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Abstract

Temperature sensitivity of frog taste cells was studied. The taste cell designated Type thermosensitive (TS) | cell was depolarized
by warm stimulus at 30 °C and hyperpolarized by cold stimulus at 10 °C. The taste cell designated Type TS Il cell was
depolarized by the cold stimulus and hyperpolarized by the warm stimulus. Menthol solution at 20 °C, which selectively
activates transient receptor potential (TRP) M8 channels sensitive to cold stimuli, depolarized Type TS Il cells but not Types TS |
cells. Thermal stimuli-induced receptor potentials were all blocked by a nonselective cation channel blocker flufenamic acid.
The results indicate that Type TS | cells have warm sensor channels alone, Type TS Il cells have cold sensor channels alone and
both the channels are a nonselective cation channel. The candidate of cold sensor channel in Type TS Il cells is a TRPM8 channel
and that of warm sensor channel in Type TS | cells is likely to be a TRPM4-like channel from the published data. In a subset of
taste cells, Types TS Il and TS IV cells were found. The former was depolarized by both cold and warm stimuli, but the latter
was hyperpolarized by both stimuli. Types TS Il and TS IV cells might have both TRPM4-like and TRPM8 channels. It is supposed
that depolarizations induced by both cold and warm stimuli were dominant in Type TS Ill cells and hyperpolarizations induced

by both the thermal stimuli were dominant in Type TS IV cells.
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Introduction

Taste cells respond to various types of gustatory stimuli with
depolarizing and hyperpolarizing receptor potentials (Ozeki
and Sato 1972; Sato and Beidler 1975, 1983; Akaike et al.
1976). In studies on gustatory neural fiber responses of
the rat and hamster, Ogawa et al. (1968) have found that sig-
nificant correlations exist between thermal and gustatory re-
sponses induced by pairs of cold and HCI stimuli, cold and
quinine stimuli, and warm and sucrose stimuli. This finding
suggests that thermosensitive ion channels exist in taste cells
and that there is an interaction between thermal and gusta-
tory responses. Recent molecular biological studies have
clarified molecular structures of gustatory receptors and
transduction cascades for bitter, sweet, and umami tastes
(Sato et al. 1994, 1995; Lindemann 1996; Zhang et al.
2003; Chandrashekar et al. 2006). Many types of transient
receptor potential (TRP) channels responding to thermal

stimuli have been found in invertebrates and vertebrates (Pa-
tapoutian et al. 2003; Damann et al. 2008). An interaction
exists between gustatory transduction molecules and ther-
mosensitive TRP channels (Zhang et al. 2003; Talavera
et al. 2005). A warmed sweet solution stimulates both sweet
receptors and TRPMS5 channels in mammalian taste cells,
resulting in a large sweet response (Pérez et al. 2002; Talavera
et al. 2005; Damann et al. 2008). In humans, it has been
clarified that the perceived intensity of 4 basic tastes is re-
duced by cooling the tongue or decreasing the temperature
of gustatory solutions (Bartoshuk et al. 1982; Green and
Frankmann 1987, 1988) and that strongly warming or cool-
ing the tongue induces the weak sensation of sweetness,
sourness, saltiness, or bitterness (Cruz and Green 2000).
The knowledge of receptor potential of taste cells to ther-
mal stimuli is lacking. The purpose of the present study is to
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investigate the electrical properties of receptor potentials of
frog taste cells induced by cold and warm stimuli.

Materials and methods

Preparation

Bullfrogs (Rana catesbeiana) weighing 390-550 g were
used. All the experiments were carried under the Guidance
of Animal Experimentation of Nagasaki University. Both
hypoglossal nerves were cut to remove spontaneous
twitches, and both glossopharyngeal nerves were cut to re-
move the effects of parasympathetic nerve fibers on taste
cell membrane potentials (Sato et al. 2005, 2006, 2007).
Care was taken to keep the lingual circulation normal as
long as possible. The tongue was pinned on a cork plate.
The experiments were carried out at room temperature
of 20-22 °C.

