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Chemosensory cells in vertebrate taste organs have two obvi-
ous specializations: an apical membrane with access to the
tastants occurring in food, and synapses with sensory axons. In
many species, however, certain differentiated taste cells have
access to the tastants but lack any synaptic contacts with
axons, and a supportive rather than chemosensory function has
been attributed to them. Until now, no functional data are
available for these taste cells. To begin to understand their role
in taste organ physiology, we have characterized with patch-
clamp recording techniques the electrophysiological properties
of a putative supporting cell—the so-called wing cell—isolated
from frog taste disks. Wing cells were distinguished from che-
mosensory elements by the presence of a typical, sheet-like
apical process. Their resting potential was approximately 252
mV, and the average input resistance was 4.8 GV. Wing cells
possessed voltage-gated Na1 currents sensitive to TTX, and

an inactivating, voltage-gated K1 current sensitive to TEA.
Current injections elicited single action potentials but not re-
petitive firing. We found no evidence for voltage-gated Ca21

currents under various experimental conditions. Amiloride-
sensitive Na1 channels, thought to be involved in Na1 chemo-
transduction, were present in wing cells. Many of the mem-
brane properties of wing cells have been also reported for
chemosensory taste cells. The presence of ion channels in wing
cells might be suggestive of a role in controlling the microen-
vironment inside the taste organs or the functioning of chemo-
sensory cells or both. In addition, they might participate directly
in the sensory transduction events by allowing loop currents to
flow inside the taste organs during chemostimulation.
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Taste buds are the peripheral detectors of chemicals occurring in
food. These pear-shaped sensory organs are made up of ;100
specialized epithelial cells called taste cells. On the basis of their
structural features, taste cells have been divided into several
categories, such as elongated cells (Type I, Type II, Type III) and
basal cells (stem cells, Merkel-like cells) (for review, see Roper,
1989; Lindemann, 1996). Elongated cells reach the apex of taste
buds (taste pore) where interaction with chemical stimuli occurs.
Therefore, they are thought to be involved in the initial events of
gustatory chemotransduction. On the contrary, basal cells lie at
the bottom of the sensory organ without sending processes to the
taste pore. Because sensory information needs to be transferred
to afferent nerve fibers to reach the brain, taste chemosensory
cells should present synaptic contacts with axons (Lindemann,
1996). However, in many vertebrate species (including mammals),
not all elongated cells form synapses. This morphological obser-
vation has led to postulation of the existence of supporting
(nonsensory) cells in taste buds (for review, see Roper, 1989;
Lindemann, 1996). Putative supporting cells are considered se-
cretory elements lacking specialized contacts with axons. Until
now, information on the membrane properties of these cells,

which could help to define their role in taste bud physiology, is
not available, whereas a great deal of information about the
electrophysiological properties of chemosensory cells has been
obtained by applying the patch-clamp technique to taste cells
identified with morphological techniques (Avenet and Linde-
mann, 1987; McPheeters et al., 1994; Bigiani et al., 1996).

We have examined the question of the membrane properties of
taste supporting cells by applying the patch-clamp technique to
cells isolated from frog taste organs. In this amphibian, taste cells
are clustered in quite large structures called taste disks. Frog taste
disks contain all the main morphotypes of taste cells described in
vertebrates, and their ultrastructure is well documented (for re-
view, see Osculati and Sbarbati, 1995). We have focused our
attention on a cell type termed wing cell (Jaeger and Hillman,
1976; Richter et al., 1988; Osculati and Sbarbati, 1995). Wing cells
(also termed Type I cells) are differentiated cells that lack any
obvious synaptic contacts with afferent axons (for review, see
Osculati and Sbarbati, 1995). Wing cells possess a sheet-like
process that reaches the free surface of the taste disk, and
therefore they can be readily identified after isolation and distin-
guished from chemosensory cells, which present a rod-like apical
process (Avenet and Lindemann, 1987; Richter et al., 1988). This
paper describes the membrane properties of wing cells and com-
pares these properties with those from chemosensitive rod cells
(Avenet and Lindemann, 1987, 1988; Miyamoto et al., 1991).

MATERIALS AND METHODS
Isolation of taste cells. Frogs of the species Rana esculenta (complex) were
obtained from commercial suppliers and maintained in the laboratory at
;10°C with access to tap water. Animals were decapitated and pithed,
and their tongues were removed. In frogs, taste cells are clustered in taste
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(Università di Modena) and Mr. Paolo Bernardi (Università di Verona) for their
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disks located at the top of fungiform papillae (Jaeger and Hillman,
1976). Isolated taste disks were obtained by cutting the stem of fungiform
papillae with fine scissors under a dissection microscope. From one
tongue, ;150 fungiform papillae were cut off and then washed in an
amphibian physiological solution (APS) containing (in mM): 110 NaCl, 2

KCl, 2 CaCl2 , 1 MgCl2 , 20 glucose, 10 HEPES, buffered to pH 7.2 with
NaOH. Isolated taste cells were obtained by applying an enzymatic–
mechanical treatment to dissociated fungiform papillae, as described
previously (Fujiyama et al., 1993, 1994; Okada et al., 1994). Briefly, 1
mg/ml papain (Sigma, St. Louis, MO) was added to a divalent ion-free

Figure 1. Differential interference con-
trast photomicrographs of living taste cells
isolated from the frog taste disk. A, A wing
(supporting) cell characterized by its wide,
sheet-like apical process. B, A chemosen-
sory cell characterized by the rod-like api-
cal process. Scale bar, 5 mm.

