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Abstract

The transduction mechanism of salt-induced responses of mouse taste cells was investigated using the patch clamp and the
local stimulation techniques under quasi-natural conditions. Apically applied NaCl induced a voltage-independent current,
which was partially suppressed by amiloride and Cd?*. In contrast, apically applied 0.5 M KCl induced an inwardly rectifying
current (KCl-induced /ir). The KCl-induced /ir was unaffected by amiloride. The /i was suppressed not only by external Ba?* and
Cs™, but also by a CI~ channel blocker, niflumic acid. The £ of the KCl-induced response was independent of the apical ionic
concentration, but rather was close to the equilibrium potential of CI~ (Eq)) at the basolateral membrane. The KCl-induced /ir
displayed a fast run-down under the conditions of the conventional whole cell clamp method, but not under the perforated
patch conditions. Immunohistochemical localization of an inwardly rectifying CI~ channel protein, CIC-2, was observed in taste
bud cells of the fungiform papillae. It is concluded that the transduction mechanism of NaCl-induced responses is completely
different from that of KCl-induced responses in mouse taste cells.

Introduction

Amiloride-sensitive Na* channels are thought to be the
main contributor to transduction of the salt-induced re-
sponse because a diuretic, amiloride, greatly suppresses the
salt-induced response recorded from the chorda tympani
nerve in the mammalian gustatory system [rat (Heck et al.,
1984; Brand et al., 1985; Formaker and Hill, 1988); hamster
(Herness, 1987); mouse (Ninomiya et al., 1989); monkey
(Hellekant ez al, 1988)] and the extracellularly recorded
action potentials induced in NaCl from fungiform taste cells
(Avenet and Lindemann, 1991). This fact correlates with the
results in pioneering works using microelectrode impale-
ment, that depolarizing receptor potentials are associated
with an increase in membrane conductance in response to
NaCl (Ozeki, 1971; Sato and Beidler, 1982).

In contrast to NaCl-induced responses, the chorda tym-
pani nerve responses induced by K salts are, in general,
known to be insensitive to amiloride (Ye et al., 1994; Linde-
mann, 1996; Ninomiya et al., 1996), whereas responses
induced by lower concentrations of K and NHy salts are
only partially suppressed by amiloride in the rat chorda
tympani nerve (Kloub et al., 1997; Lundy et al, 1997).
Apically applied K* channel blockers, TEA, Ba?* and Cs*,
never suppress chorda tympani responses induced by K and
NH, salts (Ye et al., 1994; Kloub et al., 1997), whereas a
membrane permeant K* channel blocker, 4-aminopyridine
(4-AP) (Hille, 1992), partially blocks K salt responses (Kim
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and Mistretta, 1993), suggesting that 4-AP penetrating
through a trans- and/or paracellular pathway inhibits K*
channels at the basolateral membrane (Stewart et al., 1997).
Therefore, transduction of responses induced by K and NH,
salts is thought to be mainly generated at the basolateral
membrane of rat taste cells (Lindemann, 1996; Stewart
et al., 1997). Thus, the diffusion model, which is similar to
that proposed for the amiloride-insensitive component of
the NaCl-induced response (Simon et al., 1993; Ye et al.,
1993), can be applied to the KCl-induced response: KCl
can pass through tight junctions into the interstitial fluid of
the taste buds and the consequent increase in external K*
concentration depolarizes the basolateral membrane of
taste cells (Lindemann, 1996; Stewart et al, 1997). This
model is supported by the fact that less mobile anions than
CI, such as gluconate™ and acetate, lower the chorda tym-
pani responses (Ye et al., 1994; Kloub et al., 1997).
However, both the NaCl and KCI responses in NaCl-best
fibers of the chorda tympani nerve are suppressed by amil-
oride, but not those in HCl-best fibers in the rat (Ninomiya
and Funakoshi, 1988) and hamster (Hettinger and Frank,
1990). All the taste cells in the fungiform papillae display
several kinds of K* channels and ~50% of taste cells express
amiloride-sensitive Na* channels (Miyamoto et al., 1999).
According to the diffusion model, all taste cells responsive
to NaCl must also be responsive to KCI and only NaCl
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responses are amiloride-sensitive. Therefore, with the dif-
fusion model it is difficult to explain how the gustatory
system discriminates NaCl taste from KCI taste.

In the present study we have examined the mechanism
underlying the NaCl- and KCl-induced responses using a
combination of a localized stimulation method with non-
dissociated taste cells and the patch clamp technique. We
report that apically applied 0.5 M KCl induces an amiloride-
insensitive inwardly rectifying current, suggesting that the
mechanism of generation of the KCl-induced response is
completely different from that of the NaCl-induced
response, which is mainly mediated by amiloride-sensitive
and amiloride-insensitive cation conductances.

Materials and methods

Non-dissociated cell preparation and experimental set-up

Mouse strains C57BL/6 and BALB/c, ranging in weight
from 20 to 35 g, were anesthetized by i.p. injection of
pentobarbital (30 mg/kg) and killed by dislocating the
cervical vertebrae. The tongue was then quickly removed,
washed with normal extracellular solution (NES) and
1.5-2.0 mg/ml elastase (Boehringer Mannheim, Germany)
dissolved in NES was injected into the tongue (0.2-0.4
ml/tongue) from the cut end. After the tongue had been
incubated in NES for 30 min at 26°C, the epithelial sheet
was peeled free from the rest of the tongue.

