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Abstract
When the glossopharyngeal nerve (GP) in the frog was strongly stimulated electrically, slow potentials were elicited from the
tongue surface and taste cells in the fungiform papillae. Injection of atropine completely blocked these slow potentials. The
present and previous data indicate that the slow potentials induced in the tongue surface and taste cells are due to a liquid
junction potential between saliva secreted from the lingual glands due to parasympathetic fiber activity and an adapting
solution on the tongue surface. Intracellularly recorded depolarizing receptor potentials in taste cells induced by 0.5 M NaCl
and 3 mM acetic acid were enhanced by depolarizing slow potentials induced by GP nerve stimulation, but were depressed by
the hyperpolarizing slow potentials. On average, the receptor potential of taste cells for 0.5 M NaCl was increased by 25% by
the GP nerve-induced slow potential, but the receptor potential of taste cells for 3 mM acetic acid was decreased by 1% by the
slow potential. These transformations of receptor potentials in frog taste cells were not due to a synaptic event initiated
between taste cells and the efferent nerve fiber, but due to a non-synaptic event, a lingual junction potential generated in the
dorsal lingual epithelium by GP nerve stimulation.

Introduction
An extracellular slow potential is induced on the frog
tongue surface by electrical stimulation of the glosso-
pharyngeal (GP) nerve (Esakov and Byzov, 1971; Kutyna
and Bernard, 1977; Sato et al., 2000). Similar intracellular
slow potentials are also recorded in the disk cells such as
supporting and taste cells of the frog fungiform papillae
following GP nerve stimulation (Esakov and Byzov, 1971;
Kutyna and Bernard, 1977; Sato et al., 2000). Recently we
have proposed that  the  origin  of the extracellular slow
potential on the tongue surface and the intracellular slow
potential of taste cells is due to a liquid junction potential
between saliva secreted from the lingual glands (Nalavade
and Varute, 1971; Albanese Carmignani et al., 1975) due to
stimulation of parasympathetic nerve fibers and an adapt-
ing solution on the tongue surface (Sato et al., 2000). This
conclusion arises from: (i) slow potentials in the lingual
surface and taste cells are completely blocked by atropine;
(ii) the amplitude and polarity of the slow potentials are
changed by the kind of adapting solution on the tongue
surface; (iii) electrical activities of effector cells innervated
by parasympathetic nerve fibers are not recorded by a
microelectrode positioned on the dorsal tongue surface.
Therefore, the intracellular slow potential in taste cells is not
initiated by a synaptic event occurring between the taste
cell and an efferent fiber in the GP nerve, but by a passive

electric current flowing from the slow potential generat-
ing source which exists underneath the dorsal lingual
epithelium.

There are numerous lingual glands along the whole dorsal
surface of the frog tongue (Albanese Carmignani et al.,
1975). The frog lingual glands are innervated by parasym-
pathetic post-ganglionic fibers in the GP nerve (Gaupp,
1904) whose transmitter is acetylcholine. Therefore, when
muscarinic acetylcholine receptors in lingual gland cells are
completely blocked by atropine, GP nerve-induced slow
potentials arising from the liquid junction potential
disappear (Sato et al., 2000). This situation may indicate
that saliva is no longer secreted from the lingual glands.

The present experiment is aimed at determining if tastant-
induced receptor potentials are non-synaptically altered by
slow potentials induced by GP nerve stimulation.

Materials and methods
Sixteen bullfrogs (Rana catesbeiana) weighing 185–510 g
were used in the experiments. The animals were anesthetized
by i.p. injection of  50% urethane–Ringer solution (3 g/kg
body wt). The hyperglossal nerves of either side were
severed to avoid contraction of the tongue muscles. Normal
blood circulation to the tongue through the lingual arteries
and veins was maintained to obtain reproducible responses

© Oxford University Press 2001. All rights reserved.

Chem. Senses 26: 79–84, 2001



from the tongue. The whole tongue was pulled out from the
mouth and pinned to a cork plate in the experimental
chamber. The whole GP nerve of either side was separated
from the surrounding tissues, cut centrally and immersed in
mineral oil.

