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Summary. Olfactory receptor neurons depolarize in response to 
odorants. This depolarization is mediated by an increase in intra- 
cellular cyclic AMP, which directly gates channels in the mem- 
branes of the neuronal cilia. Previous evidence suggests that a 
Ca 2+ influx during the odorant response may ultimately play a 
role in terminating the response. One way Ca 2÷ inside the cell 
could terminate the odorant response would be to directly inhibit 
the cAMP-gated channels. In this report the effects of cytoplasmic 
Ca z+ and Mg 2+ on the cAMP-activated current were measured in 
single olfactory cilia. Near the neuronal resting potential, cyto- 
plasmic Ca 2+ and Mg 2+ only slightly reduced the cAMP-activated 
current. Even at high levels (1.0 mM Ca ~+ or 5.0 mM Mg2+), the 
average inhibition was only around 20%. It is therefore unlikely 
that an influx of divalent cations terminates the odorant response 
by a direct effect on the cAMP-gated channels. 
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Introduction 

Olfac tory  r ecep to r  neurons  depolar ize  t ransient ly  in 
r e sponse  to odo rous  st imulation.  There  is now clear  
ev idence  for  at least one  m e c h a n i s m  o f  depolar iza-  
tion. M a n y  odoran t s  ac t ivate  an o l fac tory  adenyla te  
cyc lase  in vi tro [19, 22, 25, 26]. T he  p roduc t  o f  ade- 
nyla te  cyc lase ,  c A M P ,  direct ly  gates t r ansmem-  
brane  channels  in the o l fac tory  cilia [16, 21]. The  
c A M P - a c t i v a t e d  c o n d u c t a n c e  has a reversal  poten-  
tial nea r  0 mV,  and its ac t ivat ion depolar izes  the 
neu ron  [8, 15, 20, 28, 31]. 

W h y  the  neurona l  depolar iza t ion  is t ransient  re- 
mains  to be established.  In  isolated cilia, odoran t s  
s t imulate  p roduc t ion  o f  c A M P ,  but the c A M P  level 
subsequen t ly  falls in a manne r  that  depends  on pro-  
tein kinase  A [2]. In  intact  neurons ,  an  inward cur-  
rent  induced  by  odoran t s  is long-last ing unless  extra- 
cellular Ca  2÷ is p resen t  [17, 35]. It thus seems likely 
that  Ca  2÷ may  car ry  some  of  the inward current  [23, 
24] and indirect ly  lead to  te rmina t ion  o f  the odoran t  

response .  A simple m e c h a n i s m  for  Ca2+-dependen t  
te rminat ion  o f  the r e sponse  has been  p r o p o s e d  [35]. 
In this model ,  Ca 2+ flowing in during the od o ra n t  
response  direct ly  inhibits the  c A M P - g a t e d  channe ls .  
Single c A M P - g a t e d  channels  o f  the neurona l  den- 
drite were  shown  to be s t rongly inhibited by  cy to -  
plasmic Ca 2÷ near  physiological  levels [35]. H o w -  
ever ,  the funct ion  o f  c A M P - g a t e d  channe ls  in the 
soma  and dendri te  remains  obscure .  

Al though  it is well d o c u m e n t e d  that  the  p r imary  
sites o f  odoran t  t r ansduc t ion  are in the o l fac to ry  cilia 
[9, 14, 18], there  have  been  few charac te r i za t ions  o f  
the ciliary cAMP-ac t i va t ed  c o n d u c t a n c e  [16, 21]. 
By  pa tch -c lamp record ing  f r o m  single o l fac tory  cilia 
[12], I have  de te rmined  the effects o f  cy top l a s mic  
Ca 2+ and Mg 2+ on the m a c r o s c o p i c  cil iary cur ren t  
act ivated by c A M P .  In the cilia, Ca  2+ and Mg 2+ 
cause  only  slight inhibit ion o f  the c A M P - a c t i v a t e d  
current  under  physiological  condi t ions .  Such  inhibi- 
t ion is unlikely to  be o f  funct ional  significance dur ing 
the odoran t  response .  

