acids have not been reported. Furthermore, because there are few TIR1/T1R3
co-expressing cells in chicken taste cells, it is possible that CaSR plays a certain role as an amino acid receptor
in chickens. On the other hand, since the functions of chicken T1R1 and T1R3 homodimers have not been
elucidated, further studies of chicken oral amino acid receptors are needed.

In the present study, we examined the effects of three representative known kokumi substances, GSH,
y-Glu-Cys, and y-Glu-Val-Gly, on cCaSR by using Ca?* imaging. These compounds were found to enhance
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Figure 6. NPS2143 negatively modulated cCaSR activities with 10 mM CaCl,. (A) Ten mM CaCl, activated
cCaSR, but the activation by the second stimulus was desensitized. (B) The first stimulus by 10 mM CaCl,
activated cCaSR, but the activation by the second stimulus was negatively modulated by 1 uM NPS2143. (C) The
ratios of the second peak values to the first peak values of (A) and (B). NPS2143 significantly reduced 10 mM
CaCl,-induced cCaSR activation. RFU: relative fluorescence units, the index of cytosolic Ca?* concentration.
Data are means+ SE (n=70-100 cells). "P<0.01 by unpaired -test.

the responses of cCaSR-expressing cells to CaCl, (Fig. 5). Under the low extracellular Ca?* and Mg** (0.5 mM)
conditions, these compounds did not show any response, suggesting that these compounds are positive allosteric
modulators. Although the mutations of T145A/S170T in hCaSR reduced the responses to the potent y-glutamyl
peptide, S-methylglutathione, and L-Phe??, cCaSR does not have mutations in these portions. The present study
revealed that cCaSR could receive kokumi substances as well as hCaSR.

We also examined the effects of NPS2143 on cCaSR and found that NPS2143 functions as a negative allosteric
modulator also in the case of cCaSR. NPS2143 is expected to serve as a negative allosteric modulator of cCaSR
in various studies. It has been thought that NPS2143 binds to a seven-transmembrane region of hCaSR and
negatively modulates the responses to extracellular Ca?*. Especially, it has been reported that the mutations of
Phe-668 (helix II), Arg-680 (helix IIT), Phe-684 (helix III), Glu-837 (helix VII), Phe-688 (helix III), and Ile-841
(helix VII) reduced the negative modulatory effects of NPS2143 to hCaSR***. These binding sites of NPS2143
are also the same in cCaSR, and there are only six amino acid residue differences in the seven-transmembrane
regions between hCaSR and cCaSR. These six amino acid residues are not the known binding sites of NPS2143.
Thus, it is reasonable that NPS2143 functions as a negative allosteric modulator of cCaSR.

A representative calcimimetic, cinacalcet HCI, activated cCaSR as well as other cCaSR ligands found in the
present study. Furthermore, the responses of cCaSR by cinacalcet HCI were enhanced by 1.5 mM CaCl,. The
results were identical to the previous study of hCaSR¥. These results also suggested that the functions of cCaSR
are similar to that of hCaSR and that CaSR is fundamental receptor from birds to humans.

Calcium and magnesium are essential nutrients for animals and play various roles in their bodies. There is a lot
of evidence that various species, not just chickens, have an appetite and a taste sense for calcium®. However, the
calcium taste receptor has not been fully elucidated. Tordoff et al. revealed that T1R3 is involved in the calcium
and magnesium taste sense in mice®. Their study confirmed that T1R3 knockout mice prefer CaCl, and MgCl,
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Figure 7. A representative calcimimetic, cinacalcet HCI, activated cCaSR. (A) Fura 2 fluorescence ratios in
cCaSR-expressing HEK293T cells were increased by 2.5 mM CaCl,, but the increase was not observed in mock

cells. (B) Ten uM cinacalcet HCl activated cCaSR. (C) The (F,,,,—F)/F after various stimuli are shown.

