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Calcium-activated Chloride Conductance in Frog Olfactory Cilia 

Steven J. Kleene and Robert C. Gesteland 

Department of Anatomy and Cell Biology, University of Cincinnati, Cincinnati, Ohio 45267-0521 

We have measured the effects of cytoplasmic Ca*+ on the 
conductance of single cilia excised from frog olfactory re- 
ceptor neurons. When free cytoplasmic Ca*+ is buffered at 
0.1 PM, ciliary conductance is low. As Ca*+ is increased, 
ciliary conductance increases. Maximal conductance aver- 
ages sevenfold higher than that measured in the absence 
of Ca*+. We estimate that the KY1 for Ca2+ activation is 5 @I; 
the dose-response curve indicates some positive cooper- 
ativity of Ca*+ binding. Activation by Ca2+ is rapid and fully 
reversible. Most of the Ca2+-activated current is carried by 
Cl- and persists in the absence of Na+ and K+. The CI- 
channel inhibitor 3’,5-dichlorodiphenylamine-2-carboxylate 
(300 FM) reduces the Ca2+-activated current by 90%. 

Odorants induce a Ca*+ influx in some olfactory receptor 
neurons, but the consequences of this influx for neuronal 
function are not well understood. Our findings allow us to 
predict that a Ca2+ influx would increase the permeability of 
the olfactory cilia to Cl-. How this would affect the neuronal 
potential is uncertain, since the equilibrium potential for CI- 
in olfactory receptor neurons is unknown. 

Olfactory receptor neurons depolarize transiently in response to 
a wide variety of odorants (reviewed by Getchell, 1986). Two 
biochemical mechanisms for this depolarization have strong 
experimental support. In each mechanism, the olfactory cilia, 
which protrude from the neuron into the mucus, are believed 
to be the initial sites of transduction. 

CAMP serves as a second messenger in the first mechanism. 
A large number of odorants have been shown to activate an 
olfactory adenylate cyclase in vitro (reviewed by Lancet et al., 
1988). The product of adenylate cyclase, CAMP, is known to 
increase the conductance of olfactory cilia (Nakamura and Gold, 
1987; Kleene and Gesteland, 199 1). The CAMP-activated con- 
ductance has a reversal potential near 0 mV, and so its activation 
depolarizes the neuron (Suzuki, 1989; Trotier et al., 1989; Ku- 
rahashi, 1990; Firestein et al., 199 1). 

A second model of olfactory transduction may account for 
the actions of odorants that do not activate adenylate cyclase 
in vitro. It is believed that stimulation with some odorants causes 
an increase in intracellular Ca2+ in olfactory receptor neurons. 
In catfish (Restrepo et al., 1990) and bullfrog (Sato et al., 199 l), 
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an odorant-stimulated Ca2+ influx has been directly demonstrat- 
ed. Odorants can also cause an increase in intraciliary phos- 
phoinositide turnover (Huque and Bruch, 1986; Breer and Boek- 
hoff, 199 1). Inositol trisphosphate has been shown to activate 
a Ca2+ channel from the ciliary membrane of catfish olfactory 
neurons (Restrepo et al., 1990), which could contribute to the 
Ca2+ influx. Passage of CaZ+ through the CAMP-activated con- 
ductance (Kolesnikov et al., 1990) could also contribute. The 
Ca2+ influx itself could depolarize the neuron. Alternatively, 
activation of ciliary adenylate cyclase by Ca2+ and calmodulin 
(Anholt and Rivers, 1990) could cause depolarization as de- 
scribed for the first model. 

The precise role played by intracellular Ca*+ in olfactory trans- 
duction is unclear and perhaps species dependent. Application 
of calcium channel blockers to frog olfactory epithelium inhibits 
the electroolfactogram (Winegar et al., 1988). In frog (Leveteau 
et al., 1989; other references cited therein) and catfish (Restrepo 
et al., 1990), removal of extracellular CaZ+ abolishes the elec- 
troolfactogram. In newt, however, the slow odorant response 
survives removal of Ca2+. In fact, the response fails to inactivate 
unless extracellular Ca*+ is provided (Kurahashi and Shibuya, 
1990). Thus, in different species, increases in intracellular Ca2+ 
have been implicated in both activation and inactivation of the 
odorant response. 

