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A B S T RA C T The chincona alkaloid quinine is known to be a bitter tasting substance for various vertebrates. We 
examined the effects of quinine on isolated taste receptor cells from the bullfrog (Rana catesbeiana). Membrane 
currents were recorded by whole-cell recording, while quinine hydrochloride was applied extracellularly from a 
puffer pipette. At the resting potential ( -77  -+ 9 mV, mean -+ SD, n = 49 cells), taste cells generated inward cur- 
rents in response to quinine stimulation (>1 mM), indicating a depolarizing response in the taste cells. Two types 
of current responses were observed; a newly found quinine-activated cationic conductance and a previously re- 
ported blocking effect of quinine on K + conductances. The cationic current was isolated from the K + current by 
using a Cs+-containing patch pipette. The relative permeabilities (Pion) of the quinine-activated cationic conduc- 
tance were: PNa/PK/Pcs = 1:0.5:0.42. The quinine dose-response relation was described by the Hill equation with 
the K1/2 of 3.6 mM and Hill coefficient of 5.3. When extracellular [Ca 2+ ] (1.8 mM) was reduced to nominally free, 
the conductance was enhanced by about sixfold. This property is consistent with observations on quinine re- 
sponses recorded from the gustatory nerve, in vivo. The quinine-induced cationic current was decreased with an 
application of 8-bromo-cAMP. We conclude that the bitter substance quinine activates a cation channel in taste re- 
ceptor cells and this channel plays an important role in bitter taste transduction. 
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I N T R O D U C T I O N  

Taste substances are detected by specialized epithelial 
receptor cells called taste receptor  cells. Taste stimuli 
are transduced into electrophysiological signals in the 
taste cells, and the signals are transmitted to the gusta- 
tory nerves via synapses. It is now well known that taste 
receptor cells use multiple transduction pathways de- 
pending on the taste quality (Kinnamon and Cum- 
mings, 1992; Margolskee, 1993). Among  these, bitter 
taste, which is one of  the most important  sensations for 
avoiding poisons, is thought  to be mediated by several 
pathways. For example, it has been shown that certain 
bitter substances activate an enzymatic cascade involv- 
ing a G protein and phospholipase C, leading to an in- 
crease in inositol 1,4,5-trisphosphate (IP3) concentra- 
tion; IP 3 is then thought  to release Ca 2+ from the endo- 
plasmic reticulum, which in turn directly or indirectly 
triggers transmitter release from the synapse to second 
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order  neurons (Spielman et al., 1992). Also, very re- 
cently, it has been proposed that a G protein-mediated 
cyclic nucleotide phosphodiesterase (PDE) may medi- 
ate bitter via membrane  excitation (Kolesnikov and 
Margolskee, 1995; Ruiz-Avila et al., 1995). A bitter-acti- 
vated PDE would decrease cyclic nucleotide concentra- 
tion in the taste receptor cell (Price, 1973; Ruiz-Avila et 
al., 1995), and this could cause excitation because taste 
receptor cells have been shown to contain depolarizing 
ionic channels that are closed by intracellular cyclic nu- 
cleotides (Kolesnikov and Margolskee, 1995). It is 
therefore possible that the reduction in cytoplasmic 
cAMP concentrat ion leads to the opening of ionic 
channels causing cell depolarization. 1 

In electrophysiological experiments, it has been 
shown that quinine stimulation can suppress K + chan- 
nels in taste cells, causing depolarizing responses (Avenet 
and Lindemann,  1987; Kinnamon and Roper, 1988; 
Sugimoto and Teeter, 1991; Cummings and Kinnamon, 
1992). It has also been reported that quinine activates 
an active chloride transport of  frog taste cells (Okada et 
al., 1988; Sato et al., 1994), again explaining the depo- 
larizing response. 

~After the submission of this report, Wong et al. (1996) has reported 
the study of transgenic mice that are missing a taste cell-specific G 
protein, gustducin. They revealed the involvement of gustducin in 
transduction of bitter and sweet. Their report strongly supports the 
cyclic nucleotide hypothesis. 
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T h e  p r e s e n t  s t u d y  was c a r r i e d  o u t  to  i n v e s t i g a t e  t h e  

pos s ib i l i t y  o f  a d d i t i o n a l  t r a n s d u c t i o n  m e c h a n i s m s  f o r  

t h e  b i t t e r  s u b s t a n c e  q u i n i n e  i n  t h e  b u l l f r o g ,  Rana cates- 
beiana. So l i t a ry  t a s t e  r e c e p t o r  cel ls  w e r e  s t u d i e d  u s i n g  

t h e  w h o l e - c e l l  p a t c h  c l a m p  c o n f i g u r a t i o n  w h i l e  t h e y  

w e r e  s t i m u l a t e d  w i t h  q u i n i n e  u n d e r  v a r i o u s  i o n i c  c o n -  

d i t i o n s .  T h e  p r e s e n t  s t u d y  a l so  s h o w s  t h a t  q u i n i n e  s t im-  

u l a t i o n  a c t i v a t e s  a n o v e l  c a t i o n i c  c o n d u c t a n c e  w h i c h  

e x h i b i t s  a s i m i l a r  C a 2 + - d e p e n d e n c y  to  t h a t  s e e n  in  t a s t e  

cells ,  i n  s i tu .  M o r e o v e r ,  t h e  a p p l i c a t i o n  o f  c A M P  a n a -  

l o g u e  d e c r e a s e d  t h e  c o n d u c t a n c e ,  c o n s i s t e n t  w i t h  t h e  

h y p o t h e s i s  o f  t h e  cycl ic  n u c l e o t i d e - m e d i a t i n g  c a s c a d e .  