The epithelial sheet was pinned serosal side up on silicone
rubber molded on the bottom of a laboratory dish and was
washed three times with a divalent cation-free extracellular
solution containing 2 mM EDTA to exclude divalent cations
in NES. Individual taste buds with an epithelial brim were
obtained by sucking fungiform papilla from the inside with
a pipette (~100 pm in diameter) after incubation in divalent
cation-free extracellular solution for 20 min in a refrigerator
(4°C) and washing with NES. The experimental set-up for
the combination of the whole cell clamp technique and the
localized chemical stimulation procedure to apply taste
stimuli to the apical membrane of taste cells (see insets in
figures) was as previously described (Miyamoto et al., 1996).

Using this technique quasi-natural conditions of gustat-
ory stimulation were attained, although the apical and baso-
lateral membranes were not completely isolated. Delivery
of the taste stimulus was regulated by a microinjector
system (IM-200; Narishige, Japan). Because the background
flow was slowed down in the taste pore region due to the
epithelial brim, the stimulus ejected from the microinjector
at constant pressure was maintained for 10 s or longer.
Liquid junction potentials at the pipette tip were corrected
using a utility application of pCLAMP software (Axon
Instruments, USA).

Electrical recording and data analysis

The whole cell configuration of the patch clamp technique
(Hamill ez al, 1981) was mainly used. Pipettes were

fabricated from borosilicate glass capillaries with a micro-
filament inside (Clark Electromedical Instruments, UK)
using an electrode puller (PP-83; Narishige). The electrode
tip was heat polished using a microforge (PF-83; Narishige)
so that the resistance was between 10 and 20 MQ when filled
with the high CI- K* solution. Whole cell currents were
measured with a patch clamp amplifier (EPC-7; List,
Germany) and the current signals were filtered at 1 kHz,
digitized at 125 kHz and analyzed with pCLAMP, Axo-
graph (Axon Instruments) and Origin (Microcal Software
Inc., USA) software. Averaged values of experimental data
were expressed as means = SEM. Differences between
means were tested using a paired or unpaired 7-test (Stat-
View software; SAS Institute Inc., USA). All experiments
were performed at 22-24°C.

Solutions

NES contained 140 mM NaCl, 5 mM KCI, 1 mM MgCl,,
I mM CaCl,, 10 mM glucose, 1 mM sodium pyruvate,
10 mM HEPES-Tris, pH 7.4. In the divalent cation-free
extracellular solution CaCl, and MgCl, were replaced by
2 mM EDTA. The high CI- K* pipette solution (high CI- K*
solution) contained 120 mM KCI, 2 mM MgCl,, 1| mM
CaCl,, 11 mM EGTA, 10 mM HEPES-Tris, pH 7.2. The
120 mM KCl in the high CI- K* solution was replaced by
20 mM KCI and 100 mM potassium gluconate in the low
CI" high K7 intracellular solution (low CI- K* solution)
and by 120 mM CsCl in the high Cs* intracellular solution
(high CI- Cs* solution). A pipette solution containing
250 pg/ml amphotericin B (Sigma, USA) (Rae et al., 1991)
was employed to obtain perforated patches. In the Na*-free
extracellular solution (Na*-free solution), N-methyl-D-
glucamine®™ (NMDG™) was substituted for Na*. The salt
stimuli, NaCl and KCI, were dissolved in deionized water.
Stock solutions of 10 mM amiloride (Sigma) were prepared
in deionized water and diluted with one of the bathing
solutions. These stock solutions were diluted with one of the
bathing solutions immediately before use. Niflumic acid
(Sigma) was dissolved in external solutions immediately
before use.

Immunohistochemistry

The peeled lingual epithelia were fixed for 1 h at 4°C with
periodic acid-lysine-paraformaldehyde (PLP) solution
(McLean and Nakane, 1974) containing 0.075 M L-lysine
monohydrochloride, 2% paraformaldehyde and 0.01 M
sodium periodate in 0.0375 M phosphate-buffered saline,
pH 7.4. The fixed epithelia were rinsed in 0.1 M phosphate
buffer, pH 7.4, and preincubated for 1 h at room temper-
ature with 1% bovine serum albumin (BSA) in phosphate-
buffered saline, pH 7.4, containing 0.1% Triton X-100
(PBS/TX). The epithelia were then incubated with antibody
to CIC-2 or CIC-3 (1:100 dilution in PBS/TX; Alomone
Laboratories Ltd, Israel) for 48 h at 4°C. The epithelia were
rinsed with PBS/TX containing BSA, followed by incuba-



tion with protein A—gold (6 nm; Upstate Biotechnology,
USA) for 2 h at room temperature. The site of immunogold
labeling was then visualized with a silver enhancement
kit (British BioCell International, UK). The tissues were
embedded in Epon-Araldite and cut into 2 pm sections,
which were counterstained lightly with toluidine blue. The
immunoreactivity of the tissues was detected and photo-
graphed with an optical microscope (Axiophoto; Zeiss,
Germany). As immunohistochemical controls, epithelia
treated with the dilution solution (PBA/TX containing
BSA) and antibodies absorbed with each antigen in place of
the primary antibody were processed simultaneously.

Results

Membrane properties of non-dissociated taste cells

In the present experiment we have recorded stable NaCl-
and KCl-induced responses from a total of 152 of 348 cells
obtained from taste buds of the fungiform papillae. As has
been shown previously, taste cells obtained from mouse
fungiform papillae display voltage-gated Na* and K7
currents and sometimes spontaneous firing was observed
(Miyamoto et al., 1996; Furue and Yoshii, 1997). The
voltage-gated currents, spontaneous firing and membrane
potential were strongly affected by Na* removal from the
external solution. Therefore, taste cells were identified by
the presence of voltage-gated Na* and/or K* currents and
by an elongated shape revealed by intracellular injection of
a fluorescent dye, lucifer yellow (Bigiani and Roper, 1993;
Miyamoto et al., 1996). When high or low CI- K* solution
was used as the internal solution, 55% of all taste bud cells
(348 cells) examined displayed voltage-gated Na* inward
currents and the rate of appearance of cells displaying
inward currents was slightly increased (62% of 151 cells)
when the K* outward current was suppressed by the Cs*
internal solution.