Figure 2. Whole-cell currents recorded from the wing cell shown in Figure 1A. The cell membrane was held at 285 mV and stepped in 10 mV
increments from 275 to 145 mV. Capacitative and leakage currents were not subtracted from the records. Bath perfusion was APS; pipette solution
was standard 105 mM KCl. After recording and adequate processing, this cell was observed at the scanning electron microscope to confirm its identity.
From the photomicrograph on the right it is possible to recognize readily the typical wide process that characterizes wing cells. Scale bar, 5 mm.
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APS containing 2 mM EDTA and 1 mg/ml L-cysteine, and the solution
was left at 23°C for 10 min to activate papain. The fungiform papillae
were rinsed in divalent ion-free APS containing 2 mM EDTA for 10 min
and then incubated at 23°C for 10 min in the activated papain solution.
After enzymatic treatment, fungiform papillae were rinsed twice with
standard APS and transferred (;10 taste disks at a time) into the
recording chamber (a standard glass slide onto which a silicone ring of
1–2 mm thickness and 15 mm inner diameter was pressed). Individual
taste cells were obtained by gentle trituration with a glass pipette having
an opening of ;100 mm. Dissociated cells were left to settle to the
bottom of the recording chamber, which was treated previously with
Cell-Tak (;3 mg/cm 2; Collaborative Research, Bedford, MA) to im-
prove adherence of isolated cells to the glass slide. The chamber was
placed on the stage of an upright Olympus microscope (model BHWI
equipped with a 403 water-immersion objective, working distance 5 3.1
mm), and taste cells were viewed with Nomarsky optics at 7503. During
the experiments, the chamber was continuously perfused with APS (flow
rate: 2–3 ml/min) by means of a gravity-driven system.

Recording techniques. In the majority of experiments, membrane ionic
currents were monitored in taste cells using whole-cell configuration of
the patch-clamp technique (Hamill et al., 1981). For testing voltage-gated
Ca 21 currents, we used also the nystatin-perforated patch recording
(Horn and Marty, 1988; Korn et al., 1991). This configuration of the
patch-clamp technique allows whole-cell membrane currents to be re-
corded in the virtual absence of washout and with little disruption of
endogenous cellular Ca 21 buffering mechanisms that may be involved in
the rundown of Ca 21 currents (Belles et al., 1988; Korn and Horn, 1989).
Patch pipettes were made from soda lime glass capillaries (Baxter Sci-

entific Products, McGaw Park, IL) on a two-stage vertical puller (model
PB-7; Narishige, Tokyo, Japan). Pipette resistance, when filled with
standard intracellular solution, was typically in the 4–8 MV range.
Cell-attached seal resistances were in the range of 5–30 GV with both
types of recording configurations. In some experiments, patch pipettes
were coated with Sylgard (Dow Corning, Midland, MI) to reduce stray
capacitance.

Whole-cell membrane currents were recorded at room temperature
(20–22°C) using an Axopatch amplifier (model 1D; Axon Instruments,
Foster City, CA). Signals were recorded and analyzed using a 486-based
computer equipped with a Digidata 1200 data acquisition system and
pCLAMP software (Axon Instruments). Signal filtering and digitization
were adjusted according to the specific features of the membrane cur-
rents. For voltage-gated currents, signals were prefiltered at 5 kHz and
digitally recorded at 25 msec intervals; for amiloride-sensitive currents,
signals were usually prefiltered at 200–500 Hz and digitized at 3–10 msec
intervals.

The access resistance of the patch pipette tip was estimated by dividing
the amplitude of the voltage steps by the peak of the capacitive transients
(from which stray capacitance had been subtracted). In whole-cell con-
figuration, values typically ranged from ;10 to 25 MV. In perforated-
patch configuration, after obtaining the high-resistance seal, access re-
sistance was monitored periodically to check the diffusion of nystatin into
the cell membrane. Access to the cell interior was judged by the first
appearance of a transient capacitive transient (Horn and Marty, 1988).
We usually began our experiments when the access resistance dropped to
,50 MV.

Figure 3. Voltage-gated Na 1 currents in wing cells. A, Whole-cell currents elicited in an isolated wing cell by a series of depolarizing pulses between
275 and 135 mV, in 10 mV increments, from a holding potential of 285 mV. During bath perfusion with 0.5 mM TTX, the transient inward current
was completely blocked, indicating that it was a Na 1 current. Im , Membrane currents. Capacitative and leakage currents were not subtracted from the
records. Pipette solution was standard 105 mM KCl. B, A family of Na 1 currents recorded from an isolated wing cell. Currents (Im ) were elicited by
stepping the membrane held at 285 mV from 275 to 185 mV in 10 mV increments. Capacitative and leakage currents were subtracted from the records.
Bath, APS; pipette solution, standard 105 mM CsCl. Current–voltage relationship for the peak transient inward current reveals that voltage-gated Na 1

current activated at approximately 240 mV and reached a maximum value at approximately 215 mV in this wing cell.
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As a rule, we adjusted the pipette potential for zero-current flow
before establishing a seal: this zero-current potential was the reference
for subsequent measurements. Because pipette and bath contained dif-
ferent solutions, a liquid junction potential (LJP) developed at the tip of
the pipette (for review, see Barry and Lynch, 1991). This potential,
measured as described by Neher (1992), was ;5 mV (pipette solution
negative) with the pipette solutions used in whole-cell recordings, and ;7
mV with the pipette solution used in perforated-patch recording. All
data have been corrected for these LJPs.

Solutions for electrophysiology. Our standard bathing medium was the
APS. Drugs were dissolved in standard or modified APS solutions and
bath-applied. Gravity-fed test solutions were controlled by multisolenoid
manifold valves (General Valve Corp., Fairfield, NJ) and introduced
through a common inlet into the recording chamber. To reveal voltage-
gated Ca 21 currents, we used the following bath solution (concentrations
in mM): 25 BaCl2 , 80 TEACl, 0.001 tetrodotoxin (TTX), 20 glucose, 10
HEPES, buffered to pH 7.2 with TEAOH. Two different pipette solu-
tions were used, depending on the configuration of the patch-clamp
recording. For whole-cell recording, the pipette solution contained (in
mM): 105 KCl, 2 MgCl2 , 5 EGTA, 10 HEPES, buffered to pH 7.2 with
KOH. In some experiments, KCl was replaced by an equal concentration
of CsCl, and the solution was buffered to pH 7.2 with CsOH. For
perforated-patch recording, nystatin was dissolved in dimethyl sulfoxide
(DMSO) with constant stirring to yield a stock solution of 50 mg/ml. The

nystatin stock solution was prepared fresh for each experiment. Nystatin
was added to a pipette solution consisting of (in mM): 55 CsCl, 25
Cs2SO4 , 8 MgCl2 , 10 HEPES, buffered to pH 7.2 with CsOH, to give a
final nystatin concentration of 250 mg/ml. The tip of the patch pipette was
filled with nystatin-free solution and backfilled with nystatin solution. All
chemicals were from Sigma, except TTX (Affinity, Nottingham, UK).