W e  t h e r e f o r e  c o n c l u d e  t h a t  t h i s  c a t i o n i c  c o n d u c t a n c e  

p lays  a n  i m p o r t a n t  r o l e  i n  b i t t e r  t r a n s d u c t i o n  a n d  p e r -  

c e p t i o n .  

M E T H O D S  

Cell Isolation 

Bullfrogs (Rana catesbeiana) were obtained from commercial  sup- 
pliers and  mainta ined in tap water. They were fed bovine liver 
weekly. The animal  was anesthetized in cold water (0°C) and  
pithed. The tongue was removed and washed with normal  saline 
solution. Fungiform papillae on the tongue were cut off at the 
stem with fine scissors unde r  a dissecting microscope (10-40x) .  
The tissue was incubated in Ca2+-free saline solution containing 2 
mM EGTA for 30 min at 25°C, and then treated with 0.2% colla- 
genase/dispase (Boehringer Mannheim Biochemica, Mannheim, 
Germany) in normal  saline solution for 20 rain at 25°C. After 
rinsing twice with Ca2+-free saline solution (4°C), the tissue was 
dissociated by tr i turation with a glass pipette (opening diameter: 
0.2 mm) in normal  saline (4°C). Dissociated cells were stored in 
normal  saIine solution at 4°C for up to 11 h. Three  types of disso- 
ciated cells could be identified by their  characteristic morphol-  
ogy; taste receptor  cells, associated cells, and  ciliated cells. Taste 
receptor  cells were flask- or spindle-shaped (30-70 btm in length 
and  5-15 ~m in diameter  at the cell body), and  their  dendri tes  
were occasionally still at tached with associated cells (Avenet and  
Lindemann,  1987; Miyamoto et al., 1988). Associated cells and  
ciliated cells could be also identified by their  spherical shapes 
(10-20 p,m in diameter) .  In some experiments,  we examined the 
effect of quinine  stimulation in these spherically shaped cells. 
However, none  of these cells showed any voltage-dependent  tran- 
sient inward Na + current  (n = 7 cells), which is a consistent fea- 
ture of taste receptor  cells. In these associated cells no  evidence 
of a quinine-activated conductance  was found. 

Whole-cell Recording 

Isolated taste cells were plated onto  a culture dish (35 mm/Col -  
lagen-Coated Dish; Coming,  Iwaki Glass, Tokyo,Japan).  A silicon 
ring made with Sylgard 184 (Dow Corning Corp., Midland, MI) 
was put  into the dish to reduce the dead volume of the chamber  
(to ~0 .3  ml). A dish containing isolated taste receptor cells was 
moun ted  on the stage of an inverted microscope (DIAPHOT- 
TMD; Nikon, Tokyo,Japan)  with Hoffman Modulation Contrast  
(Modulation Optics, Inc., Greenvale, NY). The dish solution was 
changed at a rate of 1 m l / m i n  to change the extracellular medium. 

Membrane current was recorded by using the whole-cell configu- 
ration of the patch-clamp technique (Hamill et al, 1981). Patch 
pipettes were fabricated from borosilicate capillaries (GC 150F- 
10; Clark Electromedical Instruments,  Reading, UK) using a two- 

stage vertical patch electrode puller (PP-83; Narishige, Tokyo,Ja- 
pan).  The tip of a patch pipette was fire-polished by using a mi- 
croforge (MF-83; Narishige). The electrode resistance was 6-10 
M ~  when the pipettes were filled with saline. 

The  recording pipette was connected  to a patch clamp ampli- 
fier (CEZ-2300; Nihon Kohden, Tokyo, Japan) .  The signal was 
low pass filtered at 1 kHz and  sampled at 0.05-10 kHz by a 12-bit 
analog-to-digital converter  connected  to a microcomputer  (PC- 
9801DA; NEC, Tokyo, Japan) ,  by using laboratory-made pro- 
grams. Command  voltages were generated by a 12 bit digital-to- 
analog converter  with a time resolution of 01./ms,  and command  
voltage resolution at membrane  was 0.098 mV. 

An Ag-AgCI indifferent  electrode was connected  to the bath 
solution via an agar bridge containing Ca2+-free saline solution. 
Liquid junc t ion  potentials at the tip of the patch pipette or the 
agar bridge were measured with a microelectrode containing 3 M 
KC1 (Neher,  1992). M1 data reported here  have been corrected 
for junc t ion  potentials. MI experiments  were performed at room 
temperature  (20-26°C). 

Solutions 

Normal saline solution contained (in mM): 115 NaC1, 2.5 KC1, 
1.8 CaCI 2, 2 Na-HEPES, 2 glucose, pH 7.2. The Ca~+-free solution 
was normal  saline solution without added CaCI,_,. The Na+-free so- 
lution conta ined (in mM): 115 A~methyl-D-glucamine, 2.5 KCI, 
1.8 CaCl 2, 2 HEPES, 2 glucose, pH 7.2 (adjusted with HC1). The 
120 mM NaCI solution contained (in raM): 120 NaC1, 2 Na- 
HEPES, 2 glucose, pH 7.2. The CI -free solution contained (in 
mM): 120 Na-gluconate, 2 Na-HEPES, 2 glucose, pH 7.2. 