The taste cells of the fungiform papillaec showed a wide
range of resting potentials [zero current potential ()],
from -21 to —80 mV with a mean of 43 + 2 mV (n = 68),
in NES, as previously reported (Miyamoto et al, 1996).
The input resistance measured from the minimum slope
conductance (R,) of the current evoked by a voltage ramp
from —120 to 60 mV (180 mV/s) was 2.5 £ 0.2 GQ (n = 68)
and the membrane capacitance (C,,) of these cells was 6.6 £
0.3 pF (n = 64). Seventy-five percent of taste cells responded
to apically applied 0.5 M NaCl (Miyamoto et al., 1998). The
Vo(-35+2mV,n=34), R, (1.8 £0.2 GQ, n = 34) and Cp,
(7.4 £ 0.4 pF, n = 31) values of taste cells responsive to 0.5 M
NaCl were significantly different from the V) (-54 + 5 mV,
n=18), R, (2.9 £ 0.5 GQ, n = 18) and C, (5.0 + 0.5 pF,
n = 17) values of taste cells not responsive to 0.5 M NaCl
(P <0.0001, P < 0.02 and P < 0.01, respectively). On the
other hand, 94% of taste cells responded to 0.5 M KClI, so
that the V, (46 =4 mV, n = 18), R, (3.4 £ 0.7 GQ, n = 18)
and Cy, (6.7 £ 0.7 pF, n = 16) values of 0.5 M KCl-respons-
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Figure 1 Inhibitory effect of amiloride on the 0.5 M NaCl-induced
responses in taste cells. (A) Suppression of the 0.5 M NaCl-induced current
response at =80 mV by 5 uM amiloride (ami) in an amiloride-sensitive taste
cell. C57BL/6 mouse. (B) No suppression of the 0.5 M NaCl-induced current
response at —80 mV by 5 uM amiloride (ami) in an amiloride-insensitive taste
cell. BALB/c mouse. (C) Dose—response curve for amiloride inhibition of
voltage responses induced by 0.5 M NaCl. The relative magnitudes of the
responses with amiloride to those without amiloride were plotted against
amiloride concentrations. Data were obtained from amiloride-sensitive cells
of a C57BL/6 mouse. Each point represents the average (= SEM) of 3-16
cells. The solid line is a fit of the data using a sigmoidal binding equation,
with a Kj of 0.2 pM. Insets in this and the other figures show configurations
for stimulation, recording and perfusion.

ive taste cells were nearly equal to the average value of all
taste cells examined.

Properties of NaCl-induced responses

Some NaCl-induced responses were suppressed by a diur-
etic, amiloride (amiloride-sensitive responses), but other
NaCl-induced responses were not affected by amiloride
(amiloride-insensitive responses). The fungiform papillae of
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strain C57BL/6 contained more amiloride-sensitive taste
cells than those of strain BALB/c, as has been previously
reported (Miyamoto et al., 1999). Figure 1 shows examples
of NaCl-induced current responses obtained from an
amiloride-sensitive taste cell (Figure 1A) and an amiloride-
insensitive taste cell (Figure 1B). The mean magnitudes of
the amiloride-sensitive current response induced by 0.5 M
NaCl at a holding potential of —-80 mV before and during
5 UM amiloride application were —14 * 3 and -6 + 1 pA
(n = 13), respectively. The mean magnitudes of the amil-
oride-insensitive current responses induced by 0.5 M NaCl
at a holding potential of —80 mV with and without 5 uM
amiloride were —18 + 4 and —15 + 5 pA (n = 3), respectively,
and no significant suppression by a 5 UM concentration of
amiloride was observed.

In most of the amiloride-sensitive taste cells a large part
of the 0.5 M NaCl-induced response was suppressed by
a 5 UM concentration of amiloride with a K; of 0.2 uM
(Figure 1C). However, suppression was not complete even
with application of 50 uM amiloride, which was the maxi-
mum dose used, with ~20% of depolarizing responses
remaining even after 50 pM amiloride (Figure 1C). Because
no gradual increase in response was observed during apical
application of 0.5 M NaCl after amiloride adaptation, the
residual response after amiloride application is not due to
washing out of the amiloride by the stimulus application.
Because the bathing solution was usually an Na*-free
solution, a depolarizing response mediated by influx of
external Na* could not be generated at the basolateral
membrane during NaCl stimulation.

The [~V relationships of amiloride-sensitive current
responses were obtained from currents evoked by a voltage
ramp from —100 to 60 mV (100 mV/s) before and during
0.5 M NacCl stimulation with or without amiloride (Figure
2A). The Vj shifted from —70 mV before stimulation to
—48 mV during stimulation and returned to —66 mV during
stimulation with 5 UM amiloride in this case. These changes
in V, roughly correspond to the membrane potential
changes before and during stimulation with or without amil-
oride under current clamp conditions (data not shown).