Ca*+ itself activates a variety of membrane channels, and the 
consequences of an increase in intracellular Ca2+ in olfactory 
neurons have not been fully determined. We report that addition 
of cytoplasmic Ca2+ dramatically increases the membrane con- 
ductance of frog olfactory cilia. The magnitude of the maximal 
Caz+-activated conductance is similar to that activated by CAMP. 
The Ca2+-activated current is almost entirely carried by Cl-. 

Materials and Methods 
Cilimy patch. Single olfactory neurons were isolated from the northern 
grass frog, Rana pipiens. For each experiment, one cilium of a neuron 
was sucked into a patch pipette until a high-resistance seal formed near 
the base of the cilium. By raising the pipette briefly into air, the cilium 
was excised from the cell. The cilium remained sealed inside the re- 
cording micropipette with the cytoplasmic face of the membrane ex- 
posed to the bath. The pipette containing the cilium could be quickly 
transferred through the air to various pseudointracellular baths without 
rupturing the seal. Complete details have been presented elsewhere 
(Kleene and Gesteland, 199 1). 

Solutions. Extracellular solutions were used to bathe intact cells prior 
to excision of a cilium and to fill the recording pipettes. Standard ex- 
tracellular solution contained NaCl, 115 mM; KCl, 3 mM; HEPES, 5 
mM; MgCl,, 2 mM; CaCl,, 1 mM; and NaOH, 2 mM (PH 7.2). For cation 
replacement, the NaCl and KC1 were replaced with 118 mM choline Cl, 
and the NaOH with 2 mM Tris base. The cell suspension was stored in 
standard extracellular solution. For patch formation, a single cell was 
transferred to a bath containing whichever of the two extracellular so- 
lutions was used to fill the recording pipette. 

After a cilium was excised from a neuron, the pipette was lowered 
into a pseudointracellular solution, which then bathed the cytoplasmic 
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Table 1. Apparent association constants (in units of M-I) T 
+400 

Measureda Calculatedb 

K’#-. K’,. K’,. 

BAPTA 
Standard pseudointracellular 6,099,OOO 6,236,OOO 46.4 

Cation-replaced pseudointra- 
cellular 9,720,OOO 

Dibromo-BAPTA 
Standard pseudointracellular 627,000 484,000 7.1 

y Measured by Scatchard analysis with a Ca*+-selective electrode as described by 
Bers (1982). Measurements were performed in 115 rn~ KCl, 5 rn~ HEPES, 1 rn~ 
BAPTA or dibromo-BAPTA, and 5 rnM KOH (pH 7.2), representing the standard 
pseudointracellular solution; or 115 rnM cholineC1,5 rnM HEPES, CrnM BAPTA, 
and 5 rnM Tris base @H 7.2), representing the cation-replaced pseudointracellular 
solution. The portion of the Scatchard plot obtained within the linear range of 
the Ca*+-selective electrode was fit to a straight line by least-squares regression 
(Bers, 1982). There was no difference betweeen standard Ca2+ concentration curves 
determined in the two pseudointracellular solutions. 

b Calculated from published constants (Tsien, 1980; Harrison and Bers, 1987) 
adjusted for our conditions of ionic strength, pH, and temperature as described 
by Marks and Maxfield (199 1). It was assumed that the AH values for binding of 
Mg*+ to BAPTA and dibromo-BAPTA are the same as for binding to EGTA 
(Marks and Maxfield, 199 1). 

membrane of the cilium. Standard pseudointracellular solution con- 
tained KCl. 110 mM: NaCl. 5 mM: HEPES. 5 mM: M&l,. 2 mM: BAPTA 

,  I  I  I  , - _ ,  I  

or dibromo-BAPTA, 2 mM; KOH, 9 mM (pH 7.2); plus various con- 
centrations of free Ca2+ as described. BAPTA [ 1,2-bis(o-aminophen- 
oxy)ethane-N,N,N’,N’-tetraacetic acid] and dibromo-BAPTA [ 1,2-bis[2- 
bis(o-amino-5-bromophenoxy)ethane-N,N,Nf,N’-tetraacetic acid] are 
highly Ca2+-specific chelators (Tsien, 1980) that served to buffer the 
concentration of free Ca*+. For cation replacement, the NaCl and KC1 
in the standard solution were replaced with 115 mM choline Cl, and the 
KOH with 9 mM Tris base. For Cl- replacement, the Cl salts of K+, 
Na+, Mg2+, and Ca*+ in the standard solution were replaced with equi- 
molar amounts of their gluconate salts. 