F

means the initial value of Fura 2 fluorescence ratio. F,,, means the maximum value of Fura 2 fluorescence ratio

max

after stimulus. These values are normalized by the values of 1 uM cinacalcet HCI. Data are means+SD (n=4

wells). “"P<0.01 and ""P<0.001 by two-way repeated measures ANOVA followed by unpaired ¢-test.

solutions rather than water, whereas wild-type mice preferred water and were repelled by these solutions. Because
T1R3 knockout mice lost their repellence to CaCl, and MgCl, solutions and showed a preference for them, it
is supposed that there are other calcium and magnesium taste-related molecules besides T1R3. Tordoff et al.
mentioned the hypothesis that CaSR may be involved in calcium taste by making a heterodimer with TIR3?, but

there is no clear evidence as to whether CaSR functions as a calcium taste receptor. On the other hand,

although

chickens show an affinity for calcium, the molecular mechanisms underlying this preference have been almost
unknown. The present study implied one molecular mechanism by which CaSR may be involved in calcium

taste sense in chickens.

In summary, it was estimated that CaSR might function as a multifunctional receptor for calcium taste, several
amino acids, and kokumi substances in chicken oral tissues. Further studies should be conducted to confirm
whether the ligands of cCaSR are recognized as taste compounds in chickens by behavioral tests. It is hoped that
the present results will propel further studies to fully elucidate calcium taste receptors, amino acid sensors, and
kokumi flavor sensors in chickens. Furthermore, the fact that the ligands of cCaSR are almost the same as those

of hCaSR implies that CaSR is an important and universal taste molecule among mammals and birds.
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Target gene | Accessionno | Primer forward Primer reverse Product size (bp)
CaSR XM_416491.8 | CACTTGCTGCTTCGAGTGTG ATGCAGGATGTGTGGTTCTCA 120

RPS17 NM_204217.2 | CTCCATTAAGCTGCAGGAGGA GGTCCACTTCAATGATCTCCTGAT |92

B-actin NM_205518.2 | ACAGAGAGAAGATGACACAGATCAT | CAGATCCAGACGGAGGATGG 197

GAPDH NM_204305.2 | CCCATGTTTGTGATGGGTGTC ATGGCATGGACAGTGGTCATA 158

Table 1. Primers used for the reverse transcription gPCR.

Methods

Chemicals. CaCl,-2H,0, MgCl,-6H,0, L-Phe, L-Trp, L-Ala, GSH, and NPS2143 hydrochloride were
purchased from Sigma-Aldrich (St. Louis, MO, USA), and y-Glu-Cys and y-Glu-Val-Gly were purchased from
Hokkaido System Science (Sapporo, Japan). For Ca** imaging by using Fluo 4-AM, these compounds except
MgCl,-6H,0O were dissolved in Ca**-free and low-Mg?* (0.5 mM) bath solution containing 140 mM NaCl,
5 mM KCl, 0.5 mM MgCl,, 10 mM HEPES, and 10 mM glucose at pH 7.4, adjusted with NaOH, to make stock
solutions. MgCl,-6H,0 was dissolved in a Mg**-free and low-Ca** (0.5 mM) bath solution containing 140 mM
NaCl, 5 mM KCl, 0.5 mM CaCl,, 10 mM HEPES, and 10 mM glucose at pH 7.4, adjusted with NaOH, to
make stock solutions. These stock solutions were diluted with a low-Ca** and low-Mg** bath solution containing
140 mM NaCl, 5 mM KCl, 0.5 mM CaCl,, 0.5 mM MgCl,, 10 mM HEPES, and 10 mM glucose at pH 7.4,
adjusted with NaOH just before each experiment. The low-Ca*" and low-Mg?* bath solution was used as a basic
bath solution for Ca** imaging.

Cinacalcet HCI was purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). For Ca*"
imaging by using Fura 2-AM, cinacalcet HCl was dissolved in dimethyl sulfoxide (DMSO) and stored at —20 °C.
The DMSO stock solution (20 mM) was diluted with a low-Ca** (0.5 mM) and low-Mg** (0.5 mM) bath solution
containing 140 mM NaCl, 5 mM KCI, 0.5 mM CaCl,, 0.5 mM MgCl,, 10 mM HEPES, and 10 mM glucose at
pH 7.4, adjusted with NaOH.