Electrical recording and chemical stimulation

Microelectrodes filled with 3 M KCl and having a resistance
of 30-55 MQ were used. A microelectrode was vertically in-
serted into the central area of taste disk of the fungiform pa-
pilla to penetrate a taste cell. Because the 3 cell body layers in
the taste disk are horizontally arranged, the slow advance-
ment of a microelectrode tip made an appearance of the rest-
ing potentials with 3 steps. This was the criteria for
identifying a taste cell because the taste cell body layer
was located in the deepest part (Sato et al. 2007). The change
in the membrane potentials of taste cells induced by thermal
and gustatory stimuli was amplified with a microelectrode
amplifier (Nihon Kohden MEZ-8101) (Sato et al. 2002,
2004). The output of microelectrode amplifier was amplified
with various sensitivities of the 4 amplifiers in a 4-channel
pen recorder. When an adapting solution was flowed on
the tongue surface, the spontaneous noisy shift of membrane
potentials in taste cells was 0.1 £ 0.0 mV (r = 30) and its time
course was 1.3 = 0.1 s (n = 85). The frequency of the mem-
brane noises was 3.4 = 0.2/min (n = 32). Because the receptor
potentials were a sustained change during thermal and taste
stimulation, the physiological responses were easily discrim-
inated from the membrane noises. The membrane resistance
of taste cells was measured by intracellularly injecting con-
stant hyperpolarizing current pulses via an electric bridge
housed in the microelectrode amplifier (Sato and Beidler
1975; Miyamoto et al. 1988).

Taste cells and fibers of frogs respond to water with large
receptor potentials and massive neural impulses (Sato and
Beidler 1975; Akaike and Sato 1976; Sato et al. 1983; Okada
et al. 1993). These water responses are mostly inhibited by 10
mM NaCl but NaCl-sensitive taste cells and neural fibers
slightly respond to 10 mM NacCl (Sato and Beidler 1975;
Akaike and Sato 1976). Therefore, the tongue surface was
always adapted to 10 mM NaCl at 20 °C to remove the water
response in this study.

As thermal stimulation of taste cells, 10 mM NacCl solu-
tions at 10 and at 30 °C were always used for cold and warm
stimuli, respectively. When a thermal sensitivity range of
taste cells was tested, 10 mM NaCl solutions of 5-35 °C were
applied to the tongue. Four basic stimuli used were 100 mM
NaCl, 10 mM quinine (Q)-HCI, 1 M sucrose, and 0.3 mM
acetic acid. The last 3 substances were dissolved in 10
mM NacCl to inhibit the water response of taste cells. In some
experiments, menthol solutions that specifically activate
TRPMS channels were used (Peier et al. 2002; Damann
et al. 2008; Myers et al. 2009). Menthol was first dissolved
in ethanol to make a stock solution and then the stock so-
lution was diluted with 10 mM NaCl. Adapting solution
of 10 mM NaCl at 20 °C that was stocked in a glass bottle
was flowed on the tongue surface at a rate of 0.3 mL/s
through a small-diameter tubing of a solution delivering de-
vice (Sato and Beidler 1975; Okada et al. 1993). In part of the
tubing a small port was built to inject thermal and gustatory
stimuli. As soon as a stimulus was injected, the adapting so-
lution flow was stopped. Gustatory stimulus solutions and
menthol solution were kept at 20 °C. Because a menthol so-
lution induces an evaporative cooling, a temperature drop
was measured during menthol stimulation of the tongue.
The temperature drop for 30 s by menthol stimuli at
20 °C was 0.1 £ 0.1 °C (n = 4) for 0.01 mM, 0.2 = 0.1 °C
(n=8) for 0.1 mM, and 0.5 £ 0.1 °C (n = 5) for ] mM. A
microelectrode was inserted into a fungiform papilla located
near the outlet of gustatory stimulator. A probe of thermis-
tor was located near the inserted papilla.

Statistics

Experimental data were expressed as means + standard error
of means (SEMs). The level of significance was set at P < 0.05
with a Student’s #-test.