The current responses induced by 0.5 M NaCl in a
Na*-free solution consisted of amiloride-sensitive and
amiloride-insensitive components as described above. Fig-
ure 2B shows an example of the /-V relationships of the
total, amiloride-sensitive and amiloride-insensitive current
components estimated from differences in /-V relation-
ships in the absence and presence of amiloride and with and
without 0.5 M NaCl stimulation. The extrapolated E, of
the amiloride-sensitive current component was 103 + 5 mV
(n = 4) when the pipettes were filled with high CI- Cs*
solution. The permeability ratio of Na* to Cs* estimated on
the basis of the Goldman—Hodgkin—Katz equation (Hille,
1992) was 14.1. On the other hand, the E, of the amiloride-
insensitive component (22 = 15 mV, n = 4) was close to the
equilibrium potential of cations (E.; = 36.0 mV) at the
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Figure 2 Amiloride-sensitive responses induced by 0.5 M NaCl in taste
cells. (A) I~V relationships of currents induced by a voltage ramp from —100
to 60 mV (100 mV/s) before (no stim) and during 0.5 M NaCl stimulation
in the absence (Stim) and presence of 5 uM amiloride (ami) (Stim + ami).
C57BL/6 mouse. (B) I~V relationships of total (thick line), amiloride-sensitive
(Ami-sens, dashed line) and amiloride-insensitive (Ami-insens) currents
induced by 0.5 M NaCl. -V relationships for these three components were
estimated from differences in /-V relationships obtained before and during
0.5 M Nadl stimulation in the absence and presence of 5 UM amiloride.
Liquid junction potentials are corrected in /-V relationships of this and the
other figures. C57BL/6 mouse.

apical membrane. Thus, the E, of the total current response
induced by apically applied 0.5 M NaClwas 32 +4mV (n =
10), which is a value between the E, values of the amiloride-
sensitive and amiloride-insensitive components.

Suppression of the NaCl-induced response by cd**

An inorganic cation channel blocker, Cd?* (I mM), partially
suppressed the 0.5 M NaCl-induced responses in 60% of the
taste cells examined. This suppression was fully reversible
(Figure 3A-C). The magnitudes of the current response at a
holding potential of —-80 mV were-13+ 1 (n =5)and -6 + 2
pA (n = 5) before and during application of 1 mM Cd?*,
respectively (Figure 3D).
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Figure 3 Effect of Cd%* on 0.5 M NaCl-induced current responses in taste cells. (A—C) Current responses induced by 0.5 M NaCl at -80 mV before (A),
during (B) and after (C) 1 mM Cd?*. (D) The magnitude of suppression at -80 mV. C57BL/6 mouse.

The Vy was =54 £ 3 mV (n = 5) before 0.5 M NaCl
stimulation, =36 £ 2 mV (n = 5) during stimulation and
hyperpolarized to —42 = 3 mV (n = 5) during application of
0.5 M NaCl plus 1 mM Cd?2*. Although the E, of the total
current during the response was 26 + 19 mV (n = 5), that
of the Cd?*-sensitive component was 28 * 9 mV (n = 5),
and the permeability ratio of Na* to Cs* (Pna/Pcs) was
calculated to be 0.73, indicating that the 0.5 M NaCl-
induced Cd?*-sensitive currents may be mediated by a type
of non-selective cation channel.

Properties of KCl-induced responses

In contrast to the 0.5 M NaCl-induced responses, suppres-
sion of the 0.5 M KCl-induced responses by amiloride was
never observed in the mouse taste cells examined (rn = 8).
Some taste cells had a deep resting potential and very high
excitability under current clamp conditions, as seen in Fig-
ure 4A. As described above, most of these taste cells did not
respond to 0.5 M NaCl but responded to 0.5 M KCI with
strong depolarization and initiation of transient repetitive
firing, both of which were unaffected by 5 uM amiloride
(Figure 4A). Under voltage clamp conditions, 0.5 M KCI
evoked inward current responses whose mean magnitude
was —42 £ 6 pA (n = 16) at a holding potential of —-80 mV
and which were also unaffected by 5 UM amiloride (Figure
4B).

Taste cells in general display an inwardly rectifying K*
current (Ig;,;) (Kinnamon and Roper, 1988; Miyamoto et al.,
1991; Sun and Herness, 1996; Kolesnikov and Margolskee,

1998). Most of the mouse taste cells also display an /k;, (no
stim in Figures 5C and 6B and D). This current was greatly
suppressed by submillimolar external Ba2* (Figure 6D)
without suppression of the outward current.

To compare the response to 0.5 M NaCl with that to
0.5 M KClin the same cell, we attempted dual stimulation to
the apical surface of a taste bud (see Figure 5, inset) and
observed the effects of amiloride. Amiloride (10 uM) sup-
pressed both the voltage and current responses induced by
0.5 M NacCl, but not the responses induced by 0.5 M KCI
(right traces in Figure 5A and B). The I~V relationship of
the responses to 0.5 M KCI was completely different from
that of 0.5 M NaCl (Figure 5C). The I-V relationship of the
inward current simply shifted to the right in response to
0.5 M NaCl, meaning that a shift of V}, to a positive
potential caused the voltage-independent increase in inward
current during the response to 0.5 M NaCl (Figure 5C).

When 0.5 M KCl was apically applied as the taste stimu-
lus, the inward-rectifying current (KCl-induced I;;)) was
greatly potentiated with a positive shift of V{ from —80 to
—60 mV in the taste cell (Figure 5C). On average, V|, was
depolarized by apically applied KCI from —-83 = 3 (n = 9) to
—66 = 5mV (n=9) when Na*-free solution was employed as
the external solution and the patch pipette was filled with
low CI- K* solution. A large part of the KCl-induced [;, was
also suppressed by submillimolar concentrations of external
Ba?* (Figure 6B and D) without suppression of the outward
current.