Animals. Fertilized eggs of the RIR strain were obtained from the National Livestock Breeding Center’s
Okazaki station (Okazaki, Japan), and the hatching chicks were used for the present study. One-week-old chicks
were used for RT-gPCR analysis and immunohistochemistry (IHC). A 20-week-old chick was used for cCaSR
cloning from kidney. This study was carried out in accordance with the Guide for Animal Experiments issued
by Kyushu University, 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. It was approved by the committee for Laboratory Animal Care
and Use at Kyushu University (approval no. A28-151-1).

Reverse transcription qPCR.  Total RNA was isolated from the palate, tongue tip, and the base of oral cavity
with the use of FastGene RNA Premium Kit (NIPPON Genetics, Tokyo, Japan) according to the manufacture’s
instructions, and genome DNA was removed with the use of DNase I (NIPPON Genetics). First-strand cDNA
was synthesized using PrimeScript RT reagent Kit with gDNA Eraser (Takara Bio, Kusatsu, Japan) according
to the manufacture’s instructions. For gPCR, PowerUp SYBR Green Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA) was used according to the manufacture’s instructions. Primers were designed with the
aid of the NCBI nucleotide database and are shown in Table 1. gPCR reactions were done by StepOnePlus real
time PCR system (Thermo Fisher Scientific). Each assay was performed in triplicate. To check the amplifications
of unintended targets, we confirmed the single peaks in the melting curve analysis in all samples. After the
RT-gPCR, to confirm whether the RT-gPCR products of the basal of oral cavity by using CaSR primer pair
are identical with cCaSR sequence, these RT-gPCR products were electrophoresed by agarose gel, and the
target single DNA bands around 120 bp were extracted from the agarose gel by using NucleoSpin Gel and PCR
Clean-up (Takara Bio). The DNA sequences were confirmed by the Fasmac sequencing service (Atsugi, Japan).

Tissue collection. Tissues were collected and frozen sections prepared as described previously with some
modification?!. The chicks were euthanized with an overdose of pentobarbital sodium solution, and the base
of oral cavity and kidney were excised. For IHC analyses of the base of oral cavity, the tissues were embedded
in Tissue-Tek O.C.T. Compound (Sakura Finetek Japan, Tokyo, Japan) and freshly frozen at—80 °C. Frozen
sections were cut at 10 pm thickness on a Leica CM 1850 cryostat (Leica Instruments, Nussloch, Germany) and
mounted on Matsunami adhesive silane (MAS)-coated glass slides (Matsunami Glass, Osaka, Japan).

Antibodies. The primary antibodies used were custom-made rabbit polyclonal anti-chicken CaSR antiserum
(XP_416491, residues 1022-1039, DNKEEVPNPEAEPSLPSA) (newly generated in this study; Sigma-Aldrich
Japan, Tokyo, Japan) and mouse monoclonal anti-vimentin antibody (V9; Thermo Fisher Scientific) used in a
previous study?. The secondary antibodies used were Alexa Fluor 488 goat anti-rabbit IgG (1:500), Alexa Fluor
488 donkey anti-rabbit IgG (1:500), Alexa Fluor 594 goat anti-rabbit IgG (1:500), and Alexa Fluor 594 goat anti-
mouse IgG (1:500) (Thermo Fisher Scientific).
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Immunohistochemistry on frozen sections. A double-fluorescence IHC examination of frozen
sections of the base of oral cavity was performed as described in a previous study*. The sections were fixed
with acetone for 10 min at 4 °C and dried for 60 min at RT. After rehydration with phosphate-buffered saline
(PBS), nonspecific staining was blocked by 3% normal goat serum (NGS, Vector Laboratories, Burlingame, CA,
USA)/PBS with 0.3% Triton X-100 (PBS-X) for 30 min at RT. The sections were then incubated with the primary
antibodies in 1% NGS/PBS-X overnight at 4 °C. The sections were rinsed with PBS and incubated with the
secondary antibodies in 1% NGS/PBS-X for 60 min at RT. Following rinses with PBS, the sections were mounted
using VECTASHIELD with DAPI (Vector Laboratories). A confocal laser scanning microscope system (A1R;
Nikon Solutions, Tokyo, Japan) with NIS-Element AR3.2 was used for the observations.