Materials and Methods 

CILIARY PATCH 

Single olfactory receptor neurons were isolated from the northern 
grass frog (Rana pipiens) and the land phase tiger salamander 
(Ambystoma tigrinum). 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 recording micropipette with the cyto- 
plasmic face of the membrane exposed to the bath. The pipette 
containing the cilium could be quickly transferred through the air 
to various pseudointracellular baths without rupturing the seal. 
Although the current-voltage relation usually became stable 
within 2 sec after transfer to a new bath, 20 sec was routinely 
allowed before recording the relation. Complete details of the 
ciliary patch procedure have been presented elsewhere [12]. 
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Table 1. Composit ions of  solutions (mM) 

Solutions NaCI KC1 MeSOsH C a C 1 2  Calcium MgCI 2 Magnesium EDTA NaOH KOH 
gluconate gluconate 

Extracellular 
Standard 115 3 - -  1 - -  2 - -  - -  2 - -  
Ca z+, Mg2+-free 115 3 . . . . .  1 4 - -  
C l - f r e e  - -  - -  118 - -  1 - -  2 - -  117 3 
Ca 2+, Mg 2+, Cl--f ree  - -  - -  1t8 . . . .  1 119 3 

Pseudointracellular 
Standard (low Ca 2+) 5 110 - -  0.8 - -  0-5.0 - -  9 
Mg 2+ , Cl--f ree  - -  - -  115 - -  0.7-3.0 - -  5 119 

Abbreviation used: MeSO3H , methanesulfonic acid. All solutions contained 5 mM HEPES and were adjusted to pH 7.2. All pseudointra- 
cellular solutions also contained 2 mM BAPTA. In the standard pseudointracellular solution [Ca2+]free was 0.1 /xM. Concentrat ions listed 
for MgCI2 in the standard pseudointracellular solution and for calcium gluconate in the Mg 2+ , C1--free pseudointracellular solution are 
the ranges used in the dose-response studies. In the Cl--free solutions, most o f  the NaOH or KOH added served to neutralize the 
MeSO3 H, producing a methanesulfonate salt (115 or 118 mg)  and water. 

SOLUTIONS 

Solutions used are defined in Table 1. Extracellular solutions 
were used to bathe intact cells and to fill the recording pipettes. 
The cell suspension was stored in standard extracellular solution. 
For  patch formation, a single cell was transferred to a bath con- 
taining an extracellular solution. This was the same solution used 
to fill the recording pipette, with one difference. While the solu- 
tion in the pipette contained 1 mM EDTA, the bath solution 
instead contained 2 mM MgCI2 and 1 m g  CaCI2. it was nearly 
impossible to form high-resistance seals without divalent cations 
in the bath. The small amount of  Ca -~+ and Mg 2+ sucked into the 
pipette during the patch procedure was quickly chelated by EDTA 
in the pipette. After seal formation, chelation was detectable as 
a gradual increase in cAMP-activated current at negative poten- 
tials, as the blocking effect of  the external divalent cations [6, 
21, 36] was relieved. This process was usually complete within 
1 rain. For Fig. 1, patch formation was done in the standard 
extracellular solution, while the pipette contained Ca -'+, Mg 2~- 
free solution. For  Figs. 2 and 3, patch formation was done in the 
CI -free extracellular solution, while the pipette contained Ca -'+, 
Mg 2+, Cl--f ree  solution. 

After a cilium was excised from a neuron, the pipette was 
lowered into a pseudointracellular solution, which then bathed 
the cytoplasmic face of  the ciliary membrane.  The pipette con- 
taining the cilium was quickly transferred through the air to vari- 
ous pseudointracellular baths without rupturing the seal. Com- 
plete details have been presented elsewhere [12]. 

All pseudointracellular solutions contained at least 0.1 p.M 
free Ca 2+, which helped to stabilize the seal. [Ca2+] f r e  e w a s  buf- 
fered with BAPTA [1,2-bis(o-aminophenoxy)ethane-N,N,N' ,N'-  
tetraacetic acid], a highly Ca2+-specific chelator [32]. [Ca2+]free in 
the pseudointracellular solutions was calculated using apparent 
association constants K 'ca determined in triplicate by the method 
of  Bers [1]. The K ' c ,  values were 6.62 x 10  6 M -I in 115 mM KCI 
and 5.01 x 106 M -~ in 115 mM potassium methanesulfonate,  both 
containing 5 mM HEPES and adjusted to pH 7.2. Gluconate-  was 
avoided as a C1- substitute since gluconate-  itself binds Ca z+ 
[4]. BAPTA was included in all pseudointracellular solutions for 
consistency,  even though its buffer capacity was exceeded in 
some cases. Poorest  control was in the solution designed to have 
10 b~M free Ca 2+ . A 2% error  in [Ca2+] t o t a  I would cause [Ca2+]~e~ to 
be 5 or 26/xM, depending on the direction of  the error. The calcium 

gluconate stock solution was calibrated with a Ca2+-specific elec- 
trode (Orion 932000) by comparison with a standard 0.1 M CaCt2 
solution (Orion 922006). The BAPTA stock solution was calibrated 
as described by Bers [ 1 ]. Binding ofMg 2 + by BAPTA in the pseudo- 
intracellular solutions was negligible [13, 32]. 