Results

Response of taste cells for cold and warm stimuli

Microelectrodes were inserted into 81 taste cells all of which
responded to 100 mM NaCl. The 75 (93%) of 81 taste cells
tested responded to thermal stimuli. The resting potential of
taste cells was —38.9 + 1.1 mV (n = 75) under an adapting
solution of 10 mM NaCl. From thermal response patterns
for cold (10 mM NaCl at 10 °C) and warm (10 mM NaCl
at 30 °C) stimuli, taste cells were classified into 4 types: Type
TS I, Type TS II, Type TS III, and Type TS IV cells
(Figure 1A). The taste cell designated Type TS I cell re-
sponded to warm stimulus with a depolarization and to cold
stimulus with a hyperpolarization (Figure 1Aa). The taste
cell designated Type TS II cell responded to warm stimulus
with a hyperpolarization and to cold stimulus with a depolar-
ization (Figure 1Ab). The taste cell designated Type TS III
cell responded to either cold or warm stimuli with a depolar-
ization (Figure 1Ac), and the taste cell designated Type TS
IV cell responded to either cold or warm stimuli with
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Receptor potentials of 4 types of taste cells for cold and warm stimuli. (A) Thermal responses of taste cells—(a) A Type TS | cell, (b) A Type TS Ii cell,

(c) AType TS Il cell, and (d) A Type TS IV cell. stim, stimulus. (B-E) The mean amplitudes of depolarizing and hyperpolarizing responses for cold and warm
stimuli in 4 types of cells. (B) Type TS | cell. (C) Type TS Il cell. (D) Type TS Il cell. (E) Type TS IV cell. The vertical bars are SEMs in all figures. In all experiments,
adapting solution on the tongue surface was 10 mM NaCl solution at 20 °C, and cold and warm stimuli were 10 mM NaCl solutions at 10 and 30 °C.

a hyperpolarization (Figure 1Ad). Figure 1B-E shows the
mean amplitudes of responses for cold and warm stimuli in
4 types of taste cells. There was no difference between de-
polarizing responses evoked by warm stimulus in Type TS I
cells and by cold stimulus in Type TS II cells (P > 0.05,
n =25-32) (Figure 1B,C). Also no differences were found
between hyperpolarizing responses evoked by cold stimulus
in Type TS I cells and by Type TS II cells (P > 0.05, n =
25-32) (Figure 1B,C). In Type TS III cells, depolarizing re-
sponses for warm stimuli were larger than those for cold
stimuli (P < 0.05, n=7). In Type TS IV cells, hyperpolariz-
ing responses for cold stimuli were larger than those for
warm stimuli (P < 0.05, n = 11).

Temperature-response relation

The temperature of stimulus solutions used was a range of 5—
35 °C. The temperature of adapting solution of 10 mM NaCl
flowed on the tongue was at 20 °C. The relationships between
the temperature ranges of thermal stimuli and the magni-
tudes of depolarizing and hyperpolarizing responses in taste
cells were divided into 4 types (Figure 2A-D). 1) The Type
TS I cell was depolarized by warm stimuli at a temperature
>20 °C and hyperpolarized by cold stimuli at a temperature
<20 °C (A). 2) The Type TS II cell was depolarized by cold
stimuli at <20 °C and hyperpolarized by warm stimuli at >20
°C (B). 3) and 4) The Type TS III cell was depolarized by
both cold stimuli at <20 °C and warm stimuli at >20 °C
(C) and the Type TS IV cell was hyperpolarized by the same
cold and warm stimuli (D).

Menthol stimulation

Menthol is a potent substance that selectively activates
TRPMS channels (Damann et al. 2008). Menthol solutions

of 20 °C depolarized Types TS II and TS III cells but hyper-
polarized Types TS I and TS IV cells. Figure 3Aa,Ab shows
examples of intracellular responses for various concentra-
tions of menthol in a Type TS I and a Type TS II cell.
The threshold for menthol was 0.1-1 uM and the amplitudes
of hyperpolarizing responses in Types TS I and TS 1V cells
(Figure 3B) and depolarizing responses in Types TS II and
IIT cells (Figure 3C) for menthol were proportionate to the
log of the molar concentration.