Fresh kidney was fixed in 4% paraformaldehyde in PBS for 50 min and dehydrated with sucrose solutions
(10%: 1 h, 20%: 1 h, 30%: overnight; at 4 °C). Kidney frozen block embedded in FSC 22 Frozen Section Media
(Leica Biosystems, Nussloch, Germany) was sliced into 7 um sections and placed onto silane-coated glass slides.
After washing with PBS-X, then incubated in 1.5% normal donkey serum (NDS)/PBS-X for 1 h, then the sections
were incubated with the primary antibody, anti-chicken CaSR antiserum (1:500), in 1.5% NDS/PBS-X overnight
at 4 °C. The sections were rinsed with PBS-X and incubated with the secondary antibody, Alexa Fluor 488
donkey anti-rabbit IgG (1:500), in 1.5% NDS/PBS-X for 2 h at RT. Following rinses with PBS-X, the sections
were mounted using VECTASHIELD with DAPI (Vector Laboratories). A confocal laser scanning microscope
system (FluoView FV3000; Olympus, Tokyo, Japan) was used for the observations.

Construction of plasmid. To construct the cCaSR plasmid, we isolated total RNA from kidney because
CaSR expression in kidney is rich in other animals®, then synthesized first-strand cDNA by reverse transcription.
The deduced ORF of cCaSR was amplified and sequenced. The PCR primers were designed based on the NCBI
nucleotide databases of the predicted Gallus Gallus CaSR (XM_416491.7). The PCR product of the ORF was
subcloned into the pcDNAS5/FRT (Thermo Fisher Scientific) vector by using the In-Fusion HD Cloning Kit
(Takara Bio). The entire sequence of cCaSR derived from RIR chicks was compared with the genomic NCBI
database of the predicted Gallus Gallus CaSR.

Cell culture. HEK293T cells (obtained from Dr. Koji Shibasaki, Gunma University, Maebashi, Japan) were
maintained in Dulbecco’s Eagle’s medium (DMEM high glucose; FUJIFILM Wako Pure Chemical Corporation)
containing 10% fetal bovine serum (FBS; GE Healthcare, Buckinghamshire, UK) and penicillin-streptomycin
solution (x 100) (FUJIFILM Wako Pure Chemical Corporation) at 37 °C and 5% CO,,.

Immunocytochemistry on HEK293T cells. Culture, transfection, and immunocytochemistry on
HEK293T cells were performed as described previously with some modifications?®. HEK293T cells were
transfected with either empty vector pcDNA5/FRT or cCaSR/pcDNA5/FRT by using ScreenFect A (FUJIFILM
Wako Pure Chemical Corporation) on coverslips coated with poly-d-lysine (0.1 mg/mL). After transfection,
the cells were incubated for 48 h at 37 °C in 5% CO,. The HEK293T cells were then washed with PBS and fixed
with —20 °C methanol for 10 min. After another wash with PBS, nonspecific staining was blocked by 3% NGS/
PBS for 30 min at RT. The cells were then incubated with the rabbit anti-chicken CaSR antiserum (1:1000) in 1%
NGS/PBS overnight at 4 °C.

The cells were then washed with PBS, incubated with Alexa Fluor 594 goat anti-rabbit IgG (1:500) in 1% NGS/
PBS for 90 min at RT, and mounted with VECTASHIELD with DAPI. A fluorescence microscope (BZ-8000,
Keyence, Osaka, Japan) was used for the observations.