The E, of the KCl-induced I;, was estimated from the
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Figure 5 Comparison of KCl-induced responses with NaCl-induced responses in single taste cells. Differential effect of 10 uM amiloride on 0.5 M KCl- and
0.5 M NaCl-induced responses under current clamp (A) and under voltage clamp conditions at =80 mV (B). The data in (A) and (B) were obtained from
different cells. (C) /-V relationships of currents induced by a voltage ramp from =140 to 60 mV (200 mV/s) before (no stim) and after 0.5 M NaCl (NaCl-stim)
or 0.5 M KCI stimulation (KCl-stim). The data was obtained from the same cell as in (B). (D) /-V relationships of the 0.5 M KCl-induced current estimated
from differences in -V relationships obtained before and during 0.5 M KCl stimulation. The data in (C) and (D) were obtained from different cells. The £; is
close to Ecl at the basolateral membrane (-43.9 mV). C57BL/6 mouse.
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difference between the I-J relationships before and during
KCl stimulation. The E, values with low CI- K* solution and
with high CI- K* solution were 46 = 4 (n = 9) and -9 *
5mV (n = 3), respectively, when taste buds were perfused
with Na*-free solution. As seen in Figure 5D, these E.
values were very close to Ec at the basolateral membrane
(-43.9 mV with low CI- K* pipette solution; —4.2 mV with
high CI- K* pipette solution), suggesting the involvement of
CI- conductance (Iqy;,) at the basolateral membrane of taste
cells in the generation of the KCl-induced I;;.

Suppression of the KCl-induced response by niflumic acid

A CI" channel blocker, niflumic acid, partially suppressed
the KCl-induced 7;; (Figure 6A and B), resulting in preserva-
tion of the inward current, whose V is close to Ex (-80 mV)
at the basolateral membrane. These results suggest that
opening of another functional channel which is sensitive to
niflumic acid plays an important role in generation of the
0.5 M KCl-induced depolarization. In addition, the 0.5 M
KCl-induced response was very sensitive to external Ba>™.
Suppression of the 0.5 M KCl-induced response by Ba?*
and the I~V relationships before and during 0.5 M KClI
stimulation with and without application of external 10 pM
Ba?* are shown in Figure 6C and D. External Ba>* sup-
pressed not only the inward current induced by 0.5 M KClI
but also the I;, in the absence of KCI stimulation (Figure
6D), whereas niflumic acid suppressed only the KCI-
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Figure 7 Comparison between the inhibitory magnitudes of 5 uM Ba®*
and 500 UM niflumic acid. Data were obtained from taste cells of a C57BL/6
mouse.

induced [;; (Figure 6B). The KCl-induced [;; was almost
completely suppressed by 10 uM Ba?*, whereas 500 pM
niflumic acid showed only partial suppression (Figure 6),
which was of the same degree as suppression by 5 uM Ba?*
(Figure 7).

Run-down of the KCl-induced ;¢

Using the conventional whole cell clamp method, the 0.5 M
KCl-induced response decreased time dependently, as seen
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Figure 8 Run-down of the KCl-induced response. The 0.5 M KCl-induced
lir spontaneously diminished, especially after inhibition by externally applied
1 mM Cs™, using a conventional whole cell clamp method (filled circles), but
not using the perforated patch technique (open circles). C57BL/6 mouse.

in Figure 8. The magnitude of the KCl-induced /;; at a hold-
ing potential of —-80 mV was retained for the first 10 min,
but never recovered on washing after suppression by 1 mM
Cs™. On the other hand, the magnitude of the KCl-induced
I, recorded using the perforated patch technique fully
recovered after removal of Cs* and the magnitude remained
at this level for at least 50 min in this cell. Run-down of the
0.5 M KCl-induced response was also observed without
Cs* treatment. The response induced by 0.5 M NaCl was
unaffected by both the conventional and perforated patch
whole cell methods. These facts suggest that the mechanism
of generation of the KCl-induced response strongly depends
on some internal factors which are readily lost on internal
dialysis, but that of the NaCl- induced response does not.

The presence of CIC-2 protein in lingual epithelium

CIC-2 protein, whose gene was first cloned from rat brain,
is known to generate an inwardly rectifying CI- conduct-
ance in various type of cells, including epithelial cells and
neurons (Thiemann ez al, 1992; Begenisich and Melvin,
1998). We observed that immunoreactivity for CIC-2 protein
is present in the taste bud cells of the lingual epithelium
(Figure 9). However, immunoreactivity for CIC-2 protein
was clearly recognized on the serosal side but not in the
mucosal region. Similar immunostaining for CIC-2 protein
was observed in epithelial cells in the basal region of the
lingual epithelium as well as taste bud cells. In contrast, we
failed to find immunoreactivity for CIC-3 protein, which
generates an outwardly rectifying ClI- channel and con-
tributes to volume regulation in several cells (Duan et al.,
1997), in either taste bud or surrounding epithelial cells of
the lingual epithelium.

Discussion

Signal transduction for salty taste has been mainly exam-
ined by analysis of gustatory neural responses, but a high
concentration of NaCl or KCI as the salt stimulus is

Figure 9 Immunohistochemical localization of an inwardly rectifying CI”
channel protein, CIC-2, in taste bud cells of fungiform papillae. (A) Positive
labeling of CIC-2 was detected in the basal region of the taste bud.
Significant immunoreactivity was also present in the basal region of
surrounding epithelial cells. (B) Control, no primary antibody. Scale bars
10 pum. C57BL/6 mouse.

harmful to isolated taste cells due to hypertonicity. We dev-
eloped a localized stimulation method with non-dissociated
taste cells (Miyamoto et al., 1996), where the salt stimulus
never affects the basolateral membrane directly due to a
barrier of epithelial brim, excluding as much as possible any
artificial effects generated by a salt stimulus containing a
high concentration of NaCl or KCI. The procedure enabled
us to constantly and repeatedly record 0.5 M NaCl- or KCI-
induced current or voltage responses from non-dissociated
taste cells.

Transduction mechanism of NaCl-induced responses

In the present experiment it has been demonstrated that the
0.5 M NaCl-induced responses consist of at least two differ-
ent components, an amiloride-sensitive Na* conductance
and a Cd**-sensitive non-selective cation conductance.
These two components may contribute to the generation



of NaCl-induced responses of different degrees from cell to
cell.