Two types of the patch-pipette-filling solution were used. The 
K + pipette solution conta ined (in mM): 115 KC1, 2 MgCI 2, 0.5 
CaClz, 2 K2-EGTA, 2 Kz-ATP, 10 K-HEPES, pH 7,2, and  the Cs + pi- 
pette solution conta ined (in raM): 120 CsC1, 5 Na2-EGTA, 2 Na- 
HEPES, 2 Na2-ATP, pH 7.2. 

All solutions contained 0.0005% (wt/vol) phenol  red. 

Application of a Taste Stimulus 

Quinine  hydrochloride (Q-1125; Sigma Chemical Co., St. Louis, 
MO) was used as bitter stimulant. It was dissolved in the bath so- 
lution at 10 mM unless otherwise indicated (pH readjusted to 
7.2) and ejected by pressure (20 kPa) from a glass pipette (1 tzm 
opening)  placed within 40 i~m from the dendr i te  of the taste re- 
ceptor cell. The  puffer pipette was connected  to a microinjector  
(IM-200; Narishige) control led by a microcomputer .  During the 
puff application, drugs included in the puffer pipette are 
thought  to be diluted due to mixing with the bath solution. This 
dilution effect was calibrated by using cGMP-activated channels  
of rod photoreceptor  (Fesenko et al., 1985; Yau and  Baylor, 
1989). Dose-re sponse curves of cGMP-activated channels were com- 
pared between two perfusion protocols; pressure ejection from 
puffer pipettes (2 btm opening) and bath superfusion. Membrane 
currents from inside-out patches excised f iom bullfrog rod pho- 
toreceptor  cells were moni tored  at +50 mV (membrane  poten- 
tial) under  low Ca '~+ and Mg '-'+ conditions, while cGMP was applied 
to the cytoplasmic side of the membrane.  The tip of the recording 
pipette was placed 40 t~m away from the tip of the puffer pipette, 
and puffing durat ion was 2 s, as is the case for quinine  stimula- 
tion of solitary taste cells. For changing the stimulus concentra-  
tion, the puffer pipette was manually exchanged as ment ioned  
below. The  dose-response relations were fitted by tile Hill equation 
and the Ki/, e (stimulant concentra t ion needed to activate half  the 
maximal current)  values were compared  in data obtained for two 
perfusion protocols. The st imulant dilution under  these condi- 
tions was found to be 1.6-fold. 
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When the ionic composit ion of  the bath solution was changed  
by superfusion, the puffer pipette was also changed  to one con- 
taining the same ionic composit ion as the bath. For changing the 
st imulant  solutions dur ing  recordings, a puffer pipette was manu- 
ally exchanged for a different puffer pipette containing a known 
concentra t ion  of quinine.  In order  to avoid losing a recorded cell 
dur ing  handling,  the cell was lifted from the bot tom of the cul- 
ture dish. The  relative positions between the puffer pipette and 
the recorded cell were kept  constant  th roughou t  the experi- 
ments  by adjusting the positions displayed on a CRT monitor.  

For an application of cAMP analogue, 2 mM 8-Br-cAMP (B-7880; 
Sigma Chemical Co.) and  5 mM quinine hydrochloride dissolved 
in normal  saline solution were ejected by pressure (30 kPa) from 
a puffer pipette, while a taste cell was stimulated with 5 mM qui- 
nine by bath-application. 

R E S U L T S  

K + Currents and Their Suppression by Internal Cs + 

Isolated taste receptor cells showed a resting mem- 
brane potential of - 7 7  -+ 9 mV (mean + SD; n = 49 
cells) when it was recorded in a normal saline solution 
and with a K + pipette solution. Under  voltage clamp, 
depolarizing pulses triggered time- and voltage-depen- 
dent  currents (Fig. 1, A and B). It has been reported in 
amphibian taste receptor cells that the fast transient in- 
ward current  is an Na + current  and the slow outward 
current  is a mixture of  K + currents (Avenet and Linde- 
mann, 1987; Miyamoto et al., 1988; Kinnamon and Roper, 
1988; Sugimoto and Teeter, 1991). We confirmed that 
our cell preparation shows essentially the same proper- 
ties; the fast transient inward current  was blocked en- 
tirely and reversibly by 1 tzM tetrodotoxin (n = 5 cells) 
(Fig. 1 C) and was also eliminated by replacing external 
Na + with JX~methyl-D-glucamine + (Na+-free solution), 

and the slow componen t  was suppressed by the addi- 
tion of  5 mM tetraethylammonium chloride and 5 mM 
BaC1 z to the bath solution. This K + componen t  could 
also be suppressed by using a Cs + solution in the whole- 
cell patch pipette (Fig. 1 D). Further, both the fast and 
the slow componen t  were sensitive to quinine as re- 
ported previously (Avenet and Lindemann,  1987; Kin- 
namon and Roper, 1988; Sugimoto and Teeter, 1991); 
quinine (0.1 raM) suppressed 78 -+ 5% of the voltage- 
dependent  Na + current  and 60 -+ 6% of outward K + 
currents of  bullfrog taste cells (mean +- SD; n = 4 
cells). 

