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Summary. This report describes the occurrence and localization 
of a Ca2+-dependent chloride conductance in taste cells of N e c -  

turus  m a c u l o s u s .  Lingual epithelium from N e c t u r u s  was re- 
moved with blunt dissection and mounted in a modified Ussing 
chamber which allowed individual taste cells to be impaled with 
intracellular micropipenes. Solutions in the mucosal and serosal 
chambers could be changed independently and the properties of 
apical and basolateral membranes tested separately. Action po- 
tentials in taste cells, elicited by brief depolarizing current pulses 
passed through the intracellular recording microelectrode, pro- 
vided an accurate description of whether voltage-dependent con- 
ductances had been blocked or unmasked by the experimental 
conditions. We found that Ca 2+ influx during the action potential 
triggers a prolonged depolarization due to Ca2+-dependent con- 
ductance changes, particularly in the presence of TEA to block 
repolarizing K + currents. This afterdepolarization could last up 
to 7 sec and is due, in part, to a Ca2+-dependent CI conduc- 
tance. Other Ca2+-dependent channels such as Ca~'+-dependent 
K + channels or nonselective cation channels may also contribute 
to the afterpotential. Calcium-dependent conductance channels 
were situated on apical and basolateral membranes of the taste 
cells. We speculate that Ca2+-dependent CI- channels may play a 
role in discriminating chloride salts from salts of other anions and 
may help shape receptor cell responses elicited by taste stimuli. 

Key Words taste �9 chemosensory - calcium �9 chloride - mud- 
puppies - membrane conductance 

Introduction 

The distr ibution o f  ion channels  on the apical v e r s u s  

the basolateral  surface o f  taste cells is an impor tant  
cons idera t ion  in taste t ransduct ion .  C h e m o s e n s o r y  
stimuli act  initially on the apical surface o f  taste 
recep tor  cells. C o n d u c t a n c e  and m e m b r a n e  poten-  
tial changes  at the apical region then p roduce  mem-  
brane  potential  changes  ac ross  the basolateral  sur- 
face where  synapses  are si tuated.  Studies have 
shown that vo l t age-dependen t  K + channels  are 

* P r e s e n t  a d d r e s s :  Department of Neurobiology and Be- 
havior, Cornell University, Ithaca, NY 14853. 

preferential ly located on the chemosens i t ive ,  apical 
region o f  taste ceils and vo l tage-dependent  Na  + 
and Ca 2+ channels  are distr ibuted over  the entire 
surface (Kinnamon,  Dionne  & Beam,  1988; Rope r  
& McBride ,  1989). Ozeki  (1971) and more  recent  
studies (K innamon  et al., 1988; K i n n a m o n  & 
Roper ,  1988a; Spielman et al., 1989; Behe  et al., 
1990; Bigiani & Roper ,  1991) have shown that re- 
duct ion  o f  po tass ium c o n d u c t a n c e  may  be impor-  
tant in the initial events  in c h e m o t r a n s d u c t i o n  for  a 
var ie ty  o f  taste stimuli, including sweet ,  sour,  and 
bitter. Rope r  and McBr ide  (1989) also descr ibe  a 
pass ive (leak) K + channel  on the basolateral  mem-  
brane.  There  is another  class o f  ion channels  o f  po- 
tential impor tance  in c h e m o s e n s o r y  t ransduct ion ,  
namely  Ca2+-dependent  channels  (K innamon  & 
Roper ,  1987). Until now,  little is known  about  the 
o c c u r r e n c e  and distr ibution o f  Ca2+-dependent  con-  
duc tances  in taste cells and their role in taste. 

We have taken advantage  o f  the fact  that  taste 
cells share many  of  the proper t ies  o f  the epithelial 
t issue that sur rounds  them. The  most  striking is that  
taste cells have a morphologica l  polari ty:  taste cells 
possess  distinct apical and basolateral  m e m b r a n e  
surfaces.  Junct ional  complexes  provide  a seal be- 
tween  the apical and basolateral  m e m b r a n e s  and 
prevent  m a n y  subs tances  on one side f rom reaching 
the o ther  surface (Holland,  Zampighi  & Simon,  
1991). These  two m e m b r a n e  regions can be studied 
separa te ly  by mount ing  isolated sheets  o f  lingual 
epithel ium in a modified Ussing c h a m b e r  (cf. Rope r  
& McBride ,  1989) and in this way  the proper t ies  o f  
apical and basolateral  ion channels  can be investi- 
gated by ion subst i tut ion exper iments  or  by pharma-  
cological  manipulat ions.  

K i n n a m o n  and Rope r  (1988b) found that a Ca 2+- 
dependen t  K + conduc t ance  p roduced  a long after- 
potential  fol lowing impulses in taste cells. H o w -  
ever ,  the Ca2+-dependent  K + c o n d u c t a n c e  did not 
fully explain the observa t ions  and the data  indicated 
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that other ions were involved. This report describes 
a CaZ+-dependent Cl- conductance in taste cells. 
The data suggest the channels are situated on both 
apical and basolateral membranes, in contrast with 
the apically-situated delayed rectifier potassium 
channels. 