Scanning electron microscopy. After electrophysiological recording,
some wing cells were processed with standard protocols (Zancanaro et
al., 1990) for observation with a scanning electron microscope. Briefly,
isolated cells were fixed in the recording chamber with 2.5% glutaralde-
hyde (BDH, Poole, England) in 0.1 M sodium cacodylate buffer (SCB) at
pH 7.2 for ;20 min. During this period, patch pipette was left on the cell
to avoid detachment of the isolated cell from the bottom of the recording
chamber. In whole-cell recording, progress of fixation could be monitored
by observing the disappearance of voltage-gated currents: the patch
pipette was thereafter removed, leaving the recorded cell attached to the
glass slides. At this stage, cells were photographed for later identification
at the electron microscope. Slides were stored overnight in fixative at 4°C.
Specimens were then rinsed with 0.1 M phosphate buffer, pH 7.2, and
processed for electron microscopic observations: to this end, cells were
post-fixed in 1% OsO4 in SCB for 1 hr, rinsed with distilled water,
dehydrated through a graded ethanol series, critical-point dried, and
finally coated with gold. Specimens were observed under a Zeiss 950

Figure 4. Properties of the inactivation of voltage-gated Na 1 currents in wing cells. A, Voltage-dependence of the steady-state inactivation. Maximal
peak inward Na 1 currents recorded after holding the membrane for 10 sec at 2105, 295, 285, 275, and 265 mV (Vh ). Note that the Na 1 currents
decreased at less negative potentials (inactivation). Capacitative and leakage currents were subtracted from the records. Bath solution, APS; pipette
solution, standard 105 mM CsCl. In the steady-state inactivation–voltage relationship (bottom), the maximal peak Na 1 currents ( I ) obtained for holding
potentials between 2105 and 245 mV were normalized with respect to that obtained with Vh 5 2105 mV (Imax ), and then plotted against the holding
potential. Each point represents the mean 6 SD of two to seven values from seven wing cells. Data were fitted by a sigmoid curve. The calculated
half-maximal voltage (V0.5 ) was 270.7 mV, and the slope was 6.8 mV. B, Recovery from inactivation for voltage-gated Na 1 currents at 285 mV. Na 1

currents were elicited with a two-pulse protocol. The first 20 msec pulse moved the voltage from a holding potential of 285 to 215 mV. After a variable
delay spent at 285 mV, a second 20 msec pulse of the same amplitude was applied to the cell membrane and the current was recorded. Current elicited
by the second pulse was measured and normalized to the first preceding pulse and plotted against the interpulse interval. Data points could be fitted
approximately by a single exponential function with a time constant of 18.6 msec for the cell shown here.
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scanning electron microscope. To relocate wing cells, light and electron
micrographs were matched to identify the recorded cells unequivocally.

RESULTS
Identification of isolated supporting (wing) cells
Frog taste disks contain elongated cells (classified as Type I,
Type II, and Type III cells) and basal cells (for review, see
Osculati and Sbarbati, 1995). Wing cells (Type I cells) possess
one apical sheet-like process reaching the free surface of the taste
organ. The apical process characterizes these cells, and we used it
as a morphological marker. In fact, after the papain–low Ca
treatment, wing cells could be readily identified by the presence
of their typical process (Fig. 1A), whereas other isolated taste
cells, such as those with a rod-like apical process (Type II and
Type III, which are considered to be chemosensory) (Avenet and
Lindemann, 1987; Richter et al., 1988; Osculati and Sbarbati,
1995), could be easily distinguished from wing cells (Fig. 1B).
Under our experimental conditions, wing cells retained their
typical morphology after isolation and plating on the glass slide.
Some wing cells were fixed after patch recordings and processed

for scanning electron microscopy to further confirm their identity.
Figure 2 shows an electron micrograph of the wing cell shown in
Figure 1. It can be noted that the wide apical process presents
several plasmalemmal pits and ridges that may represent the
contact points with adjacent cells in the intact taste disk (Osculati
and Sbarbati, 1995). In this study, we present data obtained from
137 unambiguously identified wing cells. Just for the purpose of
comparison, we also report data obtained from 26 rod cells (i.e.,
the chemosensory cells according to Avenet and Lindemann,
1987; Richter et al., 1988; Osculati and Sbarbati, 1995). A detailed
analysis of membrane properties of rod cells is included in pub-
lished reports (Avenet and Lindemann, 1987, 1988; Miyamoto et
al., 1988, 1991).