The absence or presence of the amiloride-sensitive
component depended on the taste cell: fungiform taste cells
were categorized into amiloride-sensitive and amiloride-
insensitive cells (Miyamoto et al., 1998, 1999). Amiloride in-
hibition of NaCl-induced responses showed a K; of 0.2 uM,
which is consistent with previous reports on mammalian
taste cells (Avenet and Lindemann, 1991; Doolin and
Gilbertson, 1996). However, NaCl-induced responses were
not completely suppressed even by 50 WM amiloride, indicat-
ing that both amiloride-sensitive and amiloride-insensitive
components exist simultancously in a single taste cell.

More than 90% of taste cells responded to Na* removal
due to a decrease in the Na*-permeable conductance, but
<60% of cells were amiloride-sensitive in the rat (Doolin
and Gilbertson, 1996) and mouse (Miyamoto et al., 1999).
These facts indicate that the more dominant and common
component in NaCl-responsive taste cells in the mouse is the
amiloride-insensitive, non-selective cation conductance, as
has been reported in frog taste cells (Miyamoto et al., 1989;
Fujiyama et al., 1993; Okada et al., 1998). The presence of a
stationary cation conductance including amiloride-sensitive
and amiloride-insensitive conductances may be the reason
why NaCl-responsive cells display a small resting potential
and low membrane resistance in NES. The amiloride-
sensitive component in responses induced by 0.5 M NaCl
displayed a high selectivity for Na* (Pn./Pcs = 14.1), which
is roughly consistent with previous reports (Miyamoto et al.,
1996; Gilbertson and Fontenot, 1998).

In the present experiment we have shown that Cd**-
sensitive cation channels, which display similar permeability
for Na* and Cs* (Pna/Pcs = 0.73), possibly contribute to the
generation of NaCl-induced responses other than amiloride-
sensitive Na* channels. The amiloride-sensitive Na™ and the
Cd?*-sensitive non-selective cation conductances may be
located at the apical receptive membrane because the E,
values were much closer to the equilibrium potential of Na*
(Ena) and of cations (E.,), respectively, at the apical recep-
tive membrane than those at the basolateral membrane
during 0.5 M NaCl stimulation.

Transduction mechanism of KCl-induced responses

More than 90% of taste cells in the mouse fungiform
papillae responded to apically applied 0.5 M KCI, whereas
only 75 and 50% of taste cells responded to 0.5 M NaCl
and 25 mM citric acid, pH 3.0 (Miyamoto et al., 1998). In
contrast to the NaCl-induced responses, all the 0.5 M KClI-
induced responses were insensitive to 5 or 10 uM amiloride.
This result is consistent with the fact that responses induced
by K salts are insensitive to amiloride (Ye et al., 1994;
Lindemann, 1996; Ninomiya et al., 1996).

The chorda tympani responses induced by K and NHy
salts are never suppressed by apically applied K* channel
blockers, such as TEA, Ba2* and Cs* (Ye et al., 1994; Kloub
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et al., 1997), other than the membrane permeant K* channel
blocker 4-AP (Hille, 1992), which partially blocks K salt
responses (Kim and Mistretta, 1993). Thus, it has been
believed that transduction of responses induced by KCI is
mainly generated at the basolateral membrane of taste cells
(Lindemann, 1996; Stewart et al., 1997), although a contri-
bution of conductance at the apical membrane was not
necessarily ruled out.

It has been reported that mammalian taste cells display
an inwardly rectifying K* current (Ix;;) (Miyamoto et al.,
1996; Sun and Herness, 1996). In the present experiment we
have found that apically applied 0.5 M KCI enhances the
inwardly rectifying current (/;,) with a shift of E, which
is roughly equal to E¢; at the basolateral membrane. The
0.5 M KCl-induced response is blocked by submillimolar
concentrations of external Ba?* and Cs™, suggesting that the
KCl-induced 7, seems to be a Ig;. However, the KCI-
induced 7;; is also suppressed by a CI- channel blocker,
niflumic acid. Both Ba?* and niflumic acid blocked the
KCl-induced I;;. Ba?* suppressed not only the KCl-induced
I, but also the basal I;, in the absence of KCI stimulation,
however niflumic acid suppressed only the KCl-induced 7;;.
In fact, 10 uM Ba?* completely suppressed the KCl-induced
I, whereas 500 UM niflumic acid showed only partial sup-
pression, which was approximately of the same degree as the
suppression by 5 UM Ba2*. These results indicate that the
KCl-induced 7;, involves both inwardly rectifying K* current
(Ix;r) and inwardly rectifying CI- current (/cj;,;) components.
The latter may be mediated by novel inwardly rectifying Cl-
channels, which are blocked by Ba2" as well as niflumic acid.
Recently the inwardly rectifying CI- conductance, which is
identical to a cloned inwardly rectifying Cl- channel protein
CIC-2 (Thiemann et al., 1992; Begenisich and Melvin, 1998),
has been reported to be inhibited by Ba?" much more
strongly than known CI- channel blockers such as 5-nitro-
2-(3-phenylpropylamino)benzoic acid and 4,4'-diisothio-
cyanostilbene-2,2'-di-sulphonic acid in porcine choroid
plexus epithelial cells (Kajita et al., 2000). An immuno-
histochemical experiment demonstrated the presence of
CIC-2 protein in taste bud cells. These results suggest that
CIC-2 contributes to the KCl-induced ;.

The KCl-induced /;; readily underwent run-down with the
conventional whole cell clamp method but was preserved for
a long time (>30 min) using the perforated patch technique
with amphotericin B. The E; of the KCl-induced I, was
independent of ionic concentrations at the apical receptive
membrane. A preliminary result showed that a G protein
activator, GTPYS, induced a similar [;; and an adenylate
cyclase inhibitor, SQ22536 suppressed the KCl-induced ;,,
suggesting that the transduction mechanism of the KCI-
induced responses requires Gg-coupled adenylate cyclase
to activate inwardly rectifying CI- channels localized at
the basolateral membrane (Miyamoto et al., 2000). The
inwardly rectifying CI- channels in porcine choroid plexus
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have been reported to be activated by intracellular protein
kinase A (Kajita et al., 2000).