Materials and Methods 

Mudpuppies (Necturus maculosus) were obtained from com- 
merical suppliers and maintained at 4-10~ in aquaria contain- 
ing 2% artificial seawater. Mudpuppies were fed earthworms and 
minnows. 

USSING CHAMBER 

Lingual epithelium dissected from Necturus was mounted in a 
modified Ussing chamber, and individual taste cells were im- 
paled with glass micropipenes as described previously (Roper & 
McBride, 1989). Briefly, after the lingual epithelium was re- 
moved from the tongue with blunt dissection, the tissue was 
mounted in a specially constructed Ussing chamber that was 
initially filled with amphibian physiological saline (APS). The 
tissue was mounted horizontally and the Ussing chamber was 
placed under a compound microscope so that the tissue could be 
viewed with a water immersion 40• objective using Nomarski 
differential interference contrast optics. In this way, the mucosal 
surface of the lingual epithelium could be scanned, taste buds 
and individual cells identified, and cells impaled with glass mi- 
croelectrodes. 

SOLUTIONS 

Our standard APS consisted of 112 mg NaCI; 2 mM KCI; 8 mM 
CaCI~_ ; 5 mM HEPES buffer (pH 7.2). Calcium chloride was ele- 
vated to 8 mM to improve the stability of the microelectrode 
impalements. Other solutions were made by ion substitutions. 
When ion substitutions were made, as described in the text, care 
was taken to maintain isotonicity (252 mOsM). 

ELECTRICAL RECORDING 

Micropipenes for intracellular recording were filled with 2.5 M 
KCI and had resistances of 80-200 M~. However, in many of the 
experiments described in the present report, intracellular record- 
ing micropipettes were filled with 4 M K-acetate rather than 2.5 M 
KCI. This was done to prevent loading the taste cell with CI , as 
described in the text below. Microelectrodes were inserted into 
taste cells under visual control at 400x. The reference electrode 
generally was immersed in the serosal chamber, although using 
the mucosal chamber as a reference did not alter the findings. A 
bridge circuit (W. P. Instruments) was used to pass current into 
the cell and record the membrane potential simultaneously from 
a single microelectrode. Stable impalements with resting poten- 
tials exceeding -50 mV and input resistances over 200 M~) could 
often be maintained for long periods (>90 min) while continually 
perfusing both compartments of the Ussing chamber. 

EXPERIMENTAL PROTOCOL 

Our standard protocol consisted of bathing the apical and basola- 
teral surfaces of the epithelium initially in symmetrical solutions 
of APS. The microelectrode was positioned near a taste bud and 
inserted into a taste cell until a stable impalement was achieved. 
The chief criterion for identifying a taste cell was the presence of 
action potentials in response to brief depolarizing current pulses 
(Roper, t983). After a period of about 5 rain for stabilization, the 
solutions bathing one or both of the chambers were exchanged 
from APS to experimental media. The time constant for solution 
change for the top (mucosal, apical) and bottom (serosal, basola- 
teral) chambers was about 1-5 rain. Test solutions were replaced 
with APS at the end of the experiment and control recordings 
rechecked for stability. 

Voltage-dependent ion conductances were studied as de- 
scribed previously (Roper & McBride, 1989). Namely, the taste 
cell action potential and the changes in its amplitude and dura- 
tion in response to pharmacological agents and/or ion substitu- 
tions provided an accurate description of whether one or more 
voltage-dependent conductances had been blocked and/or other 
conductances revealed by the experimental procedures. 

Results 

It is by now well established that taste cells are 
capable of producing regenerative impulses (Kashi- 
wayanagi, Miyake & Kurihara, 1983; Roper, 1983; 
Avenet & Lindemann, 1987). In Necturus, when a 
taste cell produces a regenerative action potential, 
the initial inward current includes a significant Ca 2+ 
contribution (Kinnamon & Roper, 1988b; Kinna- 
mort, Roper & Beam, 1989). These findings have 
been confirmed and extended in taste cells from sal- 
amanders (Sugimoto & Teeter, 1990) and rats (Behe 
et al., 1990). The contribution of Ca 2+ current ap- 
pears as a slight plateau on the action potential 
(Roper, 1983). The influx of Ca 2+ often triggers a 
prolonged Ca2+-dependent conductance change 
which produces a late afterpolarization following 
the impulse (Kinnamon & Roper, 1987). The follow- 
ing tests were conducted to examine this Ca2+-de- 
pendent conductance in greater detail. 