ELECTRICAL R E C O R D I N G  

Both the recording pipette and chamber  were coupled to a List 
L/M-EPC7 patch-clamp amplifier by Ag/AgC1 electrodes.  All re- 
cordings were done under voltage clamp at room temperature 
(25°C). Current was adjusted to zero with the open pipette in the 
well in which the patching procedure was done. The solutions in 
the bath and the tip of  the pipette were identical at this stage, 
except for divalent cations as described above. This difference 
caused a liquid junction potential at the pipette tip of  <1 mV, 
which was corrected for as described by Hagiwara and Ohmori  
[10]. After excision of  a cilium, the pipette was transferred 
through a series of  wells containing modified pseudointracellular 
solutions. Each of  these wells was connected by a salt bridge to 
a common reference bath. A correction was applied for the liquid 
junction potential between each pseudointracellular bath and its 
salt bridge [10]. 

When studying the effect of intracellular Ca 2 + on the cAMP- 
activated conductance,  it was first necessary to eliminate a ciliary 
C1- current that is activated by cytoplasmic Ca 2+ [13]. This was 
done by replacing C1- on both sides of  the membrane with meth- 
anesulfonate- .  Since both Ag/AgC1 electrodes required CI-  to 
function stably and reversibly, salt bridges were used to connect  
the electrodes to the C1--free solutions. The salt bridge be tween 
the pipette and reference baths was made of  polyethylene tubing. 
Both the reference bath and this salt bridge contained standard 
extracellular solution; the salt bridge also included 5% (w/v) aga- 
rose. A second salt bridge was made within the patch pipette. This 
bridge connected the tip of the patch pipette and the recording 
electrode, a Ag/AgC1 wire within the pipette. The bottom t cm of  
the pipette, which bathed the ciliary membrane,  was filled with 
the Ca 2+ , Mg 2+ , C1 --free extracellular solution plus 0.07% (w/v) 
agarose (Sigma Type I). On top of  this was layered the standard 
(C1--containing) extracellular solution, which covered the re- 
cording wire electrode. This intrapipette salt bridge has been 
described in detail elsewhere [11]. 
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Voltage ramps ( -100 to + 100 mV, 0.2 mV/msec) were 
generated by pCLAMP software (Axon Instruments). Current- 
voltage records were acquired at a sampling rate of 500 Hz. 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. To 
estimate a reversal potential, a 12-mV region surrounding the 
apparent reversal potential was fit to a straight line. The voltage- 
intercept of this line was taken as the reversal potential. Current 
values at a given voltage were calculated by averaging a 10- 
mV region surrounding the given voltage. Results of repeated 
experiments are reported as mean -+ SEM. The Student's t-test 
was used for statistical comparisons. Reagents were purchased 
from Sigma. 

cAMP-ACTIVATED CURRENT 

For each cilium, a current-voltage plot was first acquired in the 
appropriate pseudointracellular solution with no cAMP added. 
Subsequently, current-voltage relations were measured in the 
presence of 100 ~M cAMP and various levels of divalent cations 
as described. In all figures, the cAMP-free control has been sub- 
tracted, so that the current-voltage relations shown represent 
only the current activated by 100 /d~M cytoplasmic cAMP. The 
control measured in the absence of cAMP depended slightly on 
[Ca2+]free, but this difference was small compared to the cAMP- 
activated current. Expressed as slope conductance between - 70 
and -30  mV, the controls subtracted averaged 6 -+ 1% (Fig. 1, 
n - 6); 7 -+ 1% (Fig. 2, n = 14); and 6 -+ 1% (Fig. 3, n - 8) of 
the total conductance measured in the presence of 100/xM cAMP 
and low divalent cations. Cyclic-AMP phosphodiesterase activity 
was detectable in the cilia (not shown). However, addition of the 
phosphodiesterase inhibitor 3-isobutyl-l-methylxanthine did not 
alter the current activated by the saturating levels of cAMP used 
here. 