Control of free Ca Z+ in pseudointracellular solutions. Apparent as- 
sociation constants K’, between Ca2+ and the chelators BAPTA and 
dibromo-BAPTA were determined by Scatchard analysis (Bers, 1982) 
with a Ca2+-specific electrode (Orion 932000). The x-intercept of the 
Scatchard plot also yielded the true chelator concentration, which was 
84-91% of nominal. The impurity is reportedly water (Harrison and 
Bers, 1987; Marks and Maxfield, 199 1). The measured K’, values are 
shown in Table 1. For comparison, Table 1 also shows the values ob- 
tained when published constants (Tsien, 1980; Harrison and Bers, 1987) 
are corrected for our conditions of pH, ionic strength, and temperature 
as described by Marks and Maxfield (199 1). In practice, we used the 
measured values of K’, and the calculated values of K’,,. Calcium 
chloride solutions were prepared by dilution from a standard 0.1 M 

solution (Orion 922006) traceable to the National Bureau of Standards. 
MATHEMATICA software (Wolfram Research Inc.) was used to solve five 
simultaneous equations for the free Ca*+ and Mg2+ concentrations. The 
five equations are definitions ofK’, and K’,, and conservation of species 
of Ca, Mg, and chelator. Binding of Mg2+ to the chelator could have 
been ignored: the calculated free Mg*+ concentration was 2.0 mM in all 
cases. 

Dibromo-BAPTA was the more effective Ca*+ buffer near the Knh for 
the conductance we report. Thus, we used dibromo-BAPTA to obtain 
the dose-response curve (Fig. 1). Since dibromo-BAPTA was only avail- 
able as the tetrapotassium salt, we used BAPTA to study the dose- 
response properties in Na+,K+-free solutions (see Fig. 3). In preparing 
a solution intended to have 5 PM free Ca2+, a 2% error in either total 
Ca2+ or total BAPTA would give a free Ca2+ concentration of 3 or 10 
PM, depending on the direction of the error. With dibromo-BAPTA, 
the same errors would give solutions with 4.6 or 5.4 PM free Ca2+. A 
2% error in the measured K’, would produce even smaller deviations. 
In all other experiments, we compared baths containing low (0 or 0.1 
WM) and high (300 MM) free Ca2+. BAPTA was included in both solutions 
for consistency, although its buffering capacity was exceeded at 300 MM 

free Ca2+. 
Electrical recording and data analysis. The recording pipette and 
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Figure 1. Effect ofcytoplasmic Ca2+ on ciliary membrane conductance. 
Top, The current-voltage relationship of the membrane of one cilium 
was measured in each of eight baths. Each bath consisted of the standard 
pseudointracellular solution plus free Ca2+ from 0 to 300 PM as indicated. 
The recording pipette contained standard extracellular solution. Bottom, 
The slope of the current-voltage plot, measured in the linear range 
between - 50 and 0 mV, is plotted against the concentration of free Ca*+ 
in the bath. Each point is the mean of determinations in seven cilia. 
Conductance in 300 PM Ca2+ was arbitrarily defined as 100, and the 
other values were normalized to this. The actual conductance in 300 
PM Ca*+ was 4.1 -t 0.8 nS (n = 7; range, 1.8-8.3 nS). No controls have 
been subtracted. The curve is the best-fitting Hill equation, which has 
a K,,* of 4.8 PM and a Hill coefficient of 2.0. 

chamber were each coupled to a List L/M-EPC7 patch-clamp amplifier 
by Ag/AgCl electrodes. All recordings were done in voltage-clamp mode 
at room temperature (25°C). Current was adjusted to zero with the open 
pipette in the well in which the patching procedure was done; pipette 
and bath solutions were always identical at this stage. After excision of 
a cilium, the pipette was transferred through a series of wells containing 
modified pseudointracellular solutions. Each of these wells was con- 
nected by a salt bridge to a common ground bath. The ground bath and 
salt bridges contained extracellular solution; the salt bridges also in- 
cluded 5% (w/v) agarose. Liquid junction potentials between each pseu- 
dointracellular bath and its salt bridge were corrected for as described 
by Hagiwara and Ohmori (1982). Voltage ramps (+ 100 to - 100 mV, 
0.2 mV/msec) and voltage steps were generated by ~CLAMP software 
(Axon Instruments). All records were acquired at a sampling rate of 500 
Hz. The shapes of the current-voltage relationships did not vary with 
the direction of the ramp. 
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-60 

Figure 2. Response of the Ca*+-activated current to voltage steps. Cil- 
iary membrane potential was held at -60 mV and then stepped to a 
potential between - 120 and + 100 mV as indicated for 200 msec. The 
increment between steps was 20 mV in all cases. The series was per- 
formed first in a Ca*+-free bath and then in one containing 300 PM free 
Ca*+. The results shown are the records from the second set minus those 
from the first, that is, the Ca2+-activated current. A solid horizontal line 
is drawn at 0 pA. 