The amplitude of the prolonged afterpotential 
which follows the impulse was quite variable from 
cell to cell and depended strongly upon the resting 
potential of the taste cell. To establish more uni- 
form conditions for comparing responses from one 
cell to the next, the following standard condition 
was established: we set the resting potential at -100 
mV just prior to recording any responses by passing 
a small constant current through the intracellular 
microelectrode after balancing the bridge circuit. In 
the absence of this dc current, resting potentials 
recorded in symmetrical solutions of APS (i.e., 
identical medium in the mucosal and serosal cham- 
bers) usually varied from -60  to - 80  mV and some- 
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Fig. 1. Examples of action potentials recorded intracellularly 
from Necturus taste cells. Action potentials were evoked by 
passing a brief depolarizing current pulse (lower traces) through 
the intracellular microelectrode. Note the prolonged afterpoten- 
tial seen in each example. In this and all subsequent figures, the 
resting potential was 100 mV, established by passing a small 
hyperpolarizing dc current through the intracellular microelec- 
trode, as described in Materials and Methods. Calibration shows 
mV for upper trace and nA for lower trace in each pair of 
records. 

times as high as - 100 mV. Even with the membrane 
potential set at a constant value of -100 mV, the 
afterpolarization was still quite variable, possibly 
reflecting differences in either the Ca 2+ current and/ 
or CaZ+-dependent currents from cell to cell (cf. 
Kinnamon & Roper, 1988b) or in the quality of the 
microelectrode impalement. Figure I illustrates the 
variability in the afterpolarization in typical record- 
ings from four different taste cells bathed in sym- 
metrical solutions of APS and with the initial mem- 
brane potential set to -100 mV. 

The afterpolarization could be greatly enhanced 
by blocking repolarizing outward current through 
voltage-dependent K + channels (delayed rectifier 
channels) that are situated in the apical membrane. 
This unmasked a prolonged depolarization. Figure 2 
shows records from four different taste cells in 
which TEA was present in the medium bathing the 
apical membrane. Under these conditions, voltage- 
dependent inward Na + and inward Ca 2+ currents 
are unaffected, but outward K + current is inhibited 
(Kinnamon & Roper, 1988b) and Ca2+-dependent 
K + channels are blocked (Blatz & Magleby, 1987; 
Kolb, 1990). In the presence of TEA, action poten- 
tials were increased in amplitude and lengthened 
and afterdepolarizations were strikingly enhanced. 
The afterdepolarization varied in amplitude and du- 
ration from cell to cell. For example, in some cases, 
the after depolarization lasted up to 7 sec before the 

A B 

50 msec 

C 

62.5 msec 

D 
25 mV I 

1.25 nA I 
] s ee  

Fig, 2. Action potentials in Necturus taste cells recorded before 
and after adding TEA to the mucosal (apical) bath. Action poten- 
tials were evoked by passing brief current pulses through the 
intracellular recording microelectrode (bottom traces in each 
record). (A-C) Two intracellular recordings are superimposed in 
each panel. Lower trace in each pair of the intracellular record- 
ings is prior to adding TEA, and uppermost trace, after adding 8 
mM TEA to the mucosal bath. (D) An example of an exception- 
ally prolonged afterpotential in the presence of TEA. The voltage 
and current calibration in D applies to A - C  as well. 

membrane repolarized to the resting potential (Fig. 
2D). 

When only the basolateral membrane of taste 
cells were exposed to TEA, thereby avoiding block- 
ing the delayed rectifier in the apical membrane, the 
afterpotentials became depolarizing responses in 
only about half the cases (n = 8/15 cells; Fig. 3). In 
no case was the aflerdepolarization in the presence 
of basolateral TEA ever as pronounced as that pro- 
duced by apical TEA application. This is consistent 
with our previous findings (Roper & McBride, 1989) 
that TEA had only a small, variable effect on potas- 
sium conductance of the basolateral membrane. 

Ca2+-DEPENDENT CONDUCTANCES UNDERLIE 

THE AFTERPOTENT1AL 

The prolonged afterdepolarization that was ob- 
served in the presence of TEA in most taste cells 

1 In the previous report we also noted that the effects of 
TEA on the basolateral membrane of Necturus taste cells were 
subject to seasonal variations (Roper & McBride, 1989). This 
was not explored in the present series of experiments on Ca -'+- 
dependent conductances. 
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Fig. 3, Effect of TEA, applied to the basolateral membrane, on 
the afterpotential that follows an impulse in Necturus taste cells. 
Two responses to brief depolarizing current pulses (not shown) 
passed through the intracellular recording microelectrode are su- 
perimposed. The bottom trace is the response recorded in sym- 
metrical solutions of APS. The trace marked TEA shows the 
response when 8 mM TEA was added to the serosal (basolateral) 
bath. 

was due to Ca2+-dependent conductance changes, 
as will be shown below. Kinnamon and Roper 
(1987) had already shown that afterdepolarizations 
observed in Necturus  taste cells in the absence of 
TEA were eliminated by 0.1 mM CdCl2, a potent 
Ca 2+ channel blocker in this tissue. In the present 
experiments, the role of Ca 2+ in the prolonged after- 
potential was tested by replacing Ca 2+ with Ba 2+ in 
the serosal and mucosal baths. 2 Figure 4 illustrates 
results from an experiment in which action poten- 
tials were recorded first in the presence of elevated 
CaCI2 (60 mM) to enhance calcium influx, and then 
after replacing all CaCI2 with 30 mM BaCI2.3 Substi- 
tuting Ba 2+ for Ca 2+ reversibly reduced or abolished 
the prolonged afterdepolarization in all cases. 