Quinine-induced Responses in Solitary Taste Cells 

Whole-cell recordings under  current-clamp and volt- 
age-clamp were made from isolated taste receptor cells, 
while the bitter taste stimulus was applied via a puffer 
pipette. All taste cells tested responded to quinine (n = 
68 cells, with Cs + or K + in the pipette solution). How- 
ever, the response amplitude varied from cell to cell, 
ranging from 80 to 2,340 pA (470 + 620 pA, mean -+ 
SD, at - 8 4  mV; n = 21 cells, using tile Cs + pipette solu- 
tion). During current-clamp recording, quinine stimu- 
lation caused a depolarizing response in the taste cells 
(Fig. 2 A). 2-s stimulus application caused transient de- 
polarization, in this case by ~60  mV, which exceeded 0 
mV. Under  voltage-clamp with the K+-containing pi- 
pette, quinine stimulation elicited an inward current at 
- 8 4  mV, which was close to the resting membrane  po- 
tential (Fig. 2 B). The inward current began 90 ms after 
the onset of  stimulation and reached a peak value at 
~1.3 s. (The delay of  90 ms includes the time from the 
valve opening of the microinjector to the solution ex- 
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FIGURE l. Whole-cell currents 
recorded from taste cells in re- 
sponse to depolarizing voltage 
pulses. Voltage pulses were in 10- 
mV steps from - 7 4  to + 56 inV. 
The holding potential was - 8 4  
mV. (A) Time-course of whole- 
cell currents during a sequence 
of depolarizing voltage pulses. 
(B) Current-voltage (I-V) rela- 
tions for peak inward (filled cir- 
cles), peak outward (open circles), 
and steady-state outward (open 
squares) currents. The relations 
were plotted from A. (C) Sup- 
pression of transient inward cur- 
rent by I p.M tetrodotoxin. The 
K + pipette solution was used. (D) 
Suppression of the outward cur- 
rents by using the Cs + pipette so- 
lution. The bath solution was 
normal saline. 
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change  a r o u n d  the cell.) T he  ampl i tude  and  polari ty o f  
the qu in ine- induced  cu r r en t  were voltage d e p e n d e n t  
(Fig. 2, B and  C). Near  the rest ing potential ,  qu in ine  in- 
d u c e d  a m o n o t o n i c  inward current .  T he  ampl i tude  o f  
this cu r r en t  decreased  as the ho ld ing  potent ia l  was 
shifted toward positive, and  the cu r ren t  polari ty re- 
versed to outward at m e m b r a n e  potentials  o f  + 3 6  to 
+ 5 6  mV (Fig. 2 B). This reversal potent ia l  was variable 
a m o n g  cells (Fig. 2 C). Fu r the rmore ,  a r o u n d  the rever- 
sal potential ,  cu r ren t  responses  f requent ly  exhibi ted  a 
biphasic shape (e.g., Fig. 2 B, + 56  mV). In  earlier patch- 
c lamp studies f rom taste r ecep to r  cells (Avenet and  
L i n d e m a n n ,  1987; K i n n a m o n  and  Roper ,  1988; Sugi- 
m o t o  and  Teeter,  1991; Cummings  and  Kinnamon,  
1992), it has been  shown that  qu in ine  s t imulat ion sup- 
presses voltage-gated K + channels .  Since the blockage 
o f  an outward  K + cu r ren t  would appea r  as an  inward 
current ,  par t  o f  the inward-directed cu r r en t  in the bi- 
phasic responses  may be expla ined by this mechanism.  
However,  the outward-di rec ted  currents  observed at 
positive potentials  c a n n o t  be expla ined by K + channe l  
blockage.  Moreover ,  qu in ine  st imulat ion induced  an 
inward cur ren t  even at and  near  the resting potential  (at 
- 8 4  ~ - 6 4  mV in Fig. 2, B and  C) a l though  voltage-de- 
p e n d e n t  K + currents  mus t  be very small near  the rest- 
ing potent ia l  (see Fig. 1 B and  the baseline cu r ren t  be- 
fore  s t imulat ion at - 6 4  and  - 8 4  mV in Fig. 2 B). This 
and  above considerat ions  suggest that  a no t he r  quinine-  
evoked c o n d u c t a n c e  contr ibutes  to the qu in ine  re- 
sponse. We therefore  used a Cs + pipet te  solut ion to ob- 
serve quin ine-evoked conduc t ances  in the absence  o f  
cur rents  due  to K + channe l  blockage.  

With the Cs + solut ion in the pipette,  b i t ter- induced 
responses  became  m o n o p h a s i c  at all voltages tested 
(Fig. 3 A), indicat ing that  the cu r r en t  due  to K + chan-  
nel b lockage was effectively e l iminated by the Cs + sub- 
stitution. The  inward cu r ren t  began  to be i nduced  80 
ms after the onset  o f  the st imulus and  r eached  a peak  
value at ~ 2 . 3  s. The  peak  current-vol tage (/-V) relat ion 
for  the qu in ine - induced  response  r e c o r d e d  with the 
Cs + pipet te  solut ion was nearly l inear  t h r o u g h o u t  the 
physiological  range  a nd  reversed at +16 .4  + 2.3 mV 
(n = 12 cells) (Fig. 3 B). In  contras t  to cells r e c o r d e d  
with the K + pipet te  solution,  the reversal potent ia l  was 
very cons tan t  a m o n g  cells. These  results show that  the 
qu in ine  response  was med ia ted  by a depolar iz ing  con- 
duc tance  increase in addi t ion  to K + channe l  blockage.  
The  c o n d u c t a n c e  induced  by qu in ine  was no t  sup- 
pressed by 100 I~M amiloride,  which blocks Na + cur- 
rents in f rog taste cells (n = 4 cells) (Avenet and  Linde- 
mann ,  1988). 