Passive membrane properties
After the patch was broken and whole-cell recordings were es-
tablished, wing cells had a zero-current voltage (V0 , assumed to
be an estimation of the cell resting potential) of 252 6 6 mV
(mean 6 SD; range 241 mV to 261 mV; n 5 19) when normal
APS was used in the bath and the pipette filling solution con-

Figure 5. Voltage-gated K 1 currents in wing cells. A, TEA sensitivity of the outward currents recorded from an isolated wing cell. Voltage-gated Na 1

currents were blocked by adding 0.5 mM TTX to all solutions. Membrane currents (Im ) were elicited by a series of depolarizing pulses between 275 and
135 mV, in 10 mV increments, from a holding potential of 285 mV. Capacitative and leakage currents were subtracted from the records. Outward
currents recorded in regular APS (control, top) were totally abolished by 5 mM TEA (middle). The effect was reversible, as indicated by the recovery of
the currents during washout (bottom). Pipette solution was standard 105 mM KCl. B, Voltage-dependence of K 1 currents recorded from an isolated wing
cell. A family of currents (Im ) was elicited by stepping the cell membrane, held at 285 mV, from 275 to 145 mV in 10 mV increments. Capacitative
and leakage currents were subtracted from the records. Bath perfusion was APS 1 0.2 mM TTX to block voltage-gated Na 1 currents. Pipette solution
was standard 105 mM KCl. In the I–V plot, both the peak value (F) and the value measured at the end of the voltage pulse (E) are shown. It can be noted
that the peak current after reaching a maximal value between approximately 20 and 40 mV decreases with further depolarization.
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tained 105 mM KCl. Changes in V0 during recordings were
frequently observed and were probably related to variations in the
pipette–membrane seal resistance (Barry and Lynch, 1991). Un-
der the same conditions, V0 of rod cells was 258 6 8 (mean 6 SD;
range 248 mV to 274 mV; n 5 8), which was significantly
different (t test; p 5 0.03) from that of wing cells. We are unsure
of the physiological relevance of this significance given the high
values for the input resistance (Rin ) of isolated taste cells. As
reviewed recently by Barry and Lynch (1991), the patch-clamp
technique has limitations in both cell-attached and whole-cell
modes when cells with Rin in the gigaohm range are studied.
Patch-clamp measurements of V0 may require significant correc-
tions; otherwise they could lead to erroneous conclusions (Bigiani
et al., 1996). Cell membrane capacitance (Cm) was significantly
larger in wing cells (20.0 6 4.0 pF, mean 6 SD; range 12.9 pF to
28.6 pF; n 5 28) than in rod cells (6.0 6 2.2, mean 6 SD; range
2.9 pF to 8.8 pF; n 5 11). This is consistent with differences in
membrane surface area of the apical processes between wing and

rod cells. The somata of these cell types were of similar dimen-
sions (Fig. 1). Finally, input resistance (Rin ) of wing cells evalu-
ated as slope resistance of the current–voltage (I–V) relationship
at a holding potential of 285 mV was 4.8 6 2.3 GV (mean 6 SD;
range 1.2 GV to 10.1 GV; n 5 30), quite similar (t test; p 5 0.29)
to that measured in rod cells (4.1 6 2.2 GV, mean 6 SD; range
1.2 GV to 9.9 GV; n 5 19). Rin is usually taken as an estimation
of the cell membrane resistance in patch-clamp studies, and the
values we reported are in the range of those obtained for taste
cells of other vertebrates (Kinnamon and Roper, 1988; Spielman
et al., 1989; Akabas et al., 1990; Béhé et al., 1990; Sugimoto and
Teeter, 1990; Bigiani and Roper, 1993; Chen et al., 1996;
Miyamoto et al., 1996).

Membrane currents under voltage clamp
The presence of voltage-gated ion channels in wing cells was
investigated by recording membrane currents elicited by volt-
age steps from a holding potential of 285 mV. This value was

Figure 6. Effect of Co 21 on the voltage-gated K 1 currents recorded from an isolated wing cell. A, Sample currents elicited by a series of depolarizing
voltage pulses from a holding potential of 285 mV when the cell was bathed in regular APS (top) and in the presence of 10 mM Co 21 (bottom). TTX
(0.5 mM) was added to all bath solutions to block voltage-gated Na 1 channels. Pipette solution was standard 105 mM KCl. Capacitative and leakage
currents were not subtracted from the records. B, I–V plots for the peak value (circles) and the value at the end of the voltage pulses (squares) of the
outward current elicited in regular APS ( filled symbols) and during Co 21 application (open symbols). Co 21 caused the I–V relationship to shift in a
positive direction.
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chosen as standard reference potential to compare membrane
currents from different taste cells. With normal APS in the
bath and the pipette filling solution containing 105 mM KCl,
depolarizing voltage pulses elicited the current time courses
shown in Figure 2. After an early capacitive transient, current
showed a fast inward transient (plotted downward) followed by
a pronounced outward trace, which developed more slowly and
inactivated partially at positive voltages. These currents were
observed in all wing cells that we tested under the above ionic
conditions (n 5 64), although their intensity varied from cell to
cell (see below).

Voltage-gated Na1 currents
The transient inward current was blocked reversibly by 0.5 mM

TTX (Fig. 3A) and disappeared when choline or N-methyl-D-
glucamine (NMDG) replaced Na1 in the bath (data not shown):
in short, it was a Na1 current. Properties of this current were
additionally studied by replacing KCl of the pipette solution with
CsCl to eliminate outward currents. With good space-clamp
conditions, thresholds for Na1 current activation ranged from
245 to 235 mV. The peak current was reached between 215 and
25 mV and averaged 2750.7 6 301.5 pA (mean 6 SD; range
2355.2 to 21416.2 pA; n 5 22). Figure 3B shows a typical

Figure 7. Properties of the inactivation of voltage-gated K 1

currents in wing cells. A, Time course of inactivation of the K 1

current recorded from an isolated wing cell. The membrane
was held at 285 mV and stepped for 200 msec to 115 mV. The
decay of the current was fit (solid line) with a single exponential
function with a time constant of 21.8 msec in this cell. Im ,
Membrane current. B, The effect of holding potential (Vh ) on
the inactivation of K 1 currents in another wing cell. Currents
were elicited by a series of depolarizing voltage pulses in 10
mV increments from different holding potentials (Vh: 285,
275, 255, 245, and 235 mV). All records are from the same
cell. Bath solution was APS 1 0.5 mM TTX to block voltage-
gated Na 1 channels. Pipette solution was standard 105 mM
KCl. Capacitative and leakage currents were subtracted from
the records. The corresponding I–V plots for the peak K 1

currents elicited at different holding potentials are shown on
the right.
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example of the voltage dependence of these Na1 currents. The
I–V relationship for voltage-gated Na1 current in wing cells
resembled that obtained from rod cells of the frog (Avenet and
Lindemann, 1987; Miyamoto et al., 1988, 1991) as well as of taste
cells from other vertebrate species (Kinnamon and Roper, 1988;
Akabas et al., 1990; Béhé et al., 1990; Sugimoto and Teeter, 1990;
Herness and Sun, 1995).