The afterpotential that follows the action poten- 
tial in Necturus  taste cells reflects the activation of 
a long-lasting conductance increase. This was es- 
tablished by applying a series of brief hyperpolariz- 
ing current pulses of constant amplitude during the 
afterpotential. Figure 5 shows the results of one 
such experiment where the resting input resistance 
decreased from 260 to 49 M12 at the peak of the 
afterdepolarization. 

2 BaZ+ is not as effective as Ca 2" in activating Ca2+-depen - 
dent conductances and is even known to block Ca2+-dependent 
K + channels (Gorman, Woodlum & Cornwall, 1982). 

3 We replaced 60 mM CaCI2 with 30 mM BaCI2 since Ba 2+ 
has been shown to be about twice as conductive as Ca 2+ through 
Ca 2+ channels in Necturus taste cells (Kinnamon & Roper, 
1988b). 

/ C a  12.5 mV 

5.0 nA 

Ba ~ .  / C a  

Ba 

I 
100 msec 

Fig. 4. The aflerpotential that follows an impulse in Necturus 
taste cells is generated by calcium-dependent processes; replac- 
ing Ca-'* with Ba 2+ reduces the afterdepolarization. The data 
show two superimposed responses elicited by brief intracellular 
depolarizing current pulses (current trace at bottom of records), 
recorded from the same cell before and after Ca -'+ replacement. 
In both mucosal and serosal chambers, 8 mM TEA was included 
to block potassium conductance and 1 /xM tetrodotoxin (TTX) 
was added to prevent any voltage-dependent Na + currents from 
contributing to the responses. In the trace marked Ca, 60 mM 
CaC12 was present in the mucosal and serosal baths. NaCI was 
reduced to 34 mM to maintain isotonicity. The trace marked Bet 
was recorded after CaCI2 was omitted and 30 mM BaCI: plus 30 
mM MgCI2 added to the bathing media. MgCt2 itself had no effect 
on the responses and was included only to balance the osmotic 
strength of the medium. NaCI concentration was unchanged (34 
mM). When [Ca],, was replaced with [Ba],,, the action potential 
was broadened, consistent with a greater influx of the more per- 
meant divalent cation, Ba 2+, during the initial depolarization. 
Note, however, the afterpotential was greatly reduced in ampli- 
tude in the presence of Ba 2+. 

The currents that underlie the prolonged after- 
potential are not themselves markedly voltage de- 
pendent. That is, the afterpotential is not, of itself, a 
maintained regenerative event, such as a prolonged 
regenerative Ca 2+ current. We showed this by repo- 
larizing the membrane during the afterpotential. 
Figure 6 illustrates that repolarizing the membrane 
back to - 100 mV for up to 1.5 sec had no effect on 
the subsequent amplitude or duration of the afterpo- 
tential. 

ION CONDUCTANCES UNDERLYING THE 

AFTERPOTENT1AL 

Kinnamon and Roper (1987) discussed how Ca 2+- 
dependent K + conductance (gKcc~)) changes occur 
after the action potential in Necturus  taste cells, but 
that gK(ca) alone cannot account for the afterpolar- 
ization that follows an action potential in N e c t u r u s  
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Fig. 5. The afterpotential is associated with a membrane conduc- 
tance increase. Shown here is an action potential evoked by a 
brief depolarizing current passed through the intracellular micro- 
electrode (not shown). Two consecutive records are superim- 
posed. During one, a train of constant current hyperpolarizing 
pulses (bottom trace) was passed through the intracellular elec- 
trode before and during the action potential to monitor the input 
resistance of the taste cell. TEA (8 mu) was present in the muco- 
sal bath. 

taste cells. Calcium-activated Cl conductances 
(gc~(ca~) have been shown to occur in other tissues, 
including sensory receptors (e.g., Bader, Bertrand 
& Schwartz, 1982; cf. review by Marty, 1989). 
Thus, we next tested whether the Ca2+-activated 
afterpotential was elicited by an increased CI con- 
ductance. The following experiments indicated that 
a substantial portion of the afterpotential was in- 
deed caused by a Ca2+-dependent C1- current. 

Initially, we attempted to reduce extracellular 
C1- to 10 mM with isethionate substitution and de- 
termine how this affected the amplitude of the after- 
potential. These experiments were not particularly 
satisfactory. Completely exchanging CI- in the ba- 
solateral extracellular spaces surrounding taste 
cells was too slow a process to maintain an impale- 
ment for the duration. Furthermore, long periods 
(> 1 hr) in isethionate salts seemed to have deleteri- 
ous effects on the tissue: among other observations, 
we noticed that the duration of the action potential 
was often reduced, thereby potentially decreasing 
the influx of Ca 2+ and interfering with Ca2+-acti - 
vated processes. Lastly and most importantly, even 
though extracellular Ci- could eventually be re- 
duced to 10 mM, it is likely that, with time, intracel- 
lular CI- equilibrates passively with little net change 
in the CI gradient across the membrane (i.e., Ec~ 
would be relatively unchanged). 