After  the cessation o f  st imulation,  the cu r ren t  at - 8 4  
mV was increased by 40 pA, shaping  an "off-response"- 
like cu r ren t  (Fig. 3 A). T he  off-response-like currents  
were shown in 2 o f  21 cells in this condi t ion  and  were 
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Responses to quinine stimulation in taste receptor 
cells bathed in normal saline solution. The recording pipette was 
filled with the K + solution. The square steps above the current 
traces in A and B show the timing of stimulation. Quinine stimula- 
tion was applied from a puffer pipette containing 10 mM quinine 
solution. (A) Voltage response evoked by quinine under current- 
clamp. (B) Quinine-induced currents recorded with various hold- 
ing potentials. A downward current deflection indicates an inward 
membrane current. (C) LVrelations of the quinine-induced cur- 
rents recorded from seven cells. Filled circles are data replotted 
from B. Open symbols are data from six other cells. 

also observed in cells r e c o r d e d  with K + pipettes (3 o f  7 
cells, the cell in Fig. 2 B did no t  show off-response).  
This small cu r ren t  c o m p o n e n t  reversed at the same po- 
tential (+  16 mV) as the quinine-act ivated c o n d u c t a n c e  
(Fig. 3 A), suggest ing that  bo th  c o m p o n e n t s  o f  the off- 
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FIGURE 3. Voltage dependence of the quinine-induced current 
recorded with a pipette containing the Cs + solution. Ceils were 
bathed in normal saline. Quinine stimulation was performed as in 
Fig. 2. (A) Quinine-induced currents recorded with various hold- 
ing potentials. Timing of quinine stimulation is indicated by a 
square step below the current traces. (B) /-V relations of the qui- 
nine-induced currents recorded from 12 cells. Filled circles are re- 
plotted from A. Open symbols are from 11 other cells. 

response-like current  and the quinine-activated con- 
ductance were caused by the same ionic flux. 

Concentration Dependence of the Quinine Response 

The  response ampli tude evoked by quinine stimulation 
was concentra t ion dependen t  (Fig. 4 A). Fig. 4 B shows 
a semilogari thmic plot  of  the relative peak ampli tude 
of  the quinine-induced current  as a function of  the 
concentra t ion of  quinine. This dose-response curve was 
sigmoidal-shaped and could be fitted by the Hill equa- 
tion with a Hill coefficient of  5.3 and a 1<]/2 of  3.6 mM. 

At low quinine concentra t ion (e.g., 2.5 and 3.7 mM 
in Fig. 4 A), the response frequently showed a biphasic 
shape: an initial small positive current  followed by a 
negative current.  The  initial positive current  might  be 
explained by a nonspecific blocking effect of  quinine 
on a basal inward current.  At high concentrat ions (e.g., 
9.3 mM in Fig. 4 A), an off-response-like current was seen. 

Effects of Extracellular Ions on the 
Quinine-activated Conductance 

To identify the ionic species carrying the quinine-acti- 
vated currents, we examined  the quinine response in 
various bathing solutions. Under  voltage clamp, the re- 
versal potential  of  the quinine response was + 16 mV in 
cells ba thed in normal  saline solution containing 115 
mM NaCI (Fig. 3 A). When the major  cation in the ex- 
ternal solution, Na +, was replaced with N:methyl-D- 
glucamine + (using Na+-free solution), the reversal po- 
tential shifted negatively to between - 4 9  and - 2 9  mV 
(Fig. 5). 

Since the ampli tude of  quinine responses tended to 
decrease gradually dur ing the repetitive application of 
stimulants (time to half  reduct ion was 15-30 rain), the 
I-V relation was obtained more  efficiently by using a 
r amp  voltage command .  In such experiments ,  the re- 
versal potential  was +16.0 + 1.4 mV (n = 23 cells) and 
-39 .9  ± 5.0 mV (n = 10 cells) in the normal  saline so- 
lution and in the Na+-free solution, respectively (Fig. 6 
A). This result demonstra tes  that the quinine-activated 
conductance  is highly permeable  to Na +. 

We next  tested the effect of  changing the concentra-  
tion of  CI-,  which is the major  anion in our  exper imen-  
tal environment .  When extracellular C1- was replaced 
with g luconate-  (the C1--free solution), the reversal 
potential  was +13.6 + 1.9 mV (n = 3 cells) (Fig. 6 B), 
which is very similar to that seen in 120 mM NaC1 solu- 
tion (+14.4 ± 1.5 mV, n = 6 cells, Fig. 6 6). This indi- 
cates that the quinine-induced conduct ing channels 
are cation selective. 