We compared responses induced by cold (10 °C) and 1 mM
menthol (20 °C) stimuli. The Types TS I and TS IV cells were
hyperpolarized by both cold and menthol solutions
(Figure 4Aa,Ad). On the other hand, Types TS II and
TS III cells were depolarized by both cold and menthol stimuli
(Figure 4Ab,Ac). Figure 4B-E illustrates the mean ampli-
tudes of receptor potentials for cold and 1 mM menthol stim-
uliin Types TS I-TS 1V cells. In Types TS 11 and TS III cells,
depolarizations for cold and menthol stimuli were the same in
amplitude. The depolarizing response to 1 mM menthol was
larger in Type TS II cell than in Type TS III cell (P < 0.05,
n = 3-12). In the Type TS I cell, I mM menthol-induced hy-
perpolarizing response was larger than cold stimuli-induced
hyperppolarizing response (Figure 4B). After a Type TS I cell
was adapted to the cool adapting solution (10 mM NaCl) of
10 °C, cold stimuli of 10 °C had no effect on the cell, but 1 mM
menthol of 10 °C induced a hyperpolarizing response of —7.1
*+ 0.5 mV (n = 5). This implies that menthol exerts an inhib-
itory action on the warm sensors in Type TS I cells.

Membrane resistance

The membrane resistance decreased during the depolarizing
responses in Type TS I cell induced by warm stimuli
(Figure 5A, left) and during those in Type TS II cell induced
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Figure 3 Receptor potentials of taste cells to menthol. (A) Hyperpolarizing and depolarizing responses induced by various concentrations of menthol at
20 °C—(a) AType TS | cell and (b) A Type TS Il cell. (B) Relation between the concentration of menthol and the amplitude of hyperpolarizations in Types TS |
and TS IV cells. (C) Relation between the concentration of menthol and the amplitude of depolarizations in Types TS Il and TS Il cells.

by cold stimuli (Figure 5B, right). On the other hand, the
membrane resistance increased during hyperpolarizations
induced by cold stimuli in Type TS I cell (Figure 5A, right)
and by warm stimuli in Type TS II cell (Figure 5B, left). In
Type TS 111 cells, the membrane resistance decreased during
depolarizations evoked by both cold and warm stimulations.
The membrane resistance of Type TS IV cells increased dur-
ing hyperpolarizations elicited by both stimulations. Also,
the membrane resistance decreased during menthol-induced
depolarizations in Types TS II and TS III cells and increased

during menthol-induced hyperpolarizations in Types TS I
and TS 1V cells.

The change in the membrane resistance depended on the
amplitude of thermal stimuli-induced responses. Figure 6
shows the relationship between the amplitude of input resis-
tances and the amplitude of thermal stimulus-induced depo-
larizations and hyperpolarizations in Types TS [-TS IV cells.
The resistance change is expressed as percentage of the
control in taste cells at rest. The mean amplitude of mem-
brane resistances resulted in a 40% decrease at 10 mV
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Type TS Il cell, and (d) A Type TS IV cell. (B-E) Depolarizing and hyperpolarizing responses of 4 taste cell types for cold stimulus at 10 °C and 1 mM menthol at
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Figure 5 Membrane resistance change during responses for cold and
warm stimuli. (A) and (B) Resistance changes during warm (left) and cold
(right) stimulations in a Type TS | (A) and a Type TS Il cell (B). Hyperpolarizing
potential pulses were induced by injecting intracellularly constant current
pulses. A decrease in the pulse amplitude means a decrease in the
membrane resistance, and an increase of the pulse amplitude means an
increase in the resistance. Input resistance at rest was 55 MQ in the cell of
(A) and 67 MQ in the cell of (B).

depolarization and a 30% increase at 10 mV hyperpolariza-
tion during thermal stimulation. The data in Figure 6 imply
that a number of thermal sensor channels open during ad-
aptation of the tongue to an adapting solution of 10 mM
NaCl in 4 types of taste cells.

Reversal potential

The reversal potentials of depolarizing and hyperpolarizing
responses induced by cold and warm stimuli were measured
while changing the membrane potential levels. Figure 7A
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Figure 6 Relationship between the amplitudes of receptor potentials
induced by cold and warm stimuli and the amplitudes of membrane
resistances. Membrane resistance is expressed as percentage of the control
resistance during adaptation of taste cells to 10 mM NaCl at 20 °C.
Resistance was measured from Types TSI, TS II, TS Ill, and TS IV cells (n = 46).
Open symbols show thermal stimuli-induced depolarizations and filled
symbols thermal stimuli-induced hyperpolarizations.