To study the voltage-dependence of the steady-state inactiva-
tion, the largest peak current (I), as obtained with pulsed depo-
larization from different holding potentials (Vh , at which cells
were held for 10 sec), was normalized to Imax , measured at a
holding potential of 2105 mV. The plot of I/Imax as a function of
Vh resulted in a sigmoid curve (Fig. 4A) that could be fitted by the
equation I/Imax 5 1/{1 1 exp [(V 2 V0.5 )/k]}, where V0.5 is the
membrane potential at which the current is 50% inactivated, and
k the slope. The value for the half-inactivation voltage was 270.7
mV and k was 6.8 mV (Fig. 4A) (pooled data from seven cells).
We recall that according to Avenet and Lindemann (1987), inac-
tivation was half-maximal at 267 mV in rod taste cells of the frog,
whereas Herness and Sun (1995) reported a V0.5 of 265 mV and
a k of 6.4 mV for rat taste cells.

Recovery from inactivation was measured with a two-pulse
protocol (Hille, 1992). The first pulse moved the voltage from
285 to 215 mV, causing activation followed by full inactivation
of the Na1 channels. A second pulse, of the same amplitude, was
applied after a variable delay (t) spent at 285 mV (Fig. 4B). At
this voltage, recovery from inactivation was approximately de-
scribed by an exponential function, [1 2 exp(2t/t)], with a time
constant (t) of 15.5 6 5.6 msec (mean 6 SD; n 5 4). This value
is in good agreement with the time constants observed in frog

chemosensory cells [15.6 msec (Avenet and Lindemann, 1987)
and 9.7 msec (Miyamoto et al., 1991)].

Voltage-gated K1 currents
The outward currents that remained after the voltage-gated Na1

current was blocked with TTX (Fig. 3A) were carried by potas-
sium ions, as indicated by their sensitivity to TEA (Fig. 5A) and
by their reduction when CsCl was used instead of KCl in the
pipette solution (Fig. 3B). K1 current inactivated over time and
was voltage-dependent, as indicated by the I–V curve in Figure

Figure 8. Action potential recorded from an isolated wing cell under
current-clamp conditions. Cell membrane was held at approximately 280
mV, and brief depolarizing current pulses in 2 pA increments were
injected. The first four pulses were subthreshold and failed to elicit action
potentials. In this cell, the firing threshold was between 230 and 240 mV.
Pipette solution was standard 105 mM KCl. Vm , Membrane potential.

Figure 9. Contribution of sodium currents to action potential in wing
cells. The cell was held at approximately 280 mV, and a 14 pA pulse of
current was injected. In control conditions (bath solution: APS) an action
potential was fired (top). In the presence of 0.5 mM TTX, the same
stimulation protocol failed to elicit a spike-like action potential (middle).
In voltage-clamp configuration, the inward Na 1 currents were completely
abolished (data not shown). After the drug was washed out, wing cell
membrane recovered the capability of firing action potential (bottom).
Pipette solution was standard 105 mM KCl. Vm , Membrane potential.
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5B. This curve shows that the current begins activating at poten-
tials above 240 mV, whereas at potential values ranging from
240 to 110 mV, current increases almost linearly and reaches a
plateau at a membrane depolarization .10–20 mV. Finally, its
magnitude decreases by further depolarization (Fig. 5B). This
behavior suggests possible involvement of a Ca21-activated K1

current. Indeed, the I–V curve seemed to show initial features of
the “N” shape characteristic of these currents (Hille, 1992). We
assessed whether this was the case by adding to the bath 10 mM

Co21, a known Ca1 channel blocker (Hagiwara and Byerly,
1981). Under this condition there was a reduction of K1 currents
at a given membrane potential, but the overall shape of the I–V
curve did not change (Fig. 6). This suggests that in the presence
of Co21, the threshold for outward current activation was shifted
in a positive direction, presumably because of the effect of the
high concentration of divalent cations on the external surface
charge of the membrane (Hille, 1992). We found no compelling
evidence for a Ca-mediated K1 conductance. Furthermore, as
will be shown below, there is no evidence for voltage-gated Ca21

currents.
In regular APS, the K1 current reached a peak between 20 and

60 mV and averaged 645.0 6 269.9 pA (mean 6 SD; range 315 to
1334.4 pA; n 5 24). During a prolonged depolarization (200
msec), the K1 current displayed a strong inactivation. Figure 7A
shows an example of the K1 current elicited in a wing cell by
stepping the membrane to 115 mV from a holding potential of
285 mV: at this voltage, the time course of inactivation could be
fitted with a single exponential function with a time constant of
24.7 6 2.5 msec (mean 6 SD; n 5 3), which is consistent with the
presence of a single channel type. Finally, inactivation of these
currents was voltage dependent, as typifies A current in mollus-
can neurons (Connor and Stevens, 1971). Figure 7B shows the
effect of holding potential (Vh ) on the inactivation of K1 currents
as recorded from an isolated wing cell: currents were totally
abolished by depolarizing the cell membrane at approximately
230 mV or more. Inactivating K1 currents have been described
in rod taste cells of the frog (Avenet and Lindemann, 1987;
Miyamoto et al., 1991) as well as in taste cells of other vertebrates
(Béhé et al., 1990; Sugimoto and Teeter, 1990; Bigiani and Roper,
1993; Chen et al., 1996). These cells also showed sustained K1

currents, indicating that more than one type of potassium channel
contributed to the outward currents. On the contrary, our data
suggest that only one type of voltage-gated K1 channel occurs in
the membrane of the wing cells.