The  reversal potential  obta ined in 120 mM NaC1 so- 
lution (+  14 mV) was considerably more  negative than 
the calculated equil ibrium potential  for Na + (+ 48 mV) 
for the solutions used in our  experiments.  It is there- 
fore natural  to think that internal Cs + can also pass 
through the quinine-activated ionic channels. Consis- 
tent  with this possibility, the relative permeabil i ty de- 
rived f rom the Goldman-Hodgkin-Katz equat ion to Cs + 
versus Na + (Pcs/PNa) was 0.42. We also recorded the re- 
versal potential  using K + in the pipette solution (Fig. 
2). Since, with K + in the pipette,  quinine application 
caused K + channel  blockage in addit ion to the opening  
of  ionic channels, it was not  possible to identify the true 
reversal potential  for the ionic channels opened  by qui- 
nine. In fact, the reversal potentials of  relatively small 
induced currents (<1 nA at - 8 4  mV) were very posi- 
tive ( > + 3 2  mV) and were not  constant  among  cells 
(Fig. 2 6) when K + was included in the pipette solution. 
Occasionally, however, we found cells which showed very 
large responses (e.g., 2.7 nA at - 8 4  mV), so that the 
quinine-activated current  would be expected to domi- 
nate. The  reversal potential  f rom one such cell was + 15 
mV, giving a Pv,/PNa of  0.5. 
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FIGURE 4. (A) Concentration 
dependence of the current 
evoked by quinine. The Cs + pi- 
pette solution was used. The 
holding potential was -64  inV. 
(B) Dose-response relation of the 
quinine-induced current. Rela- 
tive peak amplitudes of the qui- 
nine-induced currents were plot- 
ted as a function of quinine con- 
centration. The response with 
6.2 mM quinine (200, 220, 260 
pA in three cells) was taken as 
1.0. The concentration ~ u e s  were 
calibrated for the dilution of the 
pipette solution after ejection from 
the puffer pipette (see METH- 
ODS). The solid curve was fitted 
by the Hill equation, 1/l,,,x = 
cr'/(c " + K1/,e'l), with n = 5.3 and 
Kw, e = 3.6 raM, where cis  the 
concentration. 

Effects o f  External  Ca 2+ on the Quinine-induced Conductance 

It  has b e e n  r e p o r t e d  tha t  gus ta to ry  nerve  responses  to 
q u i n i n e  are  fac i l i ta ted  by r e d u c i n g  Ca 9+ c o n c e n t r a t i o n  
at  the  in ters t i t ia l  so lu t ion  to 0.2 m M  by pe r fu s ing  the  
l ingua l  a r te ry  o f  the  bu l l f rog  with a low Ca 2+ sal ine (Na- 
g a h a m a  et  al., 1982). However ,  the  exis t ing  K+-channe l  
b l o c k a g e  m o d e l  for  b i t t e r  t r a n s d u c t i o n  c a n n o t  exp la in  
this p h e n o m e n o n .  We t h e r e f o r e  e x a m i n e d  the  effect  o f  
ex t r ace l lu l a r  Ca 2+ on  the  qu in ine -ac t iva ted  ca t ionic  
c o n d u c t a n c e .  Remova l  o f  ex t e rna l  Ca 2+ e n h a n c e d  the  
r e sponse  a m p l i t u d e  a n d  p r o l o n g e d  the  t ime  course  of  
the  q u i n i n e - i n d u c e d  cur ren t .  A typical  resu l t  is shown 
in Fig. 7, A a n d  B. T h e  m a x i m a l  a m p l i t u d e  o f  the  cur-  
r en t  i n d u c e d  by q u i n i n e  s t imula t ion  i nc r ea sed  by 5.3 
t imes  (at  - 8 4  mV),  a n d  the d u r a t i o n  o f  the  r e sponse  
was p r o l o n g e d  to > 5  s (Fig. 7, A a n d  B). Fig. 7 C shows 
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FIGURE 5. Voltage dependence of the quinine-induced current 
recorded from a cell bathed in Na+-free solution. The Cs + pipette 
solution was used. 

the  I - V r e l a t i o n s  of  the  qu in ine -ac t iva ted  c o n d u c t a n c e  
in the  a bse nc e  a n d  p r e s e n c e  o f  1.8 m M  Ca 9+. Remova l  
o f  ex t e rna l  Ca 2+ i nc r ea sed  the  s lope  o f  the  I -V curve,  
b u t  d id  n o t  affect  the  reversal  po ten t i a l .  All  cells tes ted  
showed  the  same  Ca d e p e n d e n c e  (5.8 -+ 1.8-fold in- 
crease,  n = 4 cells).  

These  results suggest  tha t  Ca 2+, at  least  at  a physiologi-  
cal c o n c e n t r a t i o n ,  is n o t  a m a j o r  cha rge  ca r r i e r  o f  the  
q u i n i n e - i n d u c e d  cu r ren t ,  b u t  acts as a m o d u l a t o r  o f  this 
current .  A l though  the molecu la r  mechan i sm of  Ca 2+ ac- 
t ion  r e ma ins  to be  d e t e r m i n e d ,  the  a f o r e m e n t i o n e d  
Ca 2+ effect  on  the  b i t t e r  r e sponse  in situ m i g h t  be  ex- 
p l a i n e d  by this m o d u l a t o r y  effect  o f  Ca ~+ on  the  b i t ter -  
i n d u c e d  ca t ionic  channe l .  