Results 

To test the effects of cytoplasmic Mg 2+ and Ca 2 + on 
the ciliary cAMP-activated conductance,  recordings 
were made from single cilia excised from frog olfac- 
tory receptor  neurons [12]. One cilium of a cell was 
sucked inside a patch pipette. A high-resistance seal 
was made between the base of a cilium and the tip 
of the pipette, and the pipette containing the cilium 
was detached from the cell. The cilium remained 
inside the pipette with the cytoplasmic face of its 
membrane exposed to the bath [12]. EDTA was in- 
cluded in the pipette to prevent  external divalent 
cations from blocking the cAMP-gated channels [6, 
21, 361. 
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Fig. 1. Inhibition of the cyclic nucleotide-activated conductance 
in frog olfactory cilia by cytoplasmic Mg 2+. (A) The current- 
voltage relationship of the ciliary membrane was measured in 
each of five baths. Baths consisted of the standard pseudointraeel- 
lular solution plus 100 //,M cAMP and Mg 2+ from 0 to 5 mM 
as indicated. The recording pipette contained Ca 2+, Mg2+-free 
extracellular solution. Current measured in the absence of cAMP 
was subtracted as described in Materials and Methods, so that 
only the cAMP-activated current is shown. Each current-voltage 
plot is the average of determinations in six cilia. (B) Replot of Fig. 
1 A to show the voltage dependence of inhibition by cytoplasmic 
Mg 2+. For each current-voltage curve in Fig. 1 A, the current at 
each voltage was normalized to the value at the same voltage 
measured in the absence of cytoplasmic Mg 2+ . Since meaningful 
ratios were unobtainable near the reversal potential, a simple 
connection has been drawn between the two halves of each curve 
(dashed lines). 

EFFECTS OF CYTOPLASMIC MAGNESIUM 

Figure 1 shows the current-voltage properties of the 
ciliary cAMP-act ivated conductance as cytoplasmic 
(bath) Mg 2+ was varied. Bath solutions included 0.1 
/ZM free Ca 2÷ to stabilize the membrane-pipet te  seal. 

In the absence of cytoplasmic Mg 2+, the cAMP- 
activated conductance was nearly linear, with a 
slope averaging 13.1 -+ 1.6 nS (measured between 
- 9 0  and 90 mV, range 7.2 to 17.5 nS, n = 6) and a 
reversal potential of - 6.7 -+ 0.9 mV (range - 9.5 to 
- 2 . 5  mV, n = 6). Cytoplasmic Mg 2÷ caused only a 
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slight inhibition of  the cAMP-activated current at 
negative potentials, but  the outward current at posi- 
tive potentials was greatly decreased (Fig. 1A). Inhi- 
bition was complete within I sec after the cilium was 
transferred to the Mg2+-containing bath, and the 
inhibition was fully reversed within 1 sec on return to 
a Mga+-free bath. The complex shape of the current- 
voltage relation in the presence of  cytoplasmic Mg 2+ 
was unaltered by reducing the speed of the voltage 
ramp tenfold or by reversing the direction of  the 
ramp. In Fig. 1B, the data in Fig. 1A have been 
replotted to more clearly show the strong voltage 
dependence  of  inhibition by cytoplasmic Mg 2+. 
Each current-voltage relation in the presence of  cy- 
toplasmic Mg 2+ was divided by that in the absence 
of  Mg 2+ to show the fraction of cAMP-activated 
current remaining at each voltage. 
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EFFECTS OF CYTOPLASMIC CALCIUM 

To measure the effects of  cytoplasmic Ca 2+ on the 
cAMP-activated current,  it was first necessary to 
eliminate current  through a ciliary Ca2~-activated 
C1- conductance [13]. To do this, CI- on both sides 
of  the ciliary membrane was replaced by methane- 
sulfonate- .  Under  this condition, elevating cyto- 
plasmic Ca 2+ from 0.1/xM to 1 mM caused an average 
conductance increase of just  0.3 -+ 0.1 nS (measured 
between - 7 0  and - 3 0  mV, n = 14), compared to 
3.6 nS in C1--containing solutions [13]. 

