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Abstract We examined co-localization of vanilloid
receptor (VR1) with sweet receptors T1R2, TIR3, or bitter
receptor T2R6 in taste receptor cells of rat circumvallate
papillae. Tissue sections of rat circumvallate papillae were
doubly reacted with anti-VR1 antibodies and anti-T1R2,
anti-T1R3 or anti-T2R6 antibodies, using double-immu-
nofluorescence histochemistry technique. Localizations of
VRI, T1Rs and T2R6 in the vallate taste cells containing
o-gustducin were also examined. VR1 immunoreactivities
(-ir) were observed in subsets of taste cells in the circum-
vallate papillae, and 96-99% of the vallate taste cells
exhibiting TIR2-, TIR3- or T2R6-ir co-exhibited VR1-ir.
Approximately half of T2R6-ir cells (~49%), and 50-58%
of TIRs-ir cells, co-exhibited a-gustducin-ir in the vallate
taste buds. About 58% of VRI-ir cells in the vallate
exhibited o-gustducin-ir as well. Results support the idea
that capsaicin may interact with the transduction pathways
of sweet and bitter taste stimuli, possibly in mediation of its
receptor VRI localized in taste receptor cells. Additionally,
the partial co-localization of a-gustducin with VRI1 sug-
gests that a tentative modulatory function of capsaicin in
sweet and bitter transductions in the rat circumvallate
comprises of both a-gustducin-mediated and non-mediated
transduction pathways.
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Introduction

Capsaicin (8-methyl-N-vanillyl-6-non-enamide) is the
principle active component of chili peppers. Pharmaco-
logic doses of capsaicin evoke burning and painful sen-
sations when capsaicin interacts with its receptors located
at sensory nerve endings [2, 37]. Capsaicin receptor, the
vanilloid receptor subtype 1 (VRI1), is a non-selective
cation channel, predominantly expressed by peripheral
sensory neurons, which plays a key role in the detection of
noxious painful stimuli [5, 12, 33], many of which also
cause pain in humans [15, 31, 34]. However, capsaicin at
lower concentration elicits a pleasant warm sensation in
the mouth, and this response is suggested to be due to
interaction of capsaicin with taste receptor cells [38],
rather than sensory neurons. Though the effects of cap-
saicin on sensory nerve endings are well known, direct
effects of capsaicin on taste receptor cells have been
poorly understood. Although VR1 mRNA expression was
detected by RT-PCR technique and VR1 immuno-positive
nerve fibers have been demonstrated in the taste papillae
[14, 16, 19], the existence of VR1 in taste receptor cells
had not been reported until very recently we have reported
the immunohistochemical localization of VRI1 in the taste
cells of rat circumvallate papillae [10]. In vitro study
had reported that capsaicin inhibits the potassium currents
of taste receptor cells [23]. This report in conjunction
with our previous finding [10] suggests enhancing or
modifying effect of capsaicin on taste perception in vivo,
possibly in mediation of its receptor VR1 localized in taste
receptor cells.
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It has been reported that capsaicin suppresses human
responses to sweet, bitter and umami [8, 9, 24, 29].
Although the mechanisms underlying these observations
remain unclear, capsaicin may interact with the transduc-
tion pathways of other taste stimuli. Indeed, it was reported
that capsaicin can elicit bitter sensation on their own and
this can be effectively suppressed by sucrose [9]. Further-
more, we have observed a modulatory effect of intra-oral
capsaicin on the consumption of sweet solutions in rats
[10]. In this study, we examined co-localization of VRI1
with sweet receptors T1R2, T1R3, or bitter receptor T2R6
in the taste cells of rat circumvallate papillae, in order to
further support a tentative modulatory role of capsaicin in
sweet and/or bitter transduction pathways, directly in taste
receptor cells.

Materials and methods
Animals

Male Sprague-Dawley rats (200-250 g) were purchased
(Samtako Bio, Osan, Korea) and maintained in a specific
pathogen-free (SPF) barrier zone with the constantly
controlled temperature (22 + 1°C) and humidity (55%)
on a 12-h light-dark cycle (lights-on at 07:00 h) in the
Seoul National University Animal Facility Breeding
Colony. Rats had ad libitum access to standard rodent
chow (Purina Rodent Chow, Purina Co., Seoul, South
Korea) and tap water, and were habituated in the animal
colony at least for a week. Animals were cared for
according to The Guide for Animal Experiments, 2000,
edited by the Korean Academy of Medical Sciences,
which is consistent with the NIH Guideline Guide for
the Care and Use of Laboratory Animals, 1996 revised.
All animal protocols were approved by the Committee
for the Care and Use of Laboratory Animals at Seoul
National University.