The whole GP nerve was electrically stimulated with a
pair of chlorinated silver wires lifting the nerve. Electrical
stimulation of the GP nerve was usually with repetitive
pulses at 30 Hz (0.1 ms duration and 12 V). Extracellular
electrical recordings from the tongue surface and intra-
cellular recordings from taste cells in the fungiform papillae
were achieved with glass microelectrodes. The micro-
electrodes were filled with 3 M KCl and had a resistance
of 30–60 M. An indifferent chlorinated silver wire electrode
was positioned in the forelimb muscles. Electrical responses
from the tongue surface and taste cells were amplified with
a microelectrode DC amplifier (MZ 10; Nihon Kohden,
Tokyo, Japan) and recorded with a pen recorder. Criteria
for taste cell penetration were the same as those described
previously (Sato and Beidler, 1975).

The tongue surface was usually adapted to normal Ringer
solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 5 mM
HEPES, pH 7.2) and rinsed with Ringer after taste
stimulation. Taste and Ringer solutions were applied to the
tongue surface at a rate of 0.13 ml/s with a semi-auto-
matically controlled gustatory stimulator (Sato, 1972). Taste
stimuli used were 0.5 M NaCl and 3 mM acetic acid, which
were prepared with deionized water (reagent grade water;
Millipore, Bedford, MA). All experiments were carried out
at room temperature (22–26°C).

The tongues of three bullfrogs were used for histological
sections. The tongues were fixed in Bouin solution, routinely
embedded in paraffin, transversly cut into 10 µm serial sec-
tions and stained with hematoxylin and eosin.

Results

Distribution of lingual glands

In transverse sections of the tongue the tops of the corpus
glandulae of the lingual glands existed at mean depths of 20
and 100 µm from the dorsal surface. The lingual glands were
of simple tubular or ramificate tubular type. The length of
the tubular glands was 121 ± 4 µm (mean ± SE, n = 49). The
lingual glands were almost equally distributed across the
whole dorsal surface of the tongue excepting the periphery.
The mean number of the glands was 220/mm2. Considering
the mean area of the tongue surface (648 mm2) and a 20%
decrease in lingual glands in the periphery of the tongue, the
total number of lingual glands was estimated to be 14 000
per tongue.

Properties of slow potentials from the tongue surface and
taste cells

When parasympathetic fibers in the frog GP nerve were
strongly stimulated at a frequency of 30 Hz, slow potentials

were recorded from the whole dorsal tongue surface with
an extracellular microelectrode which was positioned on the
tops of the fungiform and filiform papillae and between
the papillae (Sato et al., 2000). The time course of the
extracellularly recorded slow potentials was very similar
to that of intracellularly recorded slow potentials from the
taste cells, as shown in the inset of Figure 1. Extracellular
slow potentials from the tongue surface following GP nerve
stimulation showed surface positivity in 31 of 33 recordings
(94%) using three frogs and surface negativity in two record-
ings (6%) when the tongue was adapted to normal Ringer
solution. The mean amplitudes of the extracellular slow
potentials measured from three different areas of the tongue
surface were 7.7 ± 1.5 (mean ± SE) mV (n = 9) in the apical
portion, 6.6 ± 0.8 mV (n = 15) in the middle portion and
7.0 ± 1.3 mV (n = 9) in the proximal portion. In a total of
31 extracellular recordings the mean amplitude of the
slow potentials was 7.1 ± 0.7 mV, with a range of –2.1
to 18.8 mV. No significant differences were found among
the amplitudes of slow potentials obtained from the three
different portions (P > 0.05).

Of 71 taste cells examined with intracellular microelec-
trodes, depolarizing slow potentials in response to GP nerve
stimulation were found in 61 cells (86%) and hyperpolar-
izing slow potentials in five cells (7%) when the tongue
was adapted to Ringer (Table 1). Figure 1 illustrates the
amplitude distribution of intracellularly recorded slow
potentials of 71 taste cells in the fungiform papillae of five
frogs when the GP nerve was stimulated at 30 Hz. The mean
amplitudes of the intracellular slow potentials from taste
cells were 3.4 ± 0.5 mV (n = 34) in the apical portion, 3.6 ±
0.6 mV (n = 24) in the middle portion and 3.7 ± 0.7 mV (n =
13) in the proximal portion. In a total of 71 taste cells the
mean amplitude of the intracellular slow potentials was
3.6 ± 0.6 mV, with a range of –6.1 to 13.5 mV. No sig-

Figure 1 Distribution of intracellular slow potentials in 71 taste cells of
the fungiform papillae induced by GP nerve stimulation. The tongue was
adapted to normal Ringer. The inset shows an example of a depolarizing
slow potential in a taste cell induced by GP nerve stimulation (horizontal bar,
30 Hz).
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nificant differences existed among the intracellular slow
potentials obtained from different tongue portions.