shows an example of change in the amplitude and polarity
of receptor potentials in a Type TS I cell induced by
warm stimuli when the membrane potential of was altered.
Figure 7B,C illustrates the relationships between warm
responses and membrane potentials using a Type TS I
(B) and Type TS II cell (C). Similar relationships between
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Figure 7 Measurement of reversal potentials of hyperpolarizing and depolarizing potentials for thermal stimuli. (A) Change in amplitude of depolarizing
responses and response polarity for warm stimuli while altering membrane potential of a Type TS | cell. (B) and (C) Relationships between warm stimuli—
induced responses and membrane potential levels in a Type TS | (B) and a Type TS Il cell (C). (D) and (E) Relationships between cold stimuli-induced responses
and membrane potential levels in a Type TS Il (D) and a Type TS | cell (E). Data in (A) are plotted in (B).

cold responses and membrane potentials are shown in
a Type TS II (Figure 7D) and Type TS I cell (Figure
7E). The mean reversal potentials were —7.7 = 1.8 mV
(n = 3) for warm stimulus—induced depolarizing response
in Type TS I cells and -5.8 + 5.3 mV (n = 6) for warm stim-
ulus—induced hyperpolarizing response in Type TS 11 cells.
The cold stimulus—induced depolarization in Type TS II
cells and hyperpolarization in Type TS I cells had the re-
versal potential of -3.0 £ 4.4 mV (n=4) and -5.7 £ 3.5 mV
(n = 3). No significant difference was found among the 4
reversal potentials (P > 0.05) in Types TS I and TS II cells.

Effect of cation channel blocker

A potent nonselective cation channel blocker, flufenamic
acid (Hescheler and Schultz 1993; Sato et al. 2004) was in-
travenously injected at a dose of 5 mg/kg body weight. As
shown in Figure 8, the blocker greatly reduced all the ther-
mal stimuli-induced depolarizations and/or hyperpolariza-
tions in Types TS I (A), TS II (B), TS III (C), and TS IV
(D) cells. The amplitudes of thermal responses in all types
of cells are expressed as percentage of the controls measured
before the blocker injection.

Relation between thermal and gustatory responses

We investigated how Types TS I and TS II cells depolarized
by thermal stimuli respond to gustatory stimuli. Examples of
the receptor potentials induced by thermal and gustatory
stimuli in 2 taste cells (Types TS I and TS II cells) are shown
in Figure 9A,B. Correlations matrix between depolarizing

receptor potentials induced by pairs of thermal stimuli (cold
and warm) and taste stimuli (100 mM NaCl, 10 mM Q-HCI,
1 M sucrose, and 0.3 mM acetic acid) is shown Table 1. Sig-
nificant correlations were found between depolarizing recep-
tor potentials induced by 3 pairs of warm and NaCl stimuli in
Type TS I cells, cold and NaCl stimuli in Type TS II cells, and
warm and sucrose stimuli in Type TS I cells (P < 0.05). These
correlations are illustrated in Figure 10A—C. The correlation
between warm and NaCl responses was negative but 2 other
correlations were positive. The data of Figure 10B,C indicate
that the amplitude of cold responses is almost proportionate
to the amplitude of NaCl responses in Type TS II cells (B)
and the amplitude of warm responses is almost proportion-
ate to the amplitude of sucrose responses in Type TS I cells

(©).

Discussion

Cold and warm sensations in the skin and oral mucosa of
vertebrates are generated in receptors in the free nerve end-
ings of cold and warm fibers of Ad and C types (Ganong
2005). Ogawa et al. (1968) found thermal sensitivities of gus-
tatory neural fibers of AP type in the rat and hamster and
suggested that temperature sensation will appear in taste
cells. The present study clearly revealed that frog taste cells
respond to thermal stimuli of 5-35 °C with depolarizing and
hyperpolarizing receptor potentials.