Lack of voltage-gated Ca21 currents
To test for the presence of voltage-gated Ca 21 currents in whole-
cell configuration, we designed specific pipette and bath solutions
aimed at completely eliminating voltage-gated Na1 and K1 cur-
rents and potentiating the currents through the Ca21 channels in
the recorded cells (see Materials and Methods). However, we
were not able to detect voltage-gated Ca 21 currents in any wing
cells tested (n 5 9 cells; data not shown). We obtained the same
negative results when we added 2 mM ATP to the pipette solution
(n 5 6 cells; data not shown) to reduce rundown of Ca 21 currents
(Bean, 1992). We also use the perforated-patch recording (Horn
and Marty, 1988; Korn et al., 1991) to test for Ca 21 currents in
wing cells. However, even in this experimental condition, no
Ca21 current could be detected (n 5 5 cells; data not shown).
Therefore, we concluded that active voltage-gated Ca21 channels
were not present in the wing cells investigated.

Action potentials in response to current injections
The presence of voltage-gated Na1 currents suggested that wing
cells can generate action potentials. Under current-clamp condi-
tions, when the cell was held hyperpolarized at approximately
280 mV and stimulated with depolarizing current pulses, it was
possible to generate action potentials (Fig. 8), as shown previ-
ously in chemosensory cells of the frog taste disk by Avenet and
Lindemann (1987) and Miyamoto et al. (1991). The threshold for
action potentials was approximately 240 mV, and their duration
was approximately 5 msec. Wing cell action potentials were sim-
ilar to the “fast” action potentials described in rat taste cells
(Béhé et al., 1990; Chen et al., 1996). In wing cells, however,
action potentials could not be generated repetitively, even with
prolonged depolarizing current pulses (data not shown). Appli-
cation of TTX completely blocked the action potential (Fig. 9),
whereas TEA increased its duration (Fig. 10). This latter obser-
vation indicated that, as shown in rat taste cells (Chen et al.,
1996), the inactivating K1 currents played a role in the repolar-
izing phase of the action potential in wing cells.

Figure 10. Contribution of potassium currents to the repolarization
phase of the action potential in wing cells. Cell membrane was held at
approximately 280 mV, and two current pulses were injected. The first
pulse (70 pA) was subthreshold, whereas the second one (80 pA) elicited
an action potential (top, control ). When 5 mM TEA was applied, the action
potential broadened considerably (bottom). In voltage-clamp configura-
tion, the inactivating K 1 current was completely abolished (data not
shown). Pipette solution was standard 105 mM KCl. Vm , Membrane
potential.
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Amiloride-sensitive Na1 currents
Sodium ions occurring in food are thought to be detected by taste
chemosensory cells through specific Na1 channels sensitive to
amiloride (for review, see Lindemann, 1996; Stewart et al., 1997).
These channels differ fundamentally from the voltage-sensitive,
TTX-sensitive channels (Garty and Benos, 1988). The presence
of amiloride-sensitive Na1 channels in the cell membrane of taste
cells can be shown by studying the effect of amiloride on the
whole-cell current recorded at a given holding potential (Avenet
and Lindemann, 1988; Gilbertson et al., 1993; Doolin and Gil-
bertson, 1996). In isolated wing cells, we looked for evidence of
amiloride-sensitive currents by holding them at negative poten-
tials and by bath-applying amiloride in standard APS solution.
We used an amiloride concentration ranging from 30 to 40 mM

because these values proved to block effectively amiloride-
sensitive Na1 channels in taste receptor cells of the frog and
other vertebrates (Avenet and Lindemann, 1988; Gilbertson et al.,
1993; Doolin and Gilbertson, 1996). In 14 of 19 cells (74%),
amiloride caused a reduction in the stationary inward currents
recorded when cell membrane was held at negative potentials.
Figure 11 shows an example of the effect of amiloride on the
stationary inward current recorded from a wing cell held at 275
mV. It is interesting to note that during the washout, the mem-
brane current transiently increased (Fig. 11, undershoot) before
relaxing to the baseline level. This increase could be attributable
to the known self-inhibition by Na1 described for the amiloride-
sensitive Na1 channels (Garty and Palmer, 1997). Moreover, the
time course of the amiloride effect on wing cells was remarkably
similar to the one observed by Avenet and Lindemann (1988) in
rod taste cells of the frog. Concomitant to the decrease in the
stationary inward current we measured an increase in the cell
input resistance (Fig. 12) that was consistent with channels being

closed by amiloride. The increase in input resistance elicited by
30 mM amiloride ranged from 58 to 290% of the control values
(n 5 4 cells). Replacing extracellular Na1 with a large imper-
meant cation, NMDG, caused a reduction of the stationary in-
ward current similar to the effect of amiloride (Fig. 13). With
NMDG, however, no undershoot was observed during the wash-
out (Fig. 13). Collectively these observations suggested that wing
cells possessed amiloride-sensitive Na1 channels in their
membrane.