Measurement of cytosolic Ca?* concentrations. For the Ca’* imaging experiments by using Fluo 4,
HEK293T cells were transfected with either empty vector pcDNAS5/FRT for mock cells or cCaSR/pcDNAS5/FRT
by using ScreenFect A on coverslips coated with poly-d-lysine (0.1 mg/mL). After transfection, the cells were
incubated for 48 h at 37 °C and 5% CO,. The cells were then loaded with 1.25 uM Fluo 4-AM solution for 30 min
at 37 °C and 5% CO, in the dark. Fluo 4-AM solution was prepared according to the manufacturer’s instructions
(Dojindo Laboratories, Kumamoto, Japan). The coverslips were washed with the low-Ca?* and low-Mg?* bath
solution, and Fluo 4 fluorescence was measured in that solution using a confocal laser-scanning microscope
(A1R; Nikon Solutions). The coverslips were mounted in a chamber connected to a gravity flow system to deliver
various stimuli. Chemical stimulation was applied by running the bath solution containing various chemical
reagents. The activity of the intracellular Ca®* indicator (Fluo 4) was confirmed by responses to 0.1% Triton
X-100.

For the Ca?* imaging experiments by using Fura 2, HEK293T cells were transfected with either empty
vector pcDNAS5/FRT for mock cells or cCaSR/pcDNAS5/FRT by using ScreenFect A on 96-well clear bottom
black plate (Thermo Fisher Scientific) coated with poly-d-lysine (0.1 mg/mL). After transfection, the cells were
incubated for 48 h at 37 °C and 5% CO,. Then, we loaded Fura 2-AM solution per well in accordance with the
manufacturer’s manual (Dojindo Laboratories). After incubation for 30 min at 37 °C and 5% CO,, calcium
imaging was performed using a multimode microplate reader (FlexStation 3, Molecular Devices, San Jose, CA,
USA). The assay was carried out at about 37 °C, and stimulating solutions dissolved in the low-Ca?* and low-Mg**
bath solution were injected automatically. Cell activity was analyzed by the value of the ratio of fluorescence
intensity excited at 340 nm and 380 nm before and after injection.

Statistical analysis. The data are expressed as means + SD or SE. Statistical analyses were performed using
the one-way factorial ANOVA followed by post-hoc Tukey HSD test, unpaired t-test, or two-way repeated
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measures ANOVA followed by unpaired ¢-test using the IBM SPSS Statistics (Version 27, Armonk, NY, USA),
and differences with P values <0.05 were considered significant.

Received: 7 September 2021; Accepted: 17 October 2022
Published online: 22 October 2022

References

W N

A 0

—
S O o N

12.
13.

14.
. Sawamura, R., Kawabata, Y., Kawabata, E,, Nishimura, S. & Tabata, S. The role of G-protein-coupled receptor 120 in fatty acids

16.
17.
18.
19.
20.
21.
22.

23.
24,

25.
26.
27.
28.
29.
30.
31.
32.

33.

34.
35.
36.

37.
38.

. Mebhring, A. L. Jr. & Titus, H. W. The effects of low levels of calcium in the diet of laying chickens. Poult. Sci. 43, 1405-1414 (1964).
. Wood-Gush, D. G. M. & Kare, M. R. The behaviour of calcium-deficient chickens. Br. Poult. Sci. 7, 285-290 (1966).

. Gilbert, A. Calcium and reproductive function in the hen. Proc. Nutr. Soc. 42, 195-212 (1983).

. Riccardi, D. & Kemp, P. J. The calcium-sensing receptor beyond extracellular calcium homeostasis: Conception, development,

adult physiology, and disease. Annu. Rev. Physiol. 74, 271-297 (2012).

. Hofer, A. M. & Brown, E. M. Extracellular calcium sensing and signalling. Nat. Rev. Mol. Cell Biol. 4, 530-538 (2003).
. Saidak, Z., Brazier, M., Kamel, S. & Mentaverri, R. Agonists and allosteric modulators of the calcium-sensing receptor and their

therapeutic applications. Mol. Pharmacol. 76, 1131-1144 (2009).

. Ahmad, R. & Dalziel, J. E. G protein-coupled receptors in taste physiology and pharmacology. Front. Pharmacol. 1771 (2020).

. Tordoff, M. G. et al. Involvement of TI1R3 in calcium-magnesium taste. Physiol. Genomics 34, 338-348 (2008).

. Tordoff, M. G. Gene discovery and the genetic basis of calcium consumption. Physiol. Behav. 94, 649-659 (2008).