Both KCI- and NaCl-induced responses are simul-
taneously observed in some cells, where NaCl-induced
responses are amiloride-sensitive but KCl-induced responses
are amiloride-insensitive. However, there is no evidence that
KCI stimulation induces activation of non-selective cation
channels, which may play an important role in the NaCl-
induced responses as described above, resulting in the
hypothesis that non-selective cation channels at the apical
membrane are gated by Na* but not by K*.

The E. of the 0.5 M NaCl-induced responses showed a
positive potential of ~32 mV, whereas the E, of the 0.5 M
KCl-induced responses showed a negative potential of
~-46 mV, indicating that 0.5 M KCI induces a hyperpolar-
izing response in taste cells, which have a resting membrane
potential more positive than —45 mV, whereas 0.5 M NaCl is
always able to induce a depolarizing response if a taste cell
possesses a negative resting potential. NaCl-responsive taste
cells possess a significantly more positive resting potential
than KCl-responsive taste cells.

There may be two groups of taste cells contributing to
salt transduction. One group of taste cells, which have a
more positive resting potential than —-46 mV, cannot produce
a depolarizing response to KCI stimulation because the
reversal potential of Ii;, is 46 mV. The other group of taste
cells, which have a more negative resting potential than
—46 mV, can produce a depolarizing response to both NaCl
and KCI stimulation. Given that these two groups of taste
cells are connected to different gustatory nerve fibers, the
former group of taste cells can transmit only NaCl-induced
responses, while the latter can transmit both. Thus, the
difference in taste quality between NaCl and KCI can be
discriminated by a difference in the resting membrane poten-
tial of a single taste cell. The response to KCl in a NaCl-best
fiber is known to be much weaker than that to NaCl in the
chorda tympani nerve (Ninomiya and Funakoshi, 1988;
Hettinnger and Frank, 1990). Therefore, amiloride-sensitive
taste cells connected to NaCl-best fibers may possess a
relatively more positive resting potential caused by amil-
oride-insensitive cation conductance, resulting in a smaller
KCl-induced depolarization than the NaCl-induced one.

Acknowledgements

This work was supported in part by a grant from the Human
Frontier Science Program Organization of France, Grants-in-Aid
for Scientific Research from the Ministry of Education, Science,
Sports and Culture of Japan (nos 06671862 and 08457491) and a
Grant-in-Aid from the Salt Science Research Foundation.

References

Avenet, P. and Lindemann, B. (1991) Noninvasive recording of receptor
cell action potentials and sustained currents from single taste buds
maintained in the tongue: the response to mucosal NaCl and amiloride.
J. Membr. Biol., 124, 33-41.

Begenisich, T. and Melvin, J.E. (1998) Regulation of chloride channels in
secretory epithelia. J. Membr. Biol., 163, 77-85.

Bigiani, A. and Roper, S.D. (1993) Identification of electrophysiologically
distinct cell subpopulations in Necturus taste buds. J. Gen. Physiol., 102,
143-170.

Brand, J.S., Teeter, J.H. and Silver, W.L. (1985) Inhibition by amiloride of
chorda tympani responses evoked by monovalent salts. Brain Res., 334,
207-214.

Doolin, R.E. and Gilbertson, T.A. (1996) Distribution and characterization
of functional amiloride-sensitive sodium channels in rat tongue. J. Gen.
Physiol., 107, 545-554.

Duan, D., Winter, C., Cowley, S., Hume, J.R. and Horowitz, B. (1997)
Molecular identification of a volume-regulated chloride channel. Nature,
390, 417-421.

Fujiyama, R., Miyamoto, T. and Sato, T. (1993) Non-selective cation
channel in bullfrog taste cell membrane. Neuroreport, 5, 11-13.

Formaker, B.K. and Hill, D.L. (1988) An analysis of residual NaCl taste
response after amiloride. Am. J. Physiol., 255, R1002-R1007.

Furue, H. and Yoshii, K. (1997) In situ tight-seal recordings of taste
substance-elicited action currents and voltage-gated Ba currents from
single taste bud cells in the peeled epithelium of mouse tongue. Brain
Res., 776, 133-139.

Gilbertson, T.A. and Fontenot, D.T. (1998) Distribution of amiloride-
sensitive sodium channels in the oral cavity of the hamster. Chem.
Senses, 23, 495-499

Hamill, O.P, Marty, A., Neher, E., Sakmann, B. and Sigworth, FJ.
(1981) Improved patch-clamp techniques for high-resolution current
recording from cells and cell-free membrane patches. Pflligers Arch.,
391, 85-100.

Heck, G.L., Mierson, S. and DeSimone, J.A. (1984) Salt taste
transduction occurs through an amiloride-sensitive sodium transport
pathway. Science, 223, 403-405.

Hellekant, G., Dubois, G.E., Roberts, T.W. and Van Der Wel, H. (1988)
On the gustatory effect of amiloride in the monkey (Macaca mulatta).
Chem. Senses, 13, 89-93.

Herness, M.S. (1987) Effect of amiloride on bulk flow and iontophoretic
taste stimuli in the hamster. J. Comp. Physiol., 160A, 281-288.

Hettinger, T.P. and Frank, M.E. (1990) Specificity of amiloride inhibition of
hamster taste responses. Brain Res., 513, 24-34.

Hille, B. (1992) lonic Channels of Excitable Membranes, 2nd Edn. Sinauer
Associates Inc., Sunderland.