In all records, an upward deflection represents increasing positive 
current from the bath into the pipette. Potentials are reported as bath 
(cytoplasmic) potential relative to pipette potential. Results of repeated 
experiments are reported as mean f  SEM. The absence of an error bar 
for a plotted point indicates that the SEM was too small to plot or that 
the point was assigned a value of 100 as indicated in the figure caption. 
Dose-response curves were fit to a generalized form of the Hill equation 
(DeLean et al., 1978) using PASSAGE II software (Passage Software, Inc., 
Fort Collins, CO). 

The first pseudointracellular bath was always a low-Caz+ control con- 
taining 0 or 0.1 PM free Ca 2+. The lowest membrane conductance was 
measured in this situation. At the end of each experiment, the current- 
voltage relationship was redetermined in the low-Ca2+ bath. If  the orig- 
inal low conductance was not measured, we suspected breakdown of 
the seal or the membrane, and the entire experiment was disregarded. 

Chemicals. Cl- channel inhibitors NPPB and DCDPC (see Table 2) 
were the generous gift of Dr. H.-J. Lang of Hoechst Aktiengesellschaft, 

Table 2. Inhibitors of Ca*+-activated ciliary conductance 

InhibitoF Ml, PM O/o Inhibitioi? n 

SITS 100 2.2 + 2.3 5 
DIDS 100 5.1 + 2.3 4 
A9C 1000 12.5 f  2.9 5 
DPC 100 20.0 + 1.1 5 
NPPB 300 32.3 t 3.8 4 
DCDPC 300 90.4 + 1.4 5 

0 Abbreviations: SITS, 4-acetamido-4’-isothiocyanatostilbene-2,2’-~sulfonate; 
DIDS, 4,4’-diisothiocyanatostilbene-2,2’-disulfonate; A9C, anthracene-9-carbox- 
ylate; DPC, diphenylamine-2-carboxylate; NPPB, 5-nitro-2-(3-phenylpropylami- 
no)-henzoate; DCDPC, 3’,5-dichlorodiphenylamine-2-carboxylate. 
b For each inhibitor (inh), ciliary slope conductance between - 50 and 0 mV was 
measured in three baths: pseudointracellular solution with no CL++, pseudointra- 
cellular solution with free Ca2+ elevated to 300 PM, and the second (300 p~ Cal+) 
solution plus the indicated concentration of inhibitor. Determinations in the sec- 
ond and third baths were corrected by subtracting the value of the (X+-free 
control (first bath). The percentage reduction of the conductance in the third bath 
relative to the second (both after correction) is shown. Maximum inhibition was 
seen within 45 set in all cases. Standard solutions were used for testing the first 
four inhibitors, while the cation-replaced versions were used for NF’PB and DCDF’C. 
The A9C bath also included 0.5% (v/v) dimethyl sulfoxide, which alone did not 
inhibit the ciliary conductance (n = 5). 

Figure 3. Effect of cytoplasmic Caz+ on ciliary membrane conductance 
in the absence of Na+ and K+. The current-voltage relationship of the 
membrane of one cilium was measured in each of seven baths (0, 1, 6, 
30, 70, 110, and 300 PM free Ca2+). The baths and recording pipette 
contained the cation-replaced versions of the pseudointracellular and 
extracellular solutions, respectively. In each, all Na+ and K+ were re- 
placed with choline+ and Tris’. The dose-response curve (not shown) 
from seven such experiments was best fit to a Hill equation with a KS 
of 3.2 PM and a Hill coefficient of 2.8. 

Frankfurt am Main. DPC was obtained from Hoechst, dibromo-BAPTA 
from Molecular Probes, and other reagents from Sigma. 