. Maruyama, Y., Yasuda, R., Kuroda, M. & Eto, Y. Kokumi substances, enhancers of basic tastes, induce responses in calcium-sensing

receptor expressing taste cells. PLoS ONE 7, €34489 (2012).

. Gabriel, A. S., Uneyama, H., Maekawa, T. & Torii, K. The calcium-sensing receptor in taste tissue. Biochem. Biophys. Res. Commun.

378,414-418 (2009).

Ohsu, T. et al. Involvement of the calcium-sensing receptor in human taste perception. J. Biol. Chem. 285, 1016-1022 (2010).
Ueda, Y., Yonemitsu, M., Tsubuku, T., Sakaguchi, M. & Miyajima, R. Flavor characteristics of glutathione in raw and cooked
foodstufls. Biosci. Biotechnol. Biochem. 61, 1977-1980 (1997).

Kudo, K. et al. Isolation of chicken taste buds for real-time Ca?* imaging. Anim. Sci. J. 85, 904-909 (2014).

sensing in chicken oral tissues. Biochem. Biophys. Res. Commun. 458, 387-391 (2015).

Hirose, N., Kawabata, Y., Kawabata, F, Nishimura, S. & Tabata, S. Bitter taste receptor T2R1 activities were compatible with
behavioral sensitivity to bitterness in chickens. Biochem. Biophys. Res. Commun. 460, 464-468 (2015).

Yoshida, Y., Kawabata, Y., Kawabata, F, Nishimura, S. & Tabata, S. Expressions of multiple umami taste receptors in oral and
gastrointestinal tissues, and umami taste synergism in chickens. Biochem. Biophys. Res. Commun. 466, 346-349 (2015).

Dey, B. et al. Identification of functional bitter taste receptors and their antagonist in chickens. Biochem. Biophys. Res. Commun.
482, 693-699 (2017).

Kawabata, Y., Kawabata, F, Nishimura, S. & Tabata, S. Oral lipase activities and fat-taste receptors for fat-taste sensing in chickens.
Biochem. Biophys. Res. Commun. 495, 131-135 (2018).

Yoshida, Y., Kawabata, F, Kawabata, Y., Nishimura, S. & Tabata, S. Short-term perception of and conditioned taste aversion to
umami taste, and oral expression patterns of umami taste receptors in chickens. Physiol. Behav. 191, 29-36 (2018).

Yoshida, Y. et al. Bitter taste receptor T2R7 and umami taste receptor subunit T1R1 are expressed highly in Vimentin-negative
taste bud cells in chickens. Biochem. Biophys. Res. Commun. 511, 280-286 (2019).

Kawabata, F. et al. Research note: Behavioral preference and conditioned taste aversion to oleic acid solution in chickens. Poult.
Sci. 100, 372-376 (2021).

Kawabata, F. & Tabata, S. Bitter taste perception in chickens. J. Poult. Sci. 0210017 (2021).

Kudo, K., Nishimura, S. & Tabata, S. Distribution of taste buds in layer-type chickens: Scanning electron microscopic observations.
Anim. Sci. ]. 79, 680-685 (2008).

Hui, Q. et al. Molecular distribution and localization of extracellular calcium-sensing receptor (CaSR) and vitamin D receptor
(VDR) at three different laying stages in laying hens (Gallus gallus domesticus). Poult. Sci. 100, 101060 (2021).

Rajapaksha, P. et al. Labeling and analysis of chicken taste buds using molecular markers in oral epithelial sheets. Sci. Rep. 6, 37247
(2016).

Venkatesan, N. et al. Distribution of alpha-gustducin and vimentin in premature and mature taste buds in chickens. Biochem.
Biophys. Res. Commun. 479, 305-311 (2016).

Yoshida, Y., Kawabata, E, Nishimura, S. & Tabata, S. The umami receptor T1R1-T1R3 heterodimer is rarely formed in chickens.
Sci. Rep. 11, 12318 (2021).

Yoshida, Y., Kawabata, E,, Nishimura, S. & Tabata, S. Overlapping distributions of mammalian types I, II, and III taste cell markers
in chicken taste buds. Biochem. Biophys. Res. Commun. 570, 162-168 (2021).