Type TS I taste cells responded to warm stimulus of 30 °C
with a depolarization, and Type TS II cells responded to cold
stimulus of 10 °C with a depolarization. A menthol solution,
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TS Il cells. (D) Type TS IV cells. The amplitudes of thermal responses after
intravenous injection of flufenamic acid (5 mg/kg) are expressed as
percentage of the control thermal responses. Numerals above columns are
the number of taste cells tested.

which is a selective activator of TRPMS8 channels sensitive
to cold stimuli, depolarized Type TS II cells. From these re-
sults, it is very likely that Type TS I cells have warm sensor
channels alone and Type TS II cells have cold sensor chan-
nels alone. Because menthol caused a depolarization in
cold-sensitive Type TS II cells, a candidate of cold sensors
in Type TS II cell is TRPMS channels. The 5 TS TRPs such
as TRPMS, TRPMS, TRPVI1, TRPV3, and TRPAI1 are
found in the tongue (Damann et al. 2008). TRPMS5 alone
has been identified in mammalian taste cells sensitive to bit-
ter, sweet, and umami compounds (Pérez et al. 2002; Prawitt
etal. 2003; Zhang et al. 2007). The other 4 TRPs are not iden-
tified in taste cells but found in the free nerve ending of tri-

Receptor Potential of Frog Taste Cells 497

A (Type TS I)

~ LS\ L

0 t
20°C 30°C NaCl Q-HCI sucrose g%?dlc
warm

stim

10 mV

B (Type TSII) —

nﬂf\nfmi

N 10°C i
20°¢ —\——/— NaCl Q-HC1 sucrose acetic

acid
cold
stim

Figure 9 Receptor potentials induced by 2 thermal stimuli and 4 gustatory
stimuli. (A) AType TS | cell. (B) A Type TS Il cell. Stimuli were cold (10 °C) and
warm (30 °C) stimuli and 100 mM NaCl, 10 mM Q-HCl, 1 M sucrose, and
0.3 mM acetic acid solutions at 20 °C.

Table 1 Correlation matrix for pairs of depolarizing receptor potentials
induced by thermal and gustatory stimuli

100 mM 10 mM ™M 0.3 mM

NaCl Q-HClI Sucrose Acetic acid
Warm stim —0.392° 0.138 0.448° 0.150
Cold stim 0.600° 0.282 0.152 0.157

Cold stimulus (stim) was 10 mM NaCl solution at 10 °C and warm stimulus
(stim) was 10 mM NaCl solution at 30 °C. Calculations of correlation
coefficients between pairs of depolarizations induced by warm and taste
stimuli were based on 31 Type TS | cells and those between the
depolarizations induced by cold and taste stimuli were based on 22 Type TS |l
cells.

Correlation is significant (P < 0.05).

geminal neurons innervating the tongue and palate (Damann
et al. 2008). In the present experiment, a temperature sensi-
tivity of depolarizing response in Type TS I cells for warm
stimuli is a range of 20-35 °C. This temperature sensitivity is
close to that of TRPMS. However, the evolutional analysis
of thermoTRP channels in vertebrates indicates that a loss of
TRPMS occurred in clawed frog (Xenopus tropicalis) during
evolutional process (Saito and Shingai 2006). If this is true
in other frogs and toads of Rana and Bufo, the taste cells in
the tongue of bullfrogs may not have TRPMS5 channels.
Clawed frogs have TRPM4 whose temperature sensitivity
is 15-35 °C, which is very similar to sensitivity of TRPMS
(Saito and Shingai 2006). Therefore, it is supposed that Type
TS I taste cells of bullfrogs have TRPM4-like channels whose
warm sensitivity is at a temperature >20 °C.

The thermal responses of types TS III and TS IV cells
(Figure 1) would be explained by considering the existence
of 2 different TRPs such as TRPM4-like and TRPMS chan-
nels in these cells. Thus, the responses in Types TS III and TS
IV cells may come from a summation of the thermal responses
induced by warm sensor TRPM4-like channels and cold sen-
sor TRPMS channels. The depolarizing responses evoked by
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Figure 10 Relationships between gustatory responses and thermal
responses. (A) Between 100 mM NaCl and warm stimulus in Type TS |
cells. (B) Between 100 mM NaCl and cold stimulus in Type TS Il cells. (C)
Between 1 M sucrose and warm stimulus in Type TS | cells. n = 31 in Type
TS | cells and 22 in Type TS Il cells.

both cold and warm stimuli in a Type TS III cell might be
a summation of the large amplitude of depolarizations in-
duced by activating cold and warm sensors and the small am-
plitude of hyperpolariziations by inhibiting both sensors. On
the other hand, the Type TS IV cell response exhibiting hyper-
polarizations for both cold and warm stimuli might be a sum-
mation of large hyperpolarizations by inhibiting both cold
and warm sensors and small depolarizations induced by
activating both the sensors.