A more conclusive test was to change Ec~ by 
manipulating intracellular CI . To achieve this, we 
impaled taste cells with KCl-fi l led micropipettes 
and compared the findings with experiments when 

25 mV I 
0.5 nA 

25 mV [ 
0.3 nA _ _  

500 msec 

Fig. 6. Repolarizing the membrane to the resting potential during 
the afterpotential does not abolish the afterdepolarization. Two 
consecutive action potentials elicited by brief depolarizing cur- 
rent pulses (not shown) are superimposed. After the second 
action potential, a 1.5-sec hyperpolarizing pulse was injected 
(bottom trace) to bring the membrane back to the initial mem- 
brane potential ( -100 mV) during a portion of the afterpotential. 
This did not inactivate the afterpotential, which returned to its 
former level as soon as the hyperpolarizing step was removed. 
TEA (8 mM) was present in the mucosal bath. 

cells were impaled with K + acetate- f i l led micropi- 
pettes. Calculations (below) indicated that impaling 
taste cells with KCl-filled micropipettes was a quick 
and effective method of raising [C1 ]i significantly. 
Afterpotentials were markedly depolarizing in those 
cells impaled with KCl-filled pipettes compared 
with responses recorded with K + acetate-filled pi- 
pettes. Figure 7 illustrates afterpotentials in taste 
cells when recorded with KCl-filled and K + acetate- 
filled micropipettes. The Table summarizes these 
data. 

If the afterpotential was solely due to CI- fluxes 
in the presence of TEA to block gKICa), the depolar- 
ization recorded with KCl-filled microelectrodes 
(mean = -41 mV; Table) would indicate an intra- 
cellular CI concentration of about 26 mM. This 
would correspond to a two- to fivefold increase in 
the total resting intracellular C1 (resting [CI]i was 
estimated at 5-12 mM4). This elevated value could 
quickly be reached after impaling a cell with a 100- 
MEt KCL-filled micropipette. 5 

4 Resting [C1]i was calculated assuming C1 is distributed 
passively at rest (i.e., Ec l=  Vm) and on the basis of the observed 
resting potentials under these experimental conditions, namely 
between -60  to - 8 0  mV. 

5 Calculations have been made of the expected efflux of 
salts from micropipette tips (cf. Coombs, Eccles & Fatt, 1955), 
and these effluxes have been verified experimentally (e.g., 
Fromm & Schultz, 1981). Based upon these calculations, we 
would anticipate that a theoretical maximum spontaneous efflux 
of CI- from the KCL-filled microelectrodes employed in the 
present experiments (average - 100 ME~ resistance) would be 
approximately 1.3 feq/sec. Since a background current of about 
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Table. Comparison of  afterpotentials in experiments in which [Cl]~ in taste cells had been manipulated 
by utilizing micropipettes filled with KCI or filled with K-acetate '' 

KCl-fllled pipettes K actetate-filled pipettes 

Afterpotential 41 • 19 mV (19) - 7 9  + 14 mV (10) 
Resting R~ 317 -+ 135 Ml~ (8) 372 +- 325 Ml~ (6) 
R~ during afterpotential 114 • 59 MD~ (8) 313 + 284 M~Q (6) 
Decrease in R~ during afterpotential 64% 16% 

TEA (10 mM) was present in the mucosal bath to block repolarizing K currents. The resting potential 
was set to -100  mV for each cell, as described in Materials and Methods. Ri - input resistance, 
measured by passing small hyperpolarizing pulses through the intracellular micropipette and recording 
the resultant membrane potential deflections. Resting R,. - input resistance measured at - 100 inV. 
Data in parentheses refer to the numbers of  taste cells in each sample. Values are given • SD. The 
amplitude of  the afterpotential and Ri during the afterpotential were measured immediately after an 
action potential when the afterdepolarization reached an initial plateau. The amplitude of the afterpo- 
tential is given in absolute membrane potential, not as a difference from rest. 

These data indicate that a large part of  the Ca 2+- 
dependent conductance change which follows 
action potentials in Necturus taste cells is due to a 
long-lasting Cl conductance increase. In three 
cases, 2 mM furosemide was added to the mucosal 
and serosal baths to determine whether the pro- 
longed afterpotential was affected by this pharma- 
cological agent, which is known to block Ca 2+- 
dependent C1- conductances in other tissues 
(L'Allemain, Paris & Pouyssegur,  1985). Furo- 
semide had no or little effect in our experiments, 
indicating that the pharmacology of these C1 chan- 
nels may not be the same as those previously de- 
scribed in other cells. 