With 0.1 p.M cytoplasmic Ca 2+ in the bath, the 
conductance activated by cAMP had a slope averag- 
ing 9.9 + 0.8 nS (measured between - 9 0  and 90 
mV, range 4.9 to 15.5 nS, n = 14) and a reversal 
potential of  - 4 . 8  + 1.0 mV (range - 10.2 to +2.9  
mV, n = 14). Ionic conditions for the maximal cur- 
rents in Figs. 1 and 2 were identical except  for re- 
placement of CI- in the experiments of Fig. 2. There 
was no significant difference between the maximal 
currents in the two cases ( P  > 0.05). Even at very 
high concentrat ions,  cytoplasmic Ca 2+ had little ef- 
fect  on the ciliary cAMP-activated current (Fig. 2). 
In about half of  the cilia tested, the small inhibition 
by cytoplasmic Ca 2+ was fully reversed upon return 
to a bath containing 0.1/xM free Ca 2+ . In others, the 
effect was only partly reversible. Inhibition by Ca 2+ 
at - 50 mV never  exceeded 35% in any single experi- 
ment. Inhibition of the cAMP-activated current by 
cytoplasmic Ca 2+ showed little voltage dependence 
(Fig. 2B). 

If  the EDTA in the pipette was replaced by 2 mM 
Mg 24 and 1 mM Ca 2+, the inward cAMP-activated 
current  was greatly reduced due to external block 
by divalent cations [6, 21,36]. The remaining current 
was inhibited somewhat  more effectively by cyto- 
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Fig. 2. Inhibition of the cyclic nucleotide-activated conductance 
in frog olfactory cilia by cytoplasmic Ca z+. (A)  The current- 
voltage relationship of the ciliary membrane was measured in 
each of six baths. Baths consisted of the Mg 2 +, C1--free pseudoin- 
tracellular solution plus 100 p~M cAMP and free Ca ~+ of 0.1, 0.3, 
1, 10, 100, or 1000 b~M. The effects of increasing free Ca 2+ were 
monotonic as indicated by the a r r o w s .  The recording pipette 
contained Ca 2+, Mg 2+, Cl--free extracellular solution. Current 
measured in the absence of cAMP was subtracted as described 
in Materials and Methods, so that only the cAMP-activated cur- 
rent is shown. Each current-voltage plot is the average of determi- 
nations in 14 cilia. (B)  Repfot of Fig. 2A to show the voltage 
dependence of inhibition by cytoplasmic Ca 2+ . For each current- 
voltage curve in Fig. 2A, the current at each voltage was normal- 
ized to the value at the same voltage measured in the lowest free 
Ca 2+ (0.1 txM). For clarity only three of the curves are shown. 

plasmic Ca 2+ than when EDTA was in the pipette 
(not shown). At - 5 0  mV, 1 /.~M Ca z+ in the bath 
inhibited the cAMP-activated current  by 19.8 -+ 
5.2% (n = 5), while I00 p~M Ca 2+ caused an inhibi- 
tion of  31.0 -+ 8.4% (n = 5). 

The small effect of  cytoplasmic Ca 2 + on the cili- 
ary cAMP-activated current  was surprising. In the 
tiger salamander (Ambystoma tigrinum), cAMP- 
gated channels from the dendrites of  olfactory recep- 
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Fig. 3. Inhibition of the cyclic nucleotide-activated conductance 
in salamander olfactory cilia by cytoplasmic Ca -~+. Procedures 
were identical to those described for Fig. 2. Each current-voltage 
plot is the average of determinations in eight cilia. For clarity 
only three of the curves are shown in part (B). 

tor neurons were strongly affected by cytoplasmic 
Ca 2~ . In particular, increasing free Ca 2+ from 0.1 to 
3 /xM reduced the single-channel open probability 
from 0.6 to 0.09 [35]. However, the macroscopic 
cAMP-activated current in frog cilia never showed 
such a strong dependence on cytoplasmic Ca 2 + (Fig. 
2). In an attempt to resolve these two sets of results, 
i measured the effects of cytoplasmic C a  2+ on  the 
cAMP-activated current in olfactory cilia from tiger 
salamanders (Fig. 3). Preliminary results (not 
shown) indicated that the salamander cilia, like those 
of the frog, have a CaZ+-activated C1- conductance, 
so again Cl- on both sides of the ciliary membrane 
was replaced by methanesulfonate-. Only at 1 mM 
Ca 2 + was a significant inhibition of the ciliary cAMP- 
activated current seen. With 0.1 /x~ cytoplasmic 
Ca 2 +, the cAMP-activated conductance had a slope 
averaging 12.2 -+ 1.5 nS (measured between -90  
and 90 mV, range 5.3 to 19.4 nS, n = 8) and a 

reversal potential of -9 .5  -+ 0.8 mV (range -14.2 
to -7 .0  mV, n = 8). The inhibition caused by 1 mM 
Ca 2+ was more pronounced at depolarized poten- 
tials (Fig. 3B). 