Results 
Eflects of cytoplasmic Caz+ on ciliary conductance 
We are able to seal one cilium of an olfactory receptor neuron 
inside a recording pipette and excise it from the cell. After 
excision, the cytoplasmic face of the ciliary membrane is ex- 
posed to the bath (Kleene and Gesteland, 199 1). As a pipette 
containing a cilium was moved through a series of baths of 
increasing free Caz+ concentration, the ciliary membrane con- 
ductance increased dramatically (Fig. 1). With the concentration 
of cytoplasmic free Ca2+ at 0 or 0.1 MM, the ciliary membrane 
conductance averaged 0.55 + 0.04 nS (slope between -50 and 
0 mV; n = 56). At 2 PM Ca 2+, the conductance increased at 
positive potentials. Above 3 PM, the current also increased at 
negative potentials. The current-voltage relationship measured 
with saturating levels of Caz+ showed some inward rectification. 
By subtracting the conductance measured between -50 and 0 
mV with no cytoplasmic Ca2+ from that measured with 300 FM 

Ca2+, we determined the magnitude of the maximal Cal+-acti- 
vated conductance to be 3.6 f 0.2 nS (n = 55; range, 1.3-7.9 
nS). The reversal potential for the Ca2+-activated current was 
near 0 mV, suggesting that the current was carried either by Cll, 
or by a combination of Na+ and K+. Half-maximal activation 
occurred near 5 MM Ca2+, and the shape of the dose-response 
curve indicates some positive cooperativity of Ca2+ binding (Fig. 
1). Out of 13 1 cilia tested, 114 showed the Ca2+-activated in- 
crease in conductance. 

When a cilium was moved from a low-Ca2+ bath to one con- 
taining 300 PM Ca2+, the higher conductance level was reached 
within 3 set and remained stable for at least 10 min (data not 
shown). The Ca2+-activated conductance increase was fully re- 
versible. On return to the low-Ca2+ bath, the conductance re- 
turned to its lower level, again within 3 sec. In 300 PM Ca2+, a 
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series of voltage steps was applied to the cilium (Fig. 2). The 
Ca2+-activated current increased rapidly to a stable level at all 
voltages tested. The new current level was reached within 2 
msec, and no inactivation was detected. Inward rectification of 
the Ca2+-activated current was apparent, as in Figure 1. 

Na+ and K+ independence of the Ca2+-activated ciliary 
conductance 
In other experiments, we replaced all Na+ and K+ on both sides 
of the ciliary membrane with choline+ and Tris’. The Ca2+- 
activated conductance was not detectably changed by the elim- 
ination of Na+ and K+ (Fig. 3). In the absence of Na+ and K+, 
the Caz+-activated conductance averaged 3.5 f 0.2 nS (slope 
between -50 and 0 mV; n = 29; range, 1.0-6.8 nS). This is not 
significantly different from the value measured in the standard 
solutions containing Na+ and K+. The inward rectification at 
saturating Ca2+ levels appears more pronounced in Figure 3 than 
in Figure 1. This is mostly due to the larger zero-Ca*+ control 
conductance, with some outward rectification, measured in the 
standard pseudointracellular solution (Fig. 1, “0”). 

Cl- dependence of the Ca2+ -activated ciliary conductance 
To test the Cl- dependence of the Ca*+-activated conductance, 
we progressively replaced Cl- in the bath with gluconate- (Fig. 
4). As Cl- was replaced, the reversal potential of the Ca2+-ac- 
tivated current shifted from 0 mV to negative potentials. When 
all cytoplasmic Cl- was replaced (Fig. 4, “ loo%“), the Cal+- 
activated current was not seen to reverse, suggesting that Cl- is 
the ion primarily responsible for the Ca2+-activated current. The 
dependence of the reversal potential V, on the log of the trans- 
membrane Cl- concentration ratio can be approximated by a 
straight line (Fig. 4, bottom). V, shifted 57 mV for each lo-fold 
change in cytoplasmic Cl- concentration (Fig. 4) again impli- 
cating Cl- as the ion that carries the Ca2+-activated current. (The 
Nemst equation predicts a 59 mV dependence for a conductance 
that is perfectly Cl- dependent.) Each measured value of I’, was 
l-4 mV more positive than the corresponding Cl- equilibrium 
potential. This could reflect a constant experimental error or a 
small permeability to an ion with a positive equilibrium poten- 
tial (Na+ or Ca2+). 