Variability of voltage-gated currents in wing and rod
taste cells
The voltage-gated Na1 and K1 currents showed similar proper-
ties in all the wing cells tested. For example, the K1 currents
recorded from different wing cells always presented a marked
inactivation, and all wing cells possessed voltage-gated Na1 cur-
rents. These observations suggested that wing cells were a homo-
geneous population of taste cells as far as their voltage-gated ion
channels are concerned. In contrast, voltage-gated currents in rod
cells were considerably varied, in agreement with findings of
previous studies (Avenet and Lindemann, 1987; Miyamoto et al.,
1988, 1991). Figures 14 and 15 show examples of recordings from
different rod cells isolated along with the wing cells. Some rod
cells (Fig. 14) did not show any detectable voltage-gated Na1

currents and possessed K1 currents without inactivation during
the voltage protocol used (compare Fig. 14B with Fig. 7A). Other
rod cells, however, presented voltage-gated Na1 currents in as-
sociation with noninactivating K1 currents (Fig. 15A), and some
others showed membrane currents quite indistinguishable from
those observed in wing cells (Fig. 15B). Like wing cells, all the rod
cells tested (n 5 5) did not present active voltage-gated Ca21

channels in our experimental conditions (data not shown), in

Figure 11. Response of whole-cell current to amiloride in
an isolated wing cell. Cell membrane was held at 275 mV.
Bath application of 40 mM amiloride in regular APS caused a
rapid decrease in the stationary inward current (holding
current) and in current noise. Note the undershooting tran-
sient (undershoot) on washout of amiloride. Pipette solution
was standard 105 mM CsCl. Im , Membrane current.
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agreement with previously published data (Avenet and Linde-
mann, 1987; Miyamoto et al., 1991).

DISCUSSION
One of the challenging issues in taste research is the evaluation of
the functional properties of the different cell types occurring in
vertebrate taste organs. The goal of our study was to contribute to
the understanding of functional diversification between taste
cells. In detail, we have examined the following question: what are
the membrane properties of taste cells lacking synaptic contacts
with afferent axons (i.e., the so-called supporting cells)? As a
model we chose a cell from the frog taste disk, the wing cell.
Studies with extensive use of serial sections have revealed that
wing cells do not synapse onto afferent nerve terminals (Osculati
and Sbarbati, 1995). Wing cells are considered secretory elements
involved in the production of the material covering the free
surface of the taste organ (for review, see Osculati and Sbarbati,
1995). Their distinctive sheet-like process fills the space between
other cells in the taste disk, and their cytoskeleton apparently
lends mechanical support to the other cellular elements (Richter
et al., 1988). Unlike wing cells, chemosensory elements in frog
taste disk are spindle-shaped, with a rod-like apical process. They
are subdivided into two groups, Type II and Type III cells (for
review, see Osculati and Sbarbati, 1995). In this study, we found
that wing cells possessed some membrane properties remarkably
similar to those observed in the chemosensory elements. Voltage-
gated Na1 and K1 channels typically found in chemosensitive
rod cells are also expressed by wing cells. We could not reveal any
significant variability in the properties of these channels among
wing cells, which in this respect made up a homogeneous cell
population. By contrast, we observed a certain variability in the
membrane properties of rod cells, confirming previous data
(Avenet and Lindemann, 1987; Miyamoto et al., 1988, 1991). This
result is probably related to the heterogeneous composition of
chemosensory cells. Voltage-gated Ca 21 channels are thought to
subserve chemical transmission in taste buds (Lindemann, 1996)
and are found in many vertebrate taste cells (Kinnamon and
Roper, 1988; Béhé et al., 1990; Sugimoto and Teeter, 1990;
Bigiani and Roper, 1993; Chen et al., 1996). Consistently with the

Figure 12. Change in the input resistance of a wing cell during response to amiloride (30 mM). Input resistance was monitored by application of 220
mV steps from a holding potential (Vh ) of 275 mV. Input resistance increased from 1.6 GV before amiloride application to 3.9 GV during the amiloride
response, suggesting that membrane conductance was reduced. Note that during washout, cell input resistance recovered to the control value. Im ,
Membrane current.

Figure 13. Effect of Na 1-free saline and amiloride on the stationary
inward current (Im ) recorded from an isolated wing cell held at 260 mV.
Replacing extracellular Na 1 with NMDG, a large impermeant cation,
induced a decrease in the stationary inward current (top trace) similar to
that elicited by bath-applying 30 mM amiloride to the same cell (bottom
trace). However, time courses of the current recovery during washout
were markedly different.
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lack of chemical synapses, we could not detect any voltage-gated
Ca21 currents in wing cells. However, we have to point out that
rod cells in frog taste disks also do not posses voltage-gated Ca21

channels (Avenet and Lindemann, 1987; Miyamoto et al., 1991;
present study), despite the observation that they make synaptic
contacts with afferent nerve terminals (Osculati and Sbarbati,
1995). In conclusion, putative supporting elements share with the
chemosensory cells the absence of these channels, at least in frog.
Currently there is no obvious explanation for this peculiarity of
frog taste cells. It is to be noted that in a recent study Kolesnikov
and Margolskee (1995) described a cyclic nucleotide-suppressible
conductance permeable to Ca21 in frog taste cells (presumably
rod ones), which could represent the major pathway of Ca 21

influx in these cells. It would be interesting to test whether a
similar conductance is present in wing cells.

By using the freeze-fracture technique, Sbarbati et al. (1993)
showed that the apical membrane of wing cells displays in-
tramembrane particles similar to those found in Type III cells:
accordingly, our functional findings showed that the membrane of
wing cells indeed displays ion channels similar to those found in
the chemosensory elements of frog taste disks. Yet wing cells
have not been shown to make chemical synaptic contacts with
afferent axons. On this basis, it is tempting to speculate that the
morpho-functional properties of wing cells would resemble those
of glial cells in the nervous system. It is well established that
oligodendrocytes and astrocytes in the CNS and Schwann cells in

the PNS are endowed with a vast array of voltage-gated ion
channels, neurotransmitter-gated channels, and transport mecha-
nisms similar to those found in the adjacent neurons (for review,
see Barres et al., 1990; Ritchie, 1992). The physiological functions
of these membrane proteins remain to be fully elucidated, al-
though some hypotheses have been postulated. For example, it
has been proposed that glial cells act as local sources of axolem-
mal Na1 channels, thereby reducing the biosynthetic load of
neurons (Gray and Ritchie, 1985; Sontheimer et al., 1996).
Voltage-gated K1 channels have been suggested to play a role in
the homeostasis of K1 released in the extracellular space by
active neurons (Ritchie, 1992). In the retina, Müller cells are
astrocyte-like cells expressing voltage-gated ion channels, neuro-
transmitter receptors, and various uptake carrier systems (for
review, see Newman and Reichenbach, 1996). These properties
enable the Müller cells to control the activity of retinal neurons
by regulating the extracellular concentration of neuroactive sub-
stances such as K1, GABA, and glutamate. In addition, it has
been proposed that voltage-gated Na1 channels in these cells
could be activated by the functioning of adjacent neurons; this
way, glial cells could sense the activity of neighboring neurons
(Chao et al., 1994). In taste organs, cells are closely apposed, and
the extracellular space around them is very narrow. The sheet-
like processes of wing cells fill the space between adjacent taste
cells, and their large surface area makes these cells suitable for
controlling the extracellular fluid inside the taste organs and