Kajita, H., Omori, K. and Matsuda, H. (2000) The chloride channel CIC-2
contributes to the inwardly rectifying CI~ conductance in cultured
porcine choroid plexus epithelial cells. J. Physiol., 523, 313-324.

Kim, M. and Mistretta, C.M. (1993) 4-Aminopyridine reduces chorda
tympani nerve taste responses to potassium and alkali salts in rat. Brain
Res., 612, 96-103.

Kinnamon, S.C. and Roper, S.D. (1988) Membrane properties of isolated
mud-puppy taste cells. J. Gen. Physiol., 91, 351-371.

Kloub, M.A., Heck, G.L. and DeSimone, J. (1997) Chorda tympani
responses under lingual voltage clamp: implications for NH4 salt taste
transduction. J. Neurophysiol., 77, 1393-1406.

Kolesnikov, S.S. and Margolskee, R.F. (1998) Extracellular K*- and
H"-permeable conductance in frog taste receptor cells. J. Physiol., 507,
415-432.

Lindemann, B. (1996) Taste reception. Physiol. Rev., 76, 719-766.



Lundy, R.F, Jr, Pittman, D.W. and Contreras, RJ. (1997) Role for
epithelial Na™ channels and putative Na*/H* exchangers in salt taste
transduction in rats. Am. J. Physiol., 273, R1923-R1931.

McLean, L.W. and Nakane, PK. (1974) Periodate-lysine—paraform-
aldehyde fixative: a new fixative for immunoelectron microscopy. J.
Histochem. Cytochem., 22, 1077-1083.

Miyamoto, T., Okada, Y. and Sato, T. (1989) lonic basis of salt-induced
receptor potential in frog taste cells. Comp. Biochem. Physiol., 94A,
591-595.

Miyamoto, T., Okada, Y. and Sato, T. (1991) Voltage-gated membrane
current of isolated bullfrog taste cells. Zool. Sci., 8, 835-845.

Miyamoto, T., Miyazaki, T., Okada, Y. and Sato, T. (1996) Whole-
cell recording from non-dissociated taste cells in mouse taste bud. J.
Neurosci. Methods, 64, 245-252.

Miyamoto, T.,, Fujiyama, R., Okada, Y. and Sato, T. (1998) Sour
transduction involves activation of NPPB-sensitive conductance in mouse
taste cells. J. Neurophysiol., 80, 1852—1859.

Miyamoto, T., Fujiyama, R., Okada, Y. and Sato, T. (1999) Strain
difference in amiloride-sensitivity of salt-induced responses in mouse
non-dissociated taste cells. Neurosci. Lett., 277, 13-16.

Miyamoto, T., Fujiyama, R., Okada, Y. and Sato, T. (2000) KC/ response
of mouse taste cells is mediated by intracellular second messenger
system. Chem. Senses, 25, 226 (abstract).

Ninomiya, Y. and Funakoshi, M. (1988) Amiloride inhibition of responses
of rat single chorda tympani fibers to chemical and electrical tongue
stimulation. Brain Res., 451, 319-325.

Ninomiya, Y., Sako, N. and Funakoshi, M. (1989) Strain differences in
amiloride inhibition of NaCl responses in mice, Mus musculus. J. Comp.
Physiol., 166A, 1-5.

Ninomiya, Y., Fukami, Y., Yamazaki, K. and Beauchamp, G.K. (1996)
Amiloride inhibition of chorda tympani responses to NaCl and its
temperature dependency in mice. Brain Res., 708, 153-158.

Mechanisms Underlying NaCl- and KCl-induced Taste Cell Responses 77

Okada, Y., Fujiyama, R., Miyamoto, T. and Sato, T. (1998) /nositol
1,4,5-trisphosphate activates non-selective cation conductance via
intracellular Ca*" increase in isolated frog taste cells. Eur. J. Neurosci.,
10, 1376-1382.

Ozeki, M. (1971) Conductance change associated with receptor potentials
of gustatory cells in rat. J. Gen. Physiol., 58, 688-699.

Rae, J. , Cooper, K., Gates, P. and Watsky, M. (1991) Low access resist-
ance perforated patch recordings using amphotericin B. J. Neurosci.
Methods, 37, 15-26.

Sato, T. and Beidler, L.M. (1982) The response characteristics of rat taste
cells to four basic taste stimuli. Comp. Biochem. Physiol., 73A, 1-10.

Simon, S.A., Holland, V.F, Benos, D.J. and Zampighi, G.A. (1993)
Transcellular and paracellular pathways in lingual epithelia and their
influence in taste transduction. Microsc. Res. Tech., 26, 196-208.

Stewart, R.E., DeSimone, J.A. and Hill, D.L. (1997) New perspectives in
gustatory physiology: transduction, development, and plasticity. Am. J.
Physiol., 272, C1-C26.

Sun, X.-D. and Herness, M.S. (1996) Characterization of inwardly rectify-
ing potassium currents from dissociated rat taste receptor cells. Am. J.
Physiol., 271, C1221-C1232.

Thiemann, A., Grunder, S., Pusch, M. and Jentsch, T.J. (1992) A
chloride channel widely expressed in epithelial and non-epithelial cells.
Nature, 356, 57-60.

Ye, Q., Heck, G.L. and DeSimone, J.A. (1993) Voltage dependence of the
rat chorda tympani response to Na™ salts: implications for the functional
organization of taste receptor cells. J. Neurophysiol., 70, 167-178.

Ye, Q., Heck, G.L. and DeSimone, J.A. (1994) Effects of voltage perturba-
tion of the lingual receptive field on chorda tympani responses to Na*
and K™ salts. J. Gen. Physiol., 104, 885-907.

Accepted August 4, 2000