Inhibition of the Ca2+ -activated ciliary conductance 
Six Cl- channel inhibitors were tested for their effects on the 
(X+-activated ciliary conductance (Table 2). Only one, DCDPC, 
was a strong inhibitor. It inhibited the Caz+-activated conduc- 
tance at all potentials tested (Fig. 5). We estimate that half- 
maximal inhibition would occur at 14 PM DCDPC. Inhibition 
by DCDPC was reversed by returning the pipette to a bath 
containing 300 I.IM Ca2+ but no inhibitor. After 5 min in this 
bath, 73% of the Ca*+-activated current returned; no further 
recovery was seen at longer times. DPC and the related com- 
pounds NPPB and DCDPC have been reported to block not 
only Cl- channels (Wangemann et al., 1986; Franciolini and 
Petris, 1990; Li et al., 1990) but also a Ca2+-sensitive nonselec- 
tive cation channel (Giigelein and Pfannmiiller, 1989). 

Discussion 
In some olfactory neurons, odorants cause an influx of Ca2+ 
(Restrepo et al., 1990; Sato et al., 1991). The consequences of 
elevated intracellular Ca*+ for neuronal function are not fully 
understood. We report that cytoplasmic CaZ+ has a major effect 
on the membrane conductance of frog olfactory cilia. In the 

t 

+400 

% 

100% 
-100 

m 

mV +lOO 

75% 

50% 

s+10- 

s. 

a o-- 
F 

fj -10 -- 

L? 
J -20.- 
a _( 

g -301 ,/ 

iii I 
if -401 4 I 

0.2 0.5 1.0 

tCi-Iin / tcrl,,t 

Figure 4. Dependence of the Ca2+-activated conductance on Cl-. Top, 
The current-voltage relationship of the membrane of one cilium was 
measured in each of 10 baths. One set of five baths contained 0.1 PM 
free Caz+; a second set contained 300 PM free Ca2+. The results shown 
are the records from the second set minus those from the first, that is, 
the Caz+-activated current. For each pair of baths, the indicated per- 
centage of Cl- was replaced by gluconate-. (The solutions were prepared 
by mixing standard and Cl--replaced pseudointracellular solutions in 
ratios of 0: 1, 1:3, 1: 1, etc.) The recording pipette contained standard 
extracellular solution in all cases. Bottom, The reversal potentials of the 
current-voltage relationships are plotted against the concentration ratio 
of Cl- across the ciliary membrane. Each point is the mean +- SEM of 
determinations in 6-10 cilia. Control curves measured in 0.1 PM free 
Ca*+ were subtracted as in the example shown at the top. A 20 mV 
region near the apparent reversal potential of the difference curve was 
fit to a straight line by least-squares regression, and the voltage intercept 
of this line was taken as the reversal potential. The data were fit to the 
straight line shown by least-squares regression. The line increases 57 
mV per lo-fold change in Cl- ratio and has a reversal potential of +2 
mV at a Cl- ratio of 1. The maximum Ca2+-activated current (slope of 
the “0%” curve between -50 and 0 mV) averaged 3.8 + 0.4 nS (n = 
10; range, 2.0-6.4 nS). 

absence of cytoplasmic Ca Z+, the ciliary membrane conductance 
is low. Addition of cytoplasmic Ca2+ causes an increase in con- 
ductance. The maximal increase averages sevenfold, and the 
current does not inactivate as long as the Ca2+ is present. Ap- 
parently the Ca2+-activated current has no requirement for nu- 
cleoside triphosphates or calmodulin; these were not included 
in the pseudointracellular solution. CAMP increases ciliary con- 
ductance to a similar extent (Nakamura and Gold, 1987; Kleene 
and Gesteland, 199 1). However, the CAMP-activated conduc- 
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Figure 5. Inhibition of the Ca2+-activated current by DCDPC. Top, 
The current-voltage relationship of the ciliary membrane was measured 
in each of seven baths. The baths and recording pipette contained the 
cation-replaced versions of the pseudointracellular and extracellular so- 
lutions, respectively. The free Ca2+ and inhibitor concentrations in the 
first bath were 0; the other six baths contained 300 PM free W+ and 
from 0 to 300 PM DCDPC as indicated. The Z/Vcurve in the first bath 
(not shown) was subtracted from the others so that only the Caz+-ac- 
tivated current is plotted. Bottom, The slope of the current-voltage plot, 
measured in the linear range between -50 and 0 mV, is plotted against 
the concentration of DCDPC added. Each point is the mean ? SEM of 
determinations in five cilia. Conductance in the absence of DCDPC was 
arbitrarily defined as 100, and the other values were normalized to this. 
The maximum Ca*+-activated current (slope of the “0” curve between 
-50 and 0 mV) averaged 4.3 f  0.4 nS (n = 5; range, 3.3-5.5 nS). The 
points were connected by cubic spline interpolation. 

tance is inhibited by Ca*+ (Nakamura and Gold, 1987; Koles- 
nikov et al., 1990). We have not yet determined whether the 
Ca2+-activated increase in ciliary conductance occurs during the 
odorant response. 