Diaz, R. et al. Cloning, expression, and tissue localization of the calcium-sensing receptor in chicken (Gallus domesticus). Am. J.
Physiol. Regul. Integr. Comp. Physiol. 273, R1008-R1016 (1997).

Deng, X. et al. Structural mechanism of cooperative regulation of calcium sensing receptor mediated cellular signaling. Curr. Opin.
Physiol. 17, 269-277 (2020).

Baldwin, M. W. et al. Evolution of sweet taste perception in hummingbirds by transformation of the ancestral umami receptor.
Science 345, 929-933 (2014).

Broadhead, G. K. et al. Allosteric modulation of the calcium-sensing receptor by y-glutamyl peptides: Inhibition of PTH secretion,
suppression of intracellular cAMP levels, and a common mechanism of action with L-amino acids. J. Biol. Chem. 286, 8786-8797
(2011).

Miedlich, S. U., Gama, L., Seuwen, K., Wolf, R. M. & Breitwieser, G. E. Homology modeling of the transmembrane domain of the
human calcium sensing receptor and localization of an allosteric binding site. J. Biol. Chem. 279, 7254-7263 (2004).

Petrel, C. et al. Positive and negative allosteric modulators of the Ca?*-sensing receptor interact within overlapping but not identical
binding sites in the transmembrane domain. J. Biol. Chem. 279, 18990-18997 (2004).

Nemeth, E. E. et al. Pharmacodynamics of the type II calcimimetic compound cinacalcet HCL. J. Pharmacol. Exp. Ther. 308, 627-635
(2004).

Tordoff, M. G. Calcium: Taste, intake, and appetite. Physiol. Behav. 81, 1567-1597 (2001).

Riccardi, D. & Brown, E. M. Physiology and pathophysiology of the calcium-sensing receptor in the kidney. Am. J. Physiol. Renal
Physiol. 298, F485-499 (2010).

Acknowledgements

We appreciate the technical assistance of The Research Support Center, Research Center for Human Disease
Modeling, Kyushu University Graduate School of Medical Sciences. This study was supported by grants to F.
Kawabata from JSPS KAKENHI (#26850207 and #21H02338), the Kyushu University Interdisciplinary Programs

Scientific Reports |

(2022) 12:17762 | https://doi.org/10.1038/s41598-022-22512-6 nature portfolio



www.nature.com/scientificreports/

in Education and Projects in Research Development (#26703), and Nippon Pure Food, Inc. We are indebted to
Ms. Minami Miyakawa for technical assistance with RT-gPCR, and Ms. Akari Yamada for technical assistance
with immunohistochemistry and Ca** imaging by Fura 2.

Author contributions
Conceived and designed the experiments: EX., H.O.,, YX,, Y.Y,, YN,, S.N,, S.T. Performed the experiments: H.O.,
YK, Y.Y,, Y.N,, EK. Wrote and edited the manuscript: EK., H.O., Y.Y.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to EX.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |  (2022) 12:17762 | https://doi.org/10.1038/s41598-022-22512-6 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Oral expressions and functional analyses of the extracellular calcium-sensing receptor (CaSR) in chicken
	Results
	Reverse transcription qPCR. 
	Cloning of chicken CaSR from kidney. 
	Expression of CaSR in taste cells of chickens. 
	Extracellular Ca2+ and Mg2+ activated cCaSR in a dose dependent manner. 
	Several L-amino acids enhanced the cCaSR activity. 
	Kokumi compounds also enhanced cCaSR activity. 
	NPS2143 negatively modulated cCaSR activity. 
	A representative calcimimetic, cinacalcet HCl, activated cCaSR. 

	Discussion
	Methods
	Chemicals. 
	Animals. 
	Reverse transcription qPCR. 
	Tissue collection. 
	Antibodies. 
	Immunohistochemistry on frozen sections. 
	Construction of plasmid. 
	Cell culture. 
	Immunocytochemistry on HEK293T cells. 
	Measurement of cytosolic Ca2+ concentrations. 
	Statistical analysis. 

	References
	Acknowledgements