Double-fluorescence immunohistochemistry

Rats (n = 8) were anesthetized with an overdose of
sodium pentobarbital. When completely anesthetized,
transcardiac perfusion was performed with heparinized
isotonic saline (0.9% NaCl, 0.5% NaNO,) followed by
ice-cold fixative (4% paraformaldehyde in 0.1 M sodium
phosphate buffer, pH 7.2). Tissues of circumvallate
papillae (CV) were rapidly dissected and post-fixed with
the same fixative for 4-5 h. After dehydration in graded
alcohols, the fixed tissues were then embedded in
wax (Polyethylene glycol 400 diesterate, Polyscience,
Warrington, PA, USA). Tissue sections were obtained at
8-um thickness using a microtome (Leica RM 2135), and

@ Springer

every fifth sections were deposited on gelatin-coated
slides. After de-waxing with xylene and hydration in
graded alcohols, endogenous peroxidases were inacti-
vated by treating the tissue sections with 1.5% hydrogen
peroxide for 30 min. Sections were then washed twice
with 0.1 M sodium phosphate buffered saline (PBS) for
15 min each, and incubated with normal donkey serum
(1:50 dilution, Jackson ImmunoResearch Lab, USA) for
30 min at room temperature. Each section was doubly
incubated with rat anti-rabbit VR1 antibodies (1:300 or
1:500 dilution, Sigma—Aldrich, St Louis, MO, USA) and
rat anti-goat T1R2 antibodies(1:200 dilution, Santa Cruz
Biotechnology, CA, USA), human anti-goat T1R3 anti-
bodies (1:300 dilution, Santa Cruz Biotechnology, CA,
USA), or mouse anti-goat T2R6 antibodies (1:300 dilu-
tion, Santa Cruz Biotechnology, CA, USA) overnight at
4°C. Rat anti-rabbit G o-gustducin (1:1,000 dilution,
Santa Cruz Biotechnology, USA) was applied to another
set of tissue sections together with human anti-goat VR1
antibodies (1:20 or 1:50 dilution, Santa Cruz Biotech-
nology, USA) or rat anti-goat T1R2 antibodies(1:200
dilution, Santa Cruz Biotechnology, CA, USA) or human
anti-goat T1R3 antibodies (1:300 dilution, Santa Cruz
Biotechnology, CA, USA) or mouse anti-goat T2R6
antibodies (1:300 dilution, Santa Cruz Biotechnology,
CA, USA) overnight at 4°C. Tissue sections were washed
twice in PBS, and the bound primary antibodies were
visualized by incubating with Cy3 conjugated to donkey
anti-goat IgG (1:1,000 dilution, Jackson ImmunoResearch
Lab, USA) and Alexa Fluor 488 conjugated to donkey
anti-rabbit IgG (1:1,000 dilution, Molecular Probes,
USA) for 1 h at room temperature. Stained tissue sections
were washed in PBS, mounted with Prolong Gold anti-
fade reagent (Invitrogen, OR, USA), and then observed
under confocal laser scanning microscope (Carl Zeiss,
LSM510 META). Immuno-positive cells (200-250 cells
per rat) were hand-counted from the confocal microscopic
images. Tissue sections for the negative control were
processed parallel omitting primary antibodies.

Results

Most cells in the circumvallate papillae containing T1R2,
TIR3 or T2R6 appeared to co-express VR1 (Fig. 1a).
Quantitative analysis showed that 96-99% of the vallate
taste cells exhibiting T1R2-, T1R3- or T2R6-ir co-exhibit
VRI1-ir (Fig. 1b). Some of the vallate taste cells exhibiting
T1Rs-, T2R6- or VRI-ir appeared to co-express o-gust-
ducin (Fig. 2a). About half of T2R6-ir cells (~49%), and
50-58% of T1Rs-ir cells, co-exhibited a-gustducin-ir in the
vallate taste buds (Fig. 2b). Similarly, ~58% of VRI-ir
cells in the vallate exhibited o-gustducin-ir.
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Fig. 1 Double-fluorescence immunohistochemistry of T1R2, T1R3
or T2R6 with VRI1 in the rat circumvallate papillae (a), and the
quantitative analysis of the co-localization of VR1 with sweet or bitter
receptors (b). TR taste receptors, Scale bars 10 pm
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Fig. 2 Double-fluorescence immunohistochemistry of VRI, T1R2,
T1R3 or T2R6 with a-gustducin in rat circumvallate papillae (a), and
the quantitative analysis of the co-localization of o-gustducin in the
taste receptor cells containing VR1, TIRs or T2R6 (b). Arrows
indicate doubly stained cells. TR taste receptors, Gust o-gustducin,
Scale bars 10 pm