As listed in Table 1, during Ringer adaptation of the
tongue surface hyperpolarizing slow potentials elicited by
GP nerve stimulation were observed in five of 71 taste cells
(7%). On the other hand, during gustatory  stimulation
of taste cells with 0.5 M NaCl and 3 mM acetic acid the
percentage of hyperpolarizing slow potentials generated by
GP nerve stimulation was increased to 25 and 44%, respect-
ively. This is due to changes in the liquid junction potential
elicited between saliva secreted by the lingual glands and the
altered lingual surface fluid.

Under Ringer adaptation the latency and rise time of
depolarizing and hyperpolarizing slow potentials in taste
cells induced by GP nerve stimulation were 1.3 ± 0.1 (n = 66)
and 3.6 ± 0.2 s (n = 66), respectively. On the other hand,
under gustatory stimulation of the taste cells with 0.5 M
NaCl the latency and rise time of GP nerve-induced
depolarizing and hyperpolarizing slow potentials were 1.3 ±
0.1 (n = 28) and 2.9 ± 0.3 s (n = 28), respectively, and under
stimulation with 3 mM acetic acid the latency and rise time
of these potentials were 1.4 ± 0.1 (n = 9) and 2.7 ± 0.5 s (n =
9), respectively. The peak time of  GP nerve-induced slow
potential under stimulation with NaCl and acetic acid was
significantly shorter than that under Ringer. The latencies
of the hyperpolarizing slow potentials elicited by GP nerve
stimulation were 1.8 ± 0.3 s (n = 5) under Ringer, 1.2 ± 1.8 s
(n = 8) under 0.5 M NaCl and 1.5 ± 0.3 s (n = 4) under 3 mM
acetic acid. No differences were found among these values
(P > 0.05).

Thirty minutes after atropine (1 mg/kg) was injected into
three frogs, extracellular recordings were taken from 29 loci
on the tongue surface. Neither positive nor negative slow
potentials appeared at any loci on the tongue surface follow-
ing GP nerve stimulation. When intracellular recordings
were taken from 21 taste cells adapted to Ringer solution,
neither depolarizing nor hyperpolarizing slow potentials
were recorded from 19 cells, but small hyperpolarizing slow
potentials of <1 mV (–0.7 and –0.8 mV) were observed in
two cells. The latency of these slow potentials was ~0.6 s.

Interaction between the gustatory receptor potential and
the GP nerve-induced slow potential in taste cells

Transformation of the gustatory receptor potential in taste

cells by GP nerve stimulation was tested. Figure 2 illustrates
examples of enhancement (Figure 2A) and depression
(Figure 2B) of depolarizing receptor potentials for 0.5 M
NaCl and 3 mM acetic acid when the GP nerve was stimu-
lated at 30 Hz. Figure 3A and C illustrates the distribution
of receptor potentials elicited by 0.5 M NaCl (Figure 3A)
in 32 taste cells and 3 mM acetic acid in nine taste cells
(Figure 3C). Figure 3B and D shows the distribution of GP
nerve-induced intracellular slow potentials when the taste
cells were stimulated with 0.5 M NaCl (Figure 3B) and
3 mM acetic acid (Figure 3D). The mean amplitudes of the
gustatory receptor potentials and GP nerve-induced slow
potentials are given in each graph. During gustatory stimu-
lation of 32 taste cells with 0.5 M NaCl, GP nerve-induced
enhancement of the receptor potentials was seen in 20 cells,
depression in eight cells and no change in four cells. On

Table 1 Type of GP nerve-induced intracellular slow potentials in taste cells during application of Ringer, NaCl and acetic acid to the tongue

Adapting or stimulus
solution

Positive change Negative change No change Total

n % n % n % n %

Ringer 61 86 5 7 5 7 71 100
0.5 M NaCl 20 63 8 25 4 12 32 100
3 mM Acetic acid 5 56 4 44 0 0 9 100