When the cilium is bathed by standard extracellular and pseu- 
dointracellular solutions, almost all of the current activated by 
cytoplasmic Ca2+ is carried by Cl-. Elimination of Na+ and K+ 
does not significantly affect the Caz+-activated current. We de- 
tected no single Ca*+-activated Cl- channels. Unit conductances 
of other Ca2+-activated Cl- channels have not been precisely 

determined but are reported to fall in the range of l-23 pS 
(Mayer et al., 1990). The maximal Ca2+-activated Cl- current 
we observed would represent the opening of at least 150 such 
channels. 

The Cl- current is half-maximal at a cytoplasmic Ca*+ con- 
centration of about 5 PM, which is outside the usual dynamic 
range of Caz+ concentrations in neurons (0.1-l PM; Blaustein, 
1988). Half-maximal activation of ciliary adenylate cyclase by 
Ca2+ and calmodulin occurs at about 0.78 PM Ca2+ in vitro (An- 
holt and Rivers, 1990). In catfish olfactory neurons, the intra- 
cellular Ca*+ concentration was never found to exceed 0.12 pM 

(Restrepo and Teeter, 1990; Restrepo et al., 1990). This would 
be too little Ca2+ to activate the Cl- conductance we have found 
in frog olfactory cilia. However, the concentration of CaZ+ within 
the cilia has never been measured. Each cilium has a very large 
surface-to-volume ratio, so opening of Ca2+ channels on the 
ciliary membrane could result in very high levels of intraciliary 
free Ca2+. It has been similarly proposed that Ca2+ influx at 
presynaptic active zones might produce transient levels of free 
Ca*+ on the order of 100 I.LM near the sites of secretion (Smith 
and Augustine, 1988). We have not determined if the Ca*+- 
activated conductance exists elsewhere on the neuronal surface. 

The Ca*+-activated conductance shows nearly complete out- 
ward rectification at cytoplasmic CaZ+ concentrations of l-2 I.IM 

(Figs. 1, 3). Thus, at these CaZ+ concentrations, the only Cl- 
current possible would be a Cl- influx at positive potentials. 
This could help to repolarize the neuron after an odorant re- 
sponse, much as a Ca*+-activated Cl- influx repolarizes cone 
photoreceptors after action potentials (Maricq and Korenbrot, 
1988). At higher cytoplasmic CaZ+ levels, the Cll current be- 
comes substantial at all potentials, showing moderate inward 
rectification at saturation. We do not know the origin of the 
rectification properties. They were not affected by replacing Na+ 
and K+ on both sides of the membrane with choline+ (compare 
Figs. 1 and 3). 

Increases in Cl- conductance produce a variety of effects in 
other vertebrate neurons (reviewed in Alvarez-Leefmans, 1990). 
In some, opening of Cl- channels that interact with GABA, 
receptors hyperpolarizes the cell and generates IPSPs. Other 
neurons, including motoneurons and dorsal root ganglion cells 
in the frog, are depolarized by an increase in Cl- conductance. 
We cannot be certain how an increase in Cl- conductance might 
influence the cell potential of the frog olfactory receptor neuron. 
Olfactory cilia are bathed in mucus that has been found to 
contain 93 mM Cl- (Chiu et al., 1989). However, the Cl- con- 
centration inside the cell has not been measured, and so the 
equilibrium potential for Cl- across the membrane of the neuron 
(or its cilia) is unknown. If the Cl- equilibrium potential is more 
positive than the resting potential, activation of the ciliary Cll 
conductance by an increase in intraciliary Ca*+ could help to 
depolarize the cell. If the Cl- equilibrium potential is near resting 
potential, the Ca2+-activated Cll conductance would help to 
return the cell toward its resting potential after an odorant re- 
sponse. 
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