Effects o f  Cyclic A M P  Analogue on the 
Quinine-induced Conductance 

Kolesnikov  a n d  Margo l skee  (1995) have r e p o r t e d  tha t  
bu l l f rog  taste cells have an  ionic  c o n d u c t a n c e  which  is 
s u p p r e s s e d  by in t r ace l lu l a r  cyclic nuc leo t ides .  Since  the  
taste cell  expresses  a r e d u c t i o n  o f  cy top lasmic  cyclic nu-  
c leo t ides  in r e sponse  to b i t t e r  subs tances  (Price,  1973; 
Ruiz-Avila e t  al., 1995), they  c la im tha t  this ionic  con-  
d u c t a n c e  c o u l d  m e d i a t e  b i t t e r  t r ansduc t ion .  To  exam-  
ine this hypothesis ,  we invest igated an  effect  o f  cytoplas- 
mic cAMP on  the  qu in ine -ac t iva ted  cur ren t .  A s teady 
r e sponse  i n d u c e d  by 5 m M  q u i n i n e  was s u p p r e s s e d  by 
p re s su re -e j ec t ion  o f  a m e m b r a n e - p e r m e a b l e  cAMP ana-  
logue ,  8-Br-cAMP, by 24 -+ 5% (n -- 6 cells) wi th in  10 s 
(Fig. 8 A). S u p p r e s s i o n  by 8-Br-cAMP was par t ia l .  Fig. 8 
B shows t h e / - V r e l a t i o n s  p r o d u c e d  by r a m p  changes  in 
h o l d i n g  po ten t i a l .  W h e n  8-Br-cAMP was app l i ed ,  the  
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FIGURE 6. LV relations of the 
quinine-activated conductance in 
various external solutions. The 
I-V relations were obtained by a 
ramp voltage command. Each 
curve represents the average of 
the data for the two currents in 
response to rising and falling 
voltage ramps (ramp rate = 195 
mV/s). The Cs + pipette solution 
was used. (A) The conductance 
of a single cell in normal saline 
solution (Control) and in the 
Na+-free solution. When the ionic 
composition of the bath solution 
was changed by superfusion, the 

stimulus puffer pipette was replaced by one containing the same ionic composition as the bath solution. (B) The conductance recorded 
in the C1 -free solution. (C) The conductance was recorded in the 120 mM NaCI saline solution. A, B, and C are from three different 
cells. 

s lope of  the r a m p  LVcurve  b e c a m e  shallow wi thou t  af- 
fec t ing the reversal po ten t ia l  (+  18 mV), i nd i ca t ing  that  

the c u r r e n t  r e d u c t i o n  was actually a c o n d u c t a n c e  de- 
crease. 

D I S C U S S I O N  

The  p re sen t  study showed that  a b i t te r  taste s t imulant ,  

q u i n i n e ,  activates a cat ionic  c o n d u c t a n c e  in  the p lasma 
m e m b r a n e  of  isolated bu l l f rog  taste r ecep to r  cells a n d  
induces  an  inward  c u r r e n t  at the res t ing potent ia l .  The  
m a g n i t u d e s  of  the q u i n i n e - i n d u c e d  c u r r e n t  responses  
var ied f rom cell to cell, a l t hough  all taste cells re- 
s p o n d e d  to q u i n i n e  s t imula t ion .  Similar  results have 

also b e e n  r epor t ed  us ing  mic roe lec t rode  record ings  in 
situ, tha t  is, a depo la r i z ing  response  to 10 mM q u i n i n e  
was observed in  near ly  all taste cells, a n d  the response  

ampl i t ude  varied f rom one  cell to a n o t h e r  (Akaike et 
al., 1976). This he te rogene i ty  of responsiveness  may re- 

sult  f rom the d i f ferent  taste specificities of indiv idual  
cells, a n d  therefore ,  may be involved in  the discr imina-  
t ion of  taste qualities. The  effective qu in ine  concent ra t ion  
range  e x a m i n e d  in this study (2-10 mM) is comparab l e  
to that  used previously d u r i n g  in t race l lu la r  record ings  
f rom bul l f rog  taste recep tor  cells, in situ (Akaike et al., 
1976; Sato et al., 1994) a n d  for behavioral  exper iments  
on  a living amphib ian  (axolotl) (Takeuchi et al., 1994). 
The  q u i n i n e  c o n c e n t r a t i o n  used in the p re sen t  study is 
therefore  physiologically re levant  to taste pe r cep t i on  in  

these species. 
The  p re sen t  study demons t r a t e s  tha t  q u i n i n e  acti- 

vates a cat ionic  c o n d u c t a n c e  a n d  blocks K + channels .  
Q u i n i n e  c o n c e n t r a t i o n  h ighe r  t han  1 mM was n e e d e d  
to activate a cat ionic  conduc t ance ,  a l t hough  0.1 mM 
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FIGURE 7. Effect of external 
Ca 2+ on the quinine-induced re- 
sponse. The Cs + pipette solution 
was used. (A) Currents recorded 
in normal saline solution con- 
taining 1.8 mM Ca 'e+. (B) Cur- 
rents recorded in Ca2+-free sa- 
line solution (see METHODS). 
The current recordings in A and 
Bwere from the same cell. (C) I-V 
relations of the quinine-induced 
current with 1.8 mM Ca ~+ (Con- 
tml) and 0 added Ca ~+ (0 mM 
Ca ;+) conditions. Replotted from 
A and B. The currents were ini- 
tially recorded in normal saline 
solution and next in Ca2+-free sa- 
line solution. When the bathing 
Ca 2+ concentration was changed 
by superfusion, the stimulus 
puffer pipette was replaced by 
one containing the same ionic 
composition as the bath. 
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FIGURE 8. Effect of cAMP ana- 
logue on the quinine-activated 
conductance. (A) Suppression of 
the quinine-induced inward cur- 
rent by 8-Br-cAMP application. 
Quinine (5 raM; Q-HCl) was ap- 
plied by a bath superfusion. Cyclic 
AMP analogue was applied by 
pressure ejection from the puffer 
pipette containing 2 rnM 8-Br- 
cAMP. The puffer pipette also 
contained 5 mM quinine hydro- 
chloride to make a quinine con- 
centration around a cell steady. 
The cell was voltage clamped at 
-54 mV. Large deflections on the 
current trace indicate the cur- 
rents evoked by ramp pulses (be- 