Figure 2 GP nerve stimulation-induced slow potentials superimposed on
the depolarizing receptor potentials recorded intracellularly from taste cells.
(A) Nerve-induced depolarizing slow potentials superimposed on receptor
potentials elicited by 0.5 M NaCl and 3 mM acetic acid. (B) Nerve-induced
hyperpolarizing slow potentials superimposed on receptor potentials
elicited by the NaCl and acetic acid. Records (A) and (B) were obtained from
different taste cells. Resting potential was –32 mV in (A) and –27 mV in (B).
ES, electrical stimulation of the GP nerve with pulses of 0.1 ms, 12 V and
30 Hz. Dotted lines show the time course of receptor potentials without
electrical stimulation of the GP nerve.
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average, the amplitude of 0.5 M NaCl-induced receptor
potentials was enhanced by 25 ± 11% of the controls
(n = 32, range –68 to 200%). During 3 mM acetic acid
stimulation of nine taste cells, GP nerve-induced enhance-
ment of receptor potential was observed in three cells and
depression in six cells. The amplitude of the 3 mM acetic
acid-induced receptor potentials was depressed by –1 ± 15%
of the controls (n = 9, range –42 to 100%) by GP nerve
stimulation. There were negative correlations between the
amplitude of tastant-induced depolarizing receptor poten-
tials and percentage change in the depolarizing receptor
potentials induced by GP nerve stimulation when taste cells
were stimulated with either 0.5 M NaCl (P < 0.05, n = 30,
r = –0.394) or 3 mM acetic acid (P < 0.03, n = 7, r = –0.804).

Discussion
Mostly electropositive slow potentials are initiated on the
frog tongue surface by stimulation of parasympathetic
fibers in the GP nerve. These slow potentials are caused by a
liquid junction potential generated between saliva secreted

from the lingual glands and the tongue surface fluid and
are completely abolished by blocking the liquid junction
potential with an i.v. injection of atropine into the frog
(Sato et al., 2000). Depolarizing slow potentials are also
induced in frog taste disk cells, such as supporting and
taste cells, by GP nerve stimulation (Kutyna and Bernard,
1977; Sato et al., 2000), which are completely abolished
by atropine. Therefore, GP nerve-induced depolarizing slow
potentials in frog taste cells are generated by a non-synaptic
outward current through the disk cells due to the liquid
junction potential between saliva from the lingual glands
(Gaupp, 1904; Nalavade and Varute, 1971; Albanese
Carmignani et al., 1975; Albanese Carmignani and
Zaccone, 1977) and the lingual surface fluid. An electric
source for GP nerve-induced slow potentials does not exist
inside the fungiform papillae, but beneath the lingual
epithelium.

The input resistance of the frog taste cell is 32–40 MΩ as
determined by an intracellular recording technique (Sato
and Beidler, 1975) and 2 GΩ by a whole cell recording

Figure 3 Histogram of intracellular receptor potentials in taste cells induced by tastant and intracellular slow potentials induced by GP nerve stimulation.
(A) Distribution of 0.5 M NaCl-induced receptor potentials (n = 32 taste cells). (B) Distribution of GP nerve-induced slow potentials under 0.5 M NaCl
stimulation (n = 32 taste cells). (C) Distribution of 3 mM acetic acid-induced receptor responses (n = 9 taste cells). (D) Distribution of the nerve-induced
slow potentials under 3 mM acetic acid stimulation (n = 9 taste cells). In (B) and (D) the GP nerve was stimulated with 30 Hz pulses of 0.1 ms duration and
10–15 V, 3–10 s after application of the tastant.
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technique (Miyamoto et al., 1991). Although the measured
value of input resistance depends on the recording method,
a mean depolarizing potential of 4.4 mV may always appear
in taste cells because a several millivolt difference exists
between the top and bottom of  the taste disk, due to the
liquid junction potential.

The ionic composition of saliva secreted from the frog
lingual glands is unknown. The liquid junction potential
generated between the secreted saliva and the lingual fluid
can be calculated from a theoretical equation for the poten-
tial (Wilson, 1979) using the composition of cations and
anions in the saliva and lingual fluid. Important ions may
be Na+, K+, Cl–, HCO3

– and mucous glycoprotein anions
(Prot–). When the adapting or stimulating fluid on the frog
tongue surface is 0.001, 0.1 or 0.5 M NaCl or Ringer solu-
tion, the mean amplitudes of the slow potentials induced by
GP nerve stimulation are in the order 0.001 M NaCl > 0.1 M
NaCl = Ringer > 0.5 M NaCl (Sato et al., 2000). This order
reverses if inorganic ions alone, whose composition was
estimated from mammalian saliva, are used in the equation
for the liquid junction potential. Therefore, the concentra-
tions of Prot– within the lingual glands and on the tongue
surface are important in determining the liquid junction
potential. Prot– with slower ionic mobilities control  the
movement of inorganic ions.