Discussion
It has been reported that VR1 is predominantly expressed
by peripheral sensory neurons, which plays a key role in

the detection of noxious painful stimuli [5, 12, 15, 31, 33,
34]. Contrary to the effects of capsaicin on sensory nerve
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endings that are well known, direct effects of capsaicin on
taste receptor cells have been poorly understood. Previous
studies have reported a direct interaction of capsaicin with
taste receptor cells, suggesting that perception of capsaicin
could be a chemesthetic response via VRI in taste cells
[23, 38]. This seemed to be more possible, especially when
capsaicin at lower concentration elicits a pleasant sensation
in the mouth [38]. We have recently reported that repeated
oral exposure to capsaicin at an edible concentration
increases the consumption of sweet solutions in rats, and
this was accompanied by decreased mRNA expression of
sweet receptors in the circumvallate papillaec [10]. T1R2
and T1R3 form a broadly tuned sweet receptor, responding
to natural sugars and artificial sweeteners, and are strongly
expressed in circumvallate papillae [13, 18, 20-22, 27]. In
this study, VR1-ir was co-localized in most taste cells in
the circumvallate papillae exhibiting immunoreactivity
against TIR2 or TIR3. Taken together, it is likely that
capsaicin modulates sweet perception pathway directly in
taste receptor cells via its receptor VR1. Human studies
have reported that capsaicin suppresses the responses not
only to sweet, but also to bitter taste [8, 9, 24, 29]. It has
been reported that many taste cells in the rodent vallate
richly express T2Rs, the bitter receptors [1, 17]. In this
study, ~96% of the vallate taste cells exhibiting T2R6-ir
exhibited VR1-ir as well, suggesting a tentative modulatory
effect of capsaicin on bitter taste transmission, directly in
taste receptor cells. Therefore, it is concluded that capsai-
cin may interact with the transduction pathways of sweet
and bitter taste stimuli, possibly in mediation of its receptor
VRI1 localized in taste cells.

In addition to receptor proteins, downstream signaling
effectors play important roles in taste transduction. One of
these effectors is a subunit of G protein, the o-gustducin,
which is present in some taste cells in all taste buds regions
[3]. Mice lacking the o-gustducin protein are defective in
their ability to detect sweet, bitter, and umami tastants
[4, 25, 26, 35, 36], suggesting that o-gustducin has impact
on both the transduction pathways of G protein coupled
receptors T1Rs and T2Rs. However, a recent study has
reported that lack of w«-gustducin does not significantly
affect short term preference to sweet tastes in mice [7],
suggesting that a-gustducin is not necessary for sweet taste
transduction. In this study, we have demonstrated that
about half (50-58%) of T1R2- or T1R3-ir cells in the rat
circumvallate papillae co-exhibit a-gustducin-ir. Co-local-
ization of sweet receptors with o-gustducin has been hardly
reported in rats. In mice, while most taste cells in the
fungiform papillae expressing T1R2 or T1R3 co-express
o-gustducin [30], fewer numbers of cells in the circumvallate
papillae containing TIR2 or TIR3 co-express o-gustducin
[17, 21, 30, 32]. Although it appears that more number of
sweet sensing cells in the circumvallate papillae co-express
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a-gustducin in rats than in mice, the partial co-localization
of TIRs with a-gustducin in the circumvallate of mice and
rats further supports the idea that a-gustducin is not nec-
essary for sweet taste transduction. A recent study has
reported that sweet taste transduction may rely on different
downstream transduction elements in posterior (vallate)
and anterior taste papillae [32].

It has been reported that most or all kinds of the bitter
receptors (T2Rs) are co-expressed in the same cell popu-
lation on the tongue that does not contain the sweet
receptors T1Rs [1, 22], suggesting that the taste cells
containing T2Rs could recognize a wide range of struc-
turally diverse bitter compounds by virtue of having vari-
ous kinds of bitter receptors. Previous studies have reported
that T2Rs are co-expressed with a-gustducin in many taste
cells of the circumvallate papillae [1, 17], and functional
implications of a-gustducin in bitter taste transduction have
been reported [1, 6]. They argued that a-gustducin may
play as general effectors in bitter transduction in rodents.
However, in this study, only a half of T2R6-ir cells
(~49%) co-exhibited a-gustducin-ir in the rat circumval-
late. A recent in vitro study has reported that different
T2Rs display different affinities and selectivities among the
G-proteins tested [28], raising the possibility that in vivo,
different T2Rs may preferentially signal through different
pathways. Sainz and colleagues [28] have suggested that
there are at least two classes of bitter receptors: those that
are fairly specific, recognizing only a few structurally
related bitter compounds, and those like hT2R7, that are
broadly tuned bitter receptors. A recent study has demon-
strated the evidence for two different populations of bitter
responsive taste cells in mice [11]. Taken together, the
present result indicates that «-gustducin is not the general
effectors mediating bitter transduction. It is plausible that
besides «-gustducin, some other downstream signaling
pathway also mediate bitter transductions by different bit-
ter stimuli in rats.

Lastly, we have demonstrated that a little more than a
half (~58%) of VRI containing taste cells in the rat cir-
cumvallate co-express o-gustducin. The partial co-locali-
zation of o-gustducin with VRI in the rat circumvallate
suggests that a tentative modulatory function of capsaicin
in sweet and bitter transductions discussed above com-
prises of both o-gustducin-mediated and non-mediated
transduction pathways. Studies on the underlying mecha-
nism of capsaicin interaction with sweet and bitter trans-
ductions are currently underway in our laboratories.
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