We also conducted ion substitution experi- 
ments to determine if other ions, especially Na +, 
contribute to the long-lasting afterpotential. We 
eliminated all voltage-activated and Ca2+-depen - 
dent currents across the apical membrane of the 
taste cells: Ca 2+ and Na + were replaced with the 
impermeant ion, N-methyl D-glucamine (NMDG +) 
in the mucosal bath, and 8 mM TEA was added to 
eliminate K + currents. At the beginning of  the ex- 
periment, the serosal bath contained 30 mM CaCI2 
(to enhance Ca + entry across the basolateral mere- 

- 0 . 2  nA was routinely applied to set the taste cell resting poten- 
tial at 100 mV, this would add another I feq/sec efflux of CI 
ions. The taste cell is an elongate cell about 110 p~m in length, 13 
/zm in diameter  at its widest point and tapering to under 5 #m at 
either pole (Yang & Roper, 1987; Delay & Roper, 1988). The 
volume of the taste cell is thus between 3 to 4 pl. An influx of  2-3 
feq/sec  C1 into this volume would be approximately 50% the 
original intracellular CI- content in <24 sec! Without a knowl- 
edge of the resting t ransmembrane CI- efflux, the actual steady- 
state value of  [C1 ]i due to leakage from the intracellular micropi- 
pette cannot be calculated. However ,  a value of  26 mM (40--80 
feq above the resting content,  5-12 raM) is not unreasonable. 

25 mV 

500 msec 

~ . _ . . , . . . . ~ _  / K C 1  

~,..,. . . ,_ ~ a c e t a t e  

Fig. 7. The effect of  raising intracellular [CI ] on the afterpoten- 
tial that follows an impulse in Necturus taste cells. Recordings 
from two separate experiments are superimposed. TEA (8 mM) 
was present in the mucosal bath. The trace labeled acetate illus- 
trates an action potential elicited by a brief pulse of  depolarizing 
current (not shown) recorded with a K + acetate-filled microelec- 
trode. In this case [CI ]i was estimated to be 5-12 mM (cf. text). 
The trace labeled KCI illustrates an action potential recorded 
with a KCl-filled microelectrode. Under these circumstances,  
[C1 ]~ was 2-5 times higher as in trace labeled acetate due to CI 
efflux from the intracellular microelectrode (</. text). 

brane during action potentials), and 79 mM NaCI (to 
balance the osmolarity). KCI and HEPES were the 
same as in standard APS. In some experiments, 10 
/~M tetrodotoxin (TTX) was added to mucosal and 
serosal baths to eliminate voltage-dependent Na + 
currents, too, but the data from these experiments 
did not differ from those in which TTX was not 
included. Taste cells generated Ca 2+ action poten- 
tials under these conditions and long-duration after- 
potentials were still elicited (Fig. 8A, upper trace). 
Next ,  all Na § in the serosal bath was replaced by an 
equivalent amount of N M D G  + and the action po- 
tentials recorded in this ionic environment (Fig. 8A, 
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lower trace marked NMDG). The amplitude of the 
afterpotential consistently decreased (n = 5 experi- 
ments) when Na + ws replaced by NMDG +. These 
data suggest that Ca2+-dependent ionic conduc- 
tances that involve Na +, such as nonselective cat- 
ion channels, may also contribute to the afterpoten- 
tial in taste cells, although we cannot rule out that 
small changes in the initial Ca 2+ influx had occurred 
during NMDG treatment. 

THE REGIONAL DISTRIBUTION 

OF Ca-DEPENDENT CONDUCTANCES 

The focus of the remaining experiments is on the 
localization of the Ca2+-dependent conductance 
channels to apical, basolateral, or both regions of 
the taste cell. The protocol for isolating the mem- 
brane region(s) which possess Ca2+-dependent 
channels was to bathe the apical and basolateral 
surfaces of the cells in solutions of different ionic 
composition. To localize the CaZ+-dependent chan- 
nels, both sides of the tissue were initially bathed in 
a solution in which Ca 2+ had been replaced with 
Ba 2+ and TEA added to block repolarizing K + cur- 
rents. Under these conditions, large Ba 2+ impulses 
were recorded in response to brief depolarizing im- 
pulses passed through the recording microelectrode 
(cf. Fig. 4). When Ca 2+ was reintroduced into (and 
Ba + eliminated from) the mucosal (apical) chamber, 
the afterpotential reappeared (Fig. 9A), suggesting 
that the apical membrane possesses Ca2+-depen - 
dent channels (however, cf. Discussion). Con- 
versely, when Ca 2+ was reintroduced only into the 
serosal chamber, similar results were obtained (Fig. 
9B), indicating that Ca2+-dependent channels are 
also present in the basolateral membrane. 

Na NMDG 

Fig. 8. Replacing serosal Na + with NMDG + decreases the ampli- 
tude of the afterdepolarization, suggesting that Na + fluxes across 
the basolateral membrane also contribute to the prolonged re- 
sponses that follow action potentials in Necturus taste cells. (A) 
Two recordings from the same experiment are superimposed. 
The trace marked Na was recorded when the serosal bath con- 
taining 30 mM CaC12,79 mM NaCI, 2 mM KCI, and 5 mM HEPES 
buffer. The ionic composition of the mucosal bath is described in 
the text. The trace labeled N M D G  shows the action potential in 
same cell after replacing NaCI with 79 mM NMDG-CI. Vertical 
arrows represent the amplitude of the afterdepolarization in mV 
above the initial membrane potential (-100 mV, dashed line). (B) 
Plot of data from five different experiments, showing amplitudes 
of afterpotentials (e.g. vertical arrows in A) in presence of 79 mM 
NaCI (open symbols) and after all Na + had been replaced by 
NMDG + (filled symbols). Circles show data recorded with KCI- 
filled micropipettes and squares show data from one experiment 
in which recordings were made with a K acetate-filled microelec- 
trode. 