Because all responses in 4 kinds of Type TS cells were
blocked by a nonselective cation channel blocker, estimated
TRPM4-like and TRPMS channels would be nonselective
cation channels permeable to Na* and K*. The measurement
of membrane resistance during thermal responses (Figure 6)
suggests that a number of TRPM4-like and/or TRPMS&
channels in taste cells are open in an unstimulated state
and that depolarizations and kyperpolarizations are induced

by opening closed channels and by closing opened channels,
respectively. In the Type TS I cell, a depolarization to warm
stimulus is probably induced by Na* entry through the
opened TRPM4-like channels and a hyperpolarization to
cold stimulus might be due to a blockage of Na* entry by
closing TRPM4-like channels. Also, a hyperpolarization
of Type TS I cells by menthol might be due to a blockage
of Na* entry by closing TRPM4-like channels. On the other
hand, in the Type TS II cell, a hyperpolarization by warm
stimuli would be due to a blockage of Na* entry by closing
TRPMS channels and a depolarization by cold and menthol
stimuli would be due to opening TRPMS8 channels perme-
able to Na™ This explanation is supported by the finding
that the membrane resistance is decreased during thermal
stimuli-induced depolarizations and increased during ther-
mal stimuli-induced hyperpolarizations. The properties of
these channels are similar to those of nonselective cation
channels in generation of hyperpolarizing and depolarizing
postsynaptic potentials in efferent synapses of frog taste cells
(Sato et al. 2002, 2005, 2007). In conclusion, we propose that
a depolarization of Type TS I taste cells in frogs for warm
stimulus derives from warm-sensitive TRPM4-like channels
and a depolarization of Type TS II cells for cold stimulus
derives from cold-sensitive TRPMS channels.

In gustatory researches with poikilothermal frogs, the
tongue surface is usually adapted to an adapting solution
of 20-25 °C and many important gustatory transduction
mechanisms have been provided (Sato et al. 1994, 1995).
The maximum responses of frog taste nerve for 4 basic gus-
tatory solutions and water appear when the temperature of
stimulating solutions is at 20-25 °C (Yamashita 1964). When
the temperature of 0.5 M NaCl, 0.1 mM Q-HCI, and 5 mM
acetic acid are reduced to 10 °C, frog taste responses for these
stimuli are decreased to 10-50%. Increasing the temperature
of these stimuli to 35 °C also reduce the taste nerve responses
to 40-60% (Yamashita 1964). The temperature of tongue
surface in anesthetized rats is at ~30 °C, and the maximum
taste nerve responses are obtained by applying gustatory sol-
utions of 30 °C (Yamashita and Sato 1965). The taste nerve
responses are greatly reduced by applying taste stimuli >30
and <30 °C (Yamashita and Sato 1965). The maximum effect
of taste solution temperature on a gustatory transduction of
taste cells is at 20-25 °C in frogs and at 30 °C in rats (Ya-
mashita 1964; Yamashita and Sato 1965). The relationship
between lingual adapting temperature and thermal transduc-
tion of taste cells is unknown. The present experiment was
performed under adaptation of the frog tongue to 20 °C
and the large amplitude of depolarizing warm and cold re-
sponses was obtained in frog taste cells. If the effect of tongue
surface temperature on both gustatory and thermal trans-
ductions is at the same, thermal transduction in frog taste
cells might occur most effectively when the tongue surface
is adapted to 20-25 °C. When the frog tongue surface is
adapted to 30 °C, the amplitude of depolarizing response
in Type TS I cell and hyperpolarizing response in Type
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TS II cell to the warm stimuli of 40 °C would be greatly re-
duced. It is biologically tempting that the relationships be-
tween the level of lingual adapting temperature and the
magnitude of thermal stimuli-induced receptor potentials
are clarified in amphibian and mammalian taste cells. In hu-
mans, warming the tongue tip from 20 to 35 °C induces
a weak thermal sweetness (Cruz and Green 2000). In Type
TS I taste cells in frogs a significant correlation exists be-
tween depolarizations induced by warm stimuli of 30 °C
and depolarizations induced by 1 M sucrose of 20 °C. There-
fore, it is estimated that even frogs perceive thermal sweet
responses during the warm stimulation of the tongue.
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