Figure 14. Whole-cell recordings from isolated rod cells
lacking voltage-gated Na 1 currents. A, Outward currents
(lef t) elicited in regular APS by a series of depolarizing
pulses between 275 and 155 mV, in 10 mV increments, from
a holding potential of 285 mV. The corresponding I–V plot
(right) indicated that the outward current in this cell acti-
vated at approximately 240 mV. These recordings were
obtained from the cell shown in Figure 1 B. B, Outward
currents recorded in another rod cell. Voltage protocol was
the same as for the cell in A, but the pulse duration was 200
msec. It can be noted that in this cell the outward current did
not inactivate significantly during the stimulation period
(compare with the time course of inactivation shown in
Fig. 7A). Capacitative and leakage currents were not sub-
tracted in these recordings. Pipette solution was standard
105 mM KCl.
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perhaps for monitoring the activity of adjacent chemosensory
cells. Wing processes also ensheathe the apical processes of
chemosensory elements (Richter et al., 1988). Therefore, in view
of the narrow intercellular spaces, a glia-like control of extracel-
lular ion and transmitter concentrations seems to be a plausible
hypothesis. In this respect, it would be interesting to test whether
wing cells are electrically coupled as the glial cells are in the
nervous system (Dermietzel and Spray, 1993).

In addition to voltage-gated channels, wing cells also possessed
amiloride-sensitive Na1 channels, which are thought to mediate,
at least in some vertebrates, the chemotransduction of sodium
taste (for review, see Lindemann, 1996; Stewart et al., 1997).
These channels have been studied in rod taste cells of the frog by
Avenet and Lindemann (1988). Although wing cells express func-
tional amiloride-sensitive Na1 channels, it is possible that their
properties differ from those of the same channels occurring in rod
cells. Further investigation is required to assess, for example, the
inhibition constant of amiloride block, which in rod cells is very
low (0.3 mM) (Avenet and Lindemann, 1988). Our data did not
allow us to establish the location (apical, basolateral, or both) of
the amiloride-blockable Na1 channels in wing cells. Ionto-
phoretic application of amiloride could help in mapping the
amiloride sensitivity of wing cell membrane. However, the pres-
ence of these channels raises the possibility that wing cells may be
involved in the chemotransduction of Na1 salts in taste organs. In
this regard, it is interesting to point out that amiloride-sensitive
Na1 channels have also been identified in nontaste epithelial cells
surrounding taste buds (Li et al., 1994). It has been proposed that

amiloride-sensitive Na1 channels in these cells could play a role
in the transcellular pathway for current flow within and outside
the taste organ during activation of the chemosensory elements by
sodium ions (Li et al., 1994; Lindemann, 1996). It is then possible
that during taste stimulation with Na1, loop currents flow be-
tween receptor cells and neighboring “associated” cells such as
wing cells. In short, these cells could participate in the early signal
chain of gustatory reception.

Taste cells similar to the wing type in frog occur also in the
taste buds of other vertebrates. Type I cells in mammals present
sheet-like lateral projections filling the space between adjacent
Type II and Type III cells, thereby providing an organizing
element for the structure of the bud (rabbit: Royer and Kinna-
mon, 1994; rat: Pumplin et al., 1997). Dark cells (Type I) in
Necturus have a lamellar apical process too (Delay and Roper,
1988; Kinnamon et al., 1988). Finally, scanning electron micro-
graphic studies have revealed the presence of taste cells with
lamellar process in mouse (Spielman et al., 1992). In summary,
given the similarity of frog wing cells to Type I cells in other
vertebrates, it would be tempting to speculate that these taste cells
could play a glial-like role in the functioning of taste sensory
organs. It is important also to point out that there is a certain
variability from one species to the other as to the structural
properties of Type I cells. For example, these cells house synaptic
contacts with afferent nerves in Necturus (Delay and Roper, 1988)
and in mouse (Kinnamon et al., 1985; but see Seta and Toyo-
shima, 1995), whereas in frog (Osculati and Sbarbati, 1995) and
rat (Takeda and Hoshino, 1975) they do not. It is possible that

Figure 15. Whole-cell recording from other rod cells show-
ing various membrane ionic currents. A, Transient inward
Na 1 current and sustained outward K 1 currents recorded
from an isolated rod cell (lef t). The I–V plots for these
currents are shown on the right. Voltage-clamp protocol:
holding potential, 285 mV; depolarizing pulses in 10 mV
increments from 275 to 185 mV. Capacitative and leakage
currents were not subtracted in these recordings. B, Voltage-
gated currents recorded from another isolated rod cell (lef t)
with their corresponding I–V plots (right). Note that the
currents were similar to those recorded in the wing cells (for
example, compare with Fig. 2). Voltage-clamp protocol was
the same as in A. Capacitative and leakage currents were
subtracted in these recordings. Pipette solution was standard
105 mM KCl.
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variability in structure and function of taste cell types may reflect
varying nutritional requirements among species. Along this line,
a given cell type may have both chemosensory and supportive
functions in some species, whereas in others it could be more
specialized. Comparative studies (Kim and Roper, 1995) may
help in obtaining a comprehensive picture of the morpho-
functional correlation for vertebrate taste cells.
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