tween -54 and +46 mV, ramp rate = 200 rnV/s). The Cs + pipette solution was used for the inu-acellular solution. (B) The/-Vrelations re- 
corded in normal saline (a), 5 mM quinine (b), and 5 mM quinine with 2 mM 8-Br-cAMP (c). Curves were reproduced from the current traces 
shown in A. Each curve represents the average of the data for the two currents in response to rising and falling voltage ramps. 

quinine  could block K + currents.  We used the taste cells 
with modes t  qu in ine  response  to make  a dose-response 
curve, and  they had  a similar threshold to quinine.  How- 
ever, it is no t  clear whe the r  all taste cells have a similar 
th reshold  to qu in ine  because  a previous repor t  shows 
that  the th reshold  to a same o d o r a n t  in the olfactory 
cells varies f r o m  cell to cell (Firestein et al., 1993). In 
fact, we f o u n d  a couple  o f  cells that  showed ext remely  
large responses  (>1 .5  nA at - 6 4  mV, see Fig. 3 B). 

The  Hill coefficient calculated f rom the dose-response 
relat ion was 5.3. A similar h igh value o f  the Hill coeffi- 
c ient  has been  r epor t ed  in odo ran t - i nduced  currents  o f  
isolated olfactory cells (up to 4.4; Firestein and  Werb- 
lin, 1989; Firestein et al., 1993). A high Hill coeff icient  
in the olfactory system seems to be d e t e r m i n e d  by mul- 
tiple mechan i sms  (Kurahashi  and  Yau, 1994). There-  
fore, it is p robab le  that  the observed Hill coeff icient  o f  
the cationic channels  could  indicate a presence  for  the 
mult is tep signal t ransduc t ion  cascade. 

At a high concent ra t ion  o f  quinine,  taste cells showed 
small excitatory responses  at the cessation o f  the stimu- 
lation. This response  is very similar to the off-response 
which was r epor t ed  in olfactory r ecep to r  cells (Takagi 
and  Shibuya, 1959; Kurahashi  et al., 1994). T he  mecha-  
nism o f  the olfactory off-response was recent ly  shown to 
be caused by a suppressive effect o f  odoran t s  on  the 
t ransduc t ion  cu r r en t  (Kurahashi  et al., 1994). Simi- 
larly, the off-response observed here  may be expla ined 
by the fact that  qu in ine  has a nonselect ive b locking  ef- 
fect on  several ionic channels  (Walden and  Speck- 
mann ,  1981; G6gelein  and  Capek,  1990; Gray and  Ar- 
gent,  1990); therefore ,  we p ropose  that  qu in ine  may 
partially block the quinine-act ivated cat ion channels .  

There  are two types o f  cation-selective channels  in f rog 
taste r ecep to r  cells: the nonselect ive cat ion channe l  ob- 
served in excised m e m b r a n e  patches  (PcJPN~ = 1.43) 
(Fujiyama et al., 1993), and  the acid-activated conduc-  
tance observed dur ing  whole-cell r ecord ing  (PcJPYa = 

1.01) (Okada  et al., 1994). However,  the cationic chan-  
nel  f o u n d  in our  exper iments  (Pcs/Psa = 0.42) is signif- 
icantly di f ferent  f rom those reports  in terms of  ionic se- 
lectivity. The  only o the r  known example  o f  a quinine-  
activated c o n d u c t a n c e  is a gap junc t iona l  channe l  in 
retinal hor izonta l  cells (Malchow et al., 1994), while it 
is well known that  qu in ine  can block various types o f  
ionic channels  in a variety o f  cells (Walden and  Speck- 
mann ,  1981; G6gelein  and  Capek,  1990; Gray and  Ar- 
gent,  1990). The  cationic channels  p resen ted  in this 
study, however,  are di f ferent  f rom the gap junc t iona l  
channels  in terms of  ionic selectivity; gap junc t iona l  
channels  having a large c o n d u c t a n c e  do  no t  general ly 
discr iminate between cations and  anions.  

A m e m b r a n e - p e r m e a b l e  cAMP analogue,  8-Br-cAMP, 
suppressed the qu in ine- induced  cationic conduc tance ,  
while 100 p,M amilor ide  had  no  effects on  the quinine-  
i nduced  conduc tance .  This result  indicates that  the 
qu in ine- induced  c o n d u c t a n c e  is sensitive to the intra- 
cellular cAMP. In the bul l f rog taste r ecep to r  cells, a re- 
po r t ed  ionic c o n d u c t a n c e  suppressed by intracel lular  
cyclic nucleot ides  is also insensitive to amiloride,  al- 
t h o u g h  a detai led relat ionship between the ionic chan-  
nel  and  bit ter  substances has no t  been  studied 
(Kolesnikov and  Margolskee,  1995). F rom these phar-  
macological  similarities o f  bo th  conduc tances ,  it is 
likely that  qu in ine  activates the r epor ted  cyclic-nucle- 
otide-suppressible conduc tance .  
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