Discussion 

The main finding of this report is that taste cells in 
Necturus possess Ca2+-dependent channels on their 
apical and basolateral regions, and specifically a 
CaZ+-dependent CI- conductance. Other Ca2+-de - 
pendent channels, such as K(Ca) channels and pos- 
sibly nonselective cation channels are also present 
in Necturus taste cells. Under normal physiological 
conditions, increases in a CI- conductance would 
not necessarily produce a change in the membrane 
potential since Ecl is believed to be near the resting 
potential. However, its presence can be unmasked, 
as in the present experiments, by decreasing Ec~ 
and/or by blocking K + conductance. Under these 
conditions the Ca2+-dependent CI conductance 
produces a marked depolarization. 
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Fig. 9. Ca 2"-dependent conductance is a property of the apical 
and basolateral membranes in NeclHrHs tasle cells. CA) Action 
potentials and aflerdepolarizations elicited by brief depolarizing 
current pulses (bottom trace) passed through the intracellular 
microclectrode. Two recordings from the same cell are superim- 
posed. At the beginning of the experiment, action potentials 
were elicited in the presence of symmetrical solutions containing 
0 mm CaCI2, 15 mm BaCI2, 15 mM MgCle and 74 mM NaCI (trace 
labeled Ba/Ba). MgCI, itself had no effect on the responses and 
was included only to balance the osmotic strength. In the muco- 
sal and serosal chambers TTX {0.5 ~M) was added to eliminate 
voltage-dependent Na" currents and 8 mM TEA added {o block 
K" currenls. Subsequently {trace labeled Ca/Ba), 30 mM CaCI,_ 
was added to {and BaCI2, MgCle removed from) the mucosal 
{apical) chamber. All other components of the mucosal and sero- 
sal baths were left unchanged. Replacing apical Ba 2" with Ca-" 
enhanced the depolarizing afterpotential. (B) A different taste 
cell with the converse pro'~ocol to the experiment illustrated in A. 
The lower trace {labeled Ba/Ba) shows an action potenlial re- 
corded first in symmetrical bathing solutions of 30 mM BaCI_,. In 
addition, 3() mM MgCI2, 34 mm NaCI, I /*M TTX and 8 mM TEA 
were present in serosal and mucosal baths. The upper trace (la- 
beled Ba/Ca) was recorded after 60 mM CaCI2 was added back to 
(and BaCI2, MgCI2 removed from) the basolateral bathing me- 
dium. All other components of the mucosal and serosal baths 
were left unchanged. In both A and B, res*`oring Ca 2' either to *.he 
apical or to the basolateral bathing solutions resulted in a recov- 
ery of the depolarizing aflerpolential. 

Ca lc ium fluxes may  p lay  an impor t an t  role  in 
t as te  t r a n sduc t i on .  Spec i f ica l ly ,  ac t ion  po ten t i a l s  
e l ic i ted  by chemica l  s t imula t ion  will c a u s e  an influx 
o f  Ca  2~ . This  influx, plus any  Ca 2t r e l eased  f rom 
internal  s to res  dur ing  c h e m o s t i m u l a t i o n  ( A k a b a s ,  
Dodd  & A I -A w qa t i ,  1988), would  be e x p e c t e d  to 
have  two  effects :  (i) it would  c a u s e  n e u r o t r a n s m i l -  
te r  r e l ease  at r e c e p t o r  cell s y n a p s e s ;  and (ii) it 
woutd  open  CI , K ' ,  and  pos s ib ly  o t h e r  Ca  ~ - d c -  
p e n d e n t  channe l s  in the  apical  and  baso la t e ra l  mem-  
branes .  The  ac t ion  o f  the  Ca 2+-dependent  c o n d u c -  
t ances  in tas te  cel ls  could  be to r epo la r i ze  the  
m e m b r a n e  af te r  impu l ses ,  t h e r e b y  t e rmina t ing  or  
r educ ing  any  ma in t a ined  e x c i t a t o r y  r e c e p t o r  cur-  
rents .  Thus ,  Ca  2~-dependent  CI and K ~ channe l s  
might  se rve  as inh ib i to ry  f e e d b a c k  m e c h a n i s m s  in 
c h e m o s e n s o r y  t r a n sduc t i on  and t h e r e b y  mod i fy  re- 
sponse s  to t as te  s t imuli .  