When the frog tongue surface was adapted to Ringer,
0.5  M  NaCl  or  3  mM  acetic acid  in the present study,
hyperpolarizing slow potentials in taste cells occurred in a
few cases with Ringer but frequently with NaCl and acetic
acid (Table 1 and Figure 3). This may derive from the Prot–

concentration in the lingual gland or on the lingual surface
being elevated or lowered in a local region of  the tongue.
When stimulation of the GP nerve induces an electro-
positive or electronegative slow potential at recording loci
on the frog tongue surface, depolarizing or hyperpolarizing
slow potentials, respectively, are generated in taste cells
at the same loci by an outward or inward current passing
through the taste cell membrane.

If the concentrations of NaCl and KCl in the saliva of
frog lingual glands are 20–30 mM, as in mammalian saliva
(Bradley, 1995), taste cells adapted to 0.001 M NaCl or
3 mM acetic acid in the present experiments would be
slightly depolarized by Na+ and K+ ions. As suggested by Ye
et al. (1991), some cations and anions in saliva could pass
through the tight junction connecting taste cells. K+ from
the frog lingual gland might pass through the tight junction
because the K+ concentration in saliva is higher than that in
extracellular fluid, but Na+ and Cl– do not, because their
concentrations in saliva are lower.

Parasympathetic vasodilator fibers in the GP nerve
innervate arterioles in the frog tongue and excitation of
these fibers enhances the lingual blood flow (Sato et al.,
2000). If the blood flow becomes slower, the activity of frog
taste cells is gradually depressed by a decrease in Na+–K+

ATPase activity and the intracellular signal transmission
mechanism.

Many researchers (Brush and Halpern, 1970; Esakov and
Byzov, 1971; DeHan and Graziadei, 1973; Reutter et al.,
1997) have proposed that there may be synapses between
taste cells and efferent fibers, but morphological and physio-
logical evidence is still lacking. It is probable that efferent
fibers in the frog GP nerve make close contacts on the taste
cell and modulate the cell functions. The kind of  efferent
fiber is considered to be one of sympathetic post-ganglionic
fibers, parasympathetic post-ganglionic fibers or A-type
fibers in the GP nerve. In the present study a small hyper-
polarizing slow potential of <1 mV was observed in two
taste cells on stimulation of the GP nerve after a large
intracellular slow potential, which was evoked by the liquid
junction potential between saliva secreted from the lingual
gland  and  the lingual surface fluid and was completely
blocked by atropine.  This  slow potential  had  a shorter
latency (~0.6 s) than the large intracellular slow potentials
(~1.3 s). Since the activity of effector cells innervated by
parasympathetic post-ganglionic nerve fibers (Inoue and
Kitada, 1991) is completely blocked by atropine, the hyper-
polarizing response elicited by GP nerve stimulation
probably derives from the activity of post-synaptic taste
cells innervated by either sympathetic post-ganglionic fibers
(Inoue and Kitada, 1988) or A-type fibers. The amplitude of
the hyperpolarizing taste cell responses (~0.8 mV) is five
times smaller than non-synaptically evoked depolarizing
taste cell responses. Therefore, the presumed small post-
synaptic potential appearing in a taste cell might be masked
by the large non-synaptic slow potential elicited by GP nerve
stimulation, if atropine is not injected. A similar hyperpolar-
izing response evoked by GP nerve stimulation has been
recorded in a frog taste cell and has been suggested to be an
inhibitory post-synaptic potential (Esakov and Byzov,
1971). However, effects of atropine and other blockers on
the hyperpolarizing response were not tested in their experi-
ment. Post-synaptic properties of the GP nerve-induced
small hyperpolarizing slow potential in frog taste cells after
injection of atropine and other blockers will be investigated
in a further study.

The amplitudes of 0.5 M NaCl-induced receptor poten-
tials in frog taste cells were changed in the  range  68%
decrease to 200% increase by electrical stimulation of the
GP nerve. The amplitudes of 3 mM acetic acid-induced
receptor potentials were altered in the range 42% decrease to
100% increase by GP nerve stimulation. It should be noted
that these large changes in the receptor potentials in taste
cells were caused by non-synaptic  outward  and  inward
currents through the taste cell membrane from an electric
source underneath the dorsal tongue epithelium (Sato et al.,
2000). The GP nerve-induced enhancement of frog receptor
potentials might be concerned with an increase in trans-
mitters released from the taste cells. On the other hand, GP
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nerve-induced depression of the taste receptor potentials
might be concerned with a decrease of the transmitters.
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