Our  f indings on the p r e s e n c e  o f  a long-dura t ion  
Ca 2+-dependent  ch lo r ide  c o n d u c t a n c e  in tas te  cel ls  
sugges t s  a m e c h a n i s m  for how an ions  might  con-  
t r ibu te  to t as te  d i s c r imina t ion .  That  is, a l though cat-  
ions p lay  a d o m i n a n t  role  in salt  t a s te  t r a n s d u c t i o n ,  
the  anion is a lso  k n o w n  to inf luence the tas te  qual i ty  
(Sch i f fman,  M c E I r o y  & Er i ckson ,  198(}). S ince  
t a s t e  s t imula t ion  may  ac t i va t e  a long- las t ing  CI 
c o n d u c l a n c e  unde r  cer ta in  cond i t i ons ,  as  d e s c r i b e d  
in this  r epor t ,  the  m e m b r a n e  poten t ia l  o f  the  t as te  
cell m a y  be s t rong ly  inf luenced by the CI g rad ien t  
a c ro s s  the  apical  m e m b r a n e .  F o r  e x a m p l e ,  an ele-  
va ted  [CI], dur ing  NaCI s t imula t ion  would  shift  Er 
to more  nega t ive  va lues .  Any  inc rea se  in gr dur ing  
NaCl  s t imula t ion  would  e n h a n c e  CI influx. This  
would  o p p o s e  the  de po l a r i z i ng  cu r ren t  g e n e r a t e d  by 
N a  t influx if gN;~ and gr o c c u r r e d  on the same  re- 
c e p t o r  cell .  If, on the  o t h e r  hand ,  t as te  cel ls  were  
e x p o s e d  to sod ium sal ts  cons i s t ing  o f  an ions  that  do  
not  p e r m e a t e  ch lo r ide  channe l s ,  this  would  shift  Ec~ 
to more  d e p o l a r i z e d  po ten t ia l s .  A c t i va t i on  o f  Ca  2 ' -  
d e p e n d e n t  CI c o n d u c t a n c e s  under  these  cond i -  
t ions might  even  lead to a f rank efflux o f  CI , i .e . ,  a 
depo la r i z ing  cur ren t .  It is not  yet  pos s ib l e  to ana-  
lyze  the  m e m b r a n e  poten t ia l  changes  in detai l  s ince  
one  would  need  to know the re la t ive  c o n t r i b u t i o n s  
o f  the  Ca x~-dependen t  CI c o n d u c t a n c e s  on the api-  
cal v e r s u s  baso la t e ra l  su r faces ,  the  p rec i se  ionic 
g rad i en t s  a c ro s s  these  two  su r faces  dur ing  salt  s t im-  
ula t ion,  and  the re la t ive  p e r m e a b i l i t y  o f  ch lo r ide  
channe l s  to ions o the r  than  CI , a m o n g  o t h e r  fac- 
tors .  W h e t h e r  c a l c i u m - d e p e n d e n t  CI c o n d u c t a n c e  
inc reases  resul t  in p ro longed  d e p o l a r i z a t i o n s  or  hy- 
p e r p o l a r i z a t i o n s  dur ing  tas te  s t imula t ion ,  and how 
this might  be t r ans l a t ed  into d i f ferent  t as te  qual i t ies  
a m o n g  sal ts  r ema ins  to be d e t e r m i n e d .  O t h e r  mech-  
an i sms  that  invo lve  d i f f e rences  in pa r a c e l l u l a r  epi-  
thel ia l  shunt  r e s i s t ances  have  a lso  been  p r o p o s e d  to 
exp la in  how an ion  sal ts  a re  d i s c r i m i n a t e d  (El l io t t :& 
S imon ,  1990). 
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A caveat  needs to be added regarding our locali- 
zation o f  the Ca+- + -dependent chloride conduc-  
tances to the apical and basohtteral membranes .  
Our experiments  to determine this were dependent 
upon the fact that entry of  Ca =' across  the mem- 
brane, either apical or basolatcral,  would exert its 
effects locally. If, on the other hand, Ca 2+ perme- 
ated one membrane and diffused to the other, 
+'trans", membrane,  or caused Ca 2' release from 
intracellular stores,  this would invalidate our con- 
clusion that the Ca2+-dependent conductance  was 
localized in the first ('+cis") membrane.  We have no 
way to determine whether this translocation of  cal- 
cium occurred.  

An intriguing aspect of  the Ca2'-dependent CI 
conductance  described in this study is its hmg dura- 
tion. An influx of  Ca 2' during the action potential 
lasts only a few msec ,  yet the afterpotential can last 
for several seconds .  The prolonged duration o f  the 
increased Clc, conductance  suggests  thai some,  as 
yet unexplored,  cytosol ic  changes  subsequent to 
Ca 2~ entry, for example  involving second messen-  
gers, may open CI channels  or may prevent them 
from closing, once  open.  cAMP-dependent  CI con- 
ductance that is mediated by increased intracellular 
Ca 2+ is known to occur in other epithelia (+:/i Friz- 
zell,  Rechkemmer  & Shoemaker ,  [986) and similar 
mechanisms  may operate in taste cells.  

We would like to thank l)rs. P. Avenet,  A. Bigiani, 11+ Ewald, S. 
Kinnamon and A. Mackay-Sim liar a critical reading of this man- 
uscript. The work wits funded by NIH grants 11('00374 and 
DC00244. 
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