Table 2 provides a summary of the effects of 
cytoplasmic Mg 2+ and Ca 2+ on the ciliary cAMP- 
activated current. 

Discussion 

The effects of cytoplasmic Mg 2+ and Ca 2+ on the 
macroscopic cAMP-activated current in olfactory 
cilia were determined. Both divalent cations were 
found to reduce the current. Cytoplasmic Mg z+ was 
especially effective, eliminating most of the current 
at positive membrane potentials (Fig. I). Near rest- 
ing potential, however, both divalent cations were 
very weak inhibitors, even when elevated beyond 
their physiological concentration ranges (Table 2). 
The slight inhibition seen showed little voltage de- 
pendence over the physiological range of potentials, 
so the level of inhibition should not change as the 
cell depolarizes. 

Suzuki has reported similar effects of cyto- 
plasmic divalent cations on cAMP-gated channels 
from the somata of bullfrog olfactory receptor neu- 
rons. At + 60 mV, 1 mM M g  2+ completely blocked 
channel activity, while Ca 2+ had a weaker effect 
[29]. At negative potentials, a combination of t0/xM 
Ca 2+ and 1.25 mM Mg 2+ failed to block current [30]. 

The results reported here conflict with a single- 
channel study of cAMP-gated channels from sala- 
mander olfactory dendrites [35]. In that study, physi- 
ological levels of intracellular free Ca 2 + greatly re- 
duced the open probability of the single channels at 
-60  inV. The open probability was decreased by 
about 40% with 1 /XM Ca 2+ and by 85% with 3 /xM 
Ca 2+. In contrast, I found that inhibition of the 
cAMP-activated current in salamander olfactory 
cilia never exceeded 10% with 1 /XM cytoplasmic 
C a  2 ~ and never exceeded 32% even when t mM Ca z+ 
was added (Table 2). The reason for this discrepancy 
is not clear. A difference between the cytoplasmic 
solutions used (KC1 here and NaC1 in the single 
channel study [35]) should be of little consequence. 
In both studies, the inward current carrier at nega- 
tive potentials was undoubtedly Na + . It is conceiv- 
able that the free Ca 2 + concentrations reported here 
were actually reduced inside the cilium by a ciliary 
buffering or sequestering mechanism. There may 
also exist more than one type of cAMP-gated chan- 
nel in a given species, or perhaps the membrane 
environments of the cilia and dendrite are different 
enough to result in markedly different channel prop- 
erties. In any case, it has become apparent that sin- 
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Table 2. Inhibition of  ciliary cAMP-act ivated current  by cytoplasmic Mg z+ and Ca > at - 5 0  mV 

% inhibition Range a 
(mean -+ SEM) 

Frog 
0 mM Mg 2+ (0) - -  6 
0 . 3 m M M g  2+ 0 . 3 - + 0 . 4  - 1 . 0 t o  1.6 6 
1.0mMMg :+ 4 . 0 ±  1.4 - l . 9 t o  7.0 6 
2.0 mM Mg z+ 10.5 -+ 2.2 3.3 to 15.6 6 
5.0 mM Mg 2+ 18.0 -+ 3.0 9.0 to 24.4 6 

0.1 /~M Ca 2+ (0) - -  14 
0.3 /~M Ca 2+ 2.4 ± 1.1 - 4 . 8  to 7.6 14 
1.0/xM Ca 2+ 5.2 ± 1.6 - 6 . 3  to 14.7 14 

10 tXM Ca -,+ 8.8 ± 1.9 - 1.4 to 20.7 14 
100 p.M Ca 2+ 10.9 -+ 2.3 0.2 to 25.3 14 

1.0 mM Ca 2+ 20.5 -+ 2.8 2.0 to 35.1 14 

Salamander  
0.1 ~M Ca ,-+ (0) - -  8 
0.3/~M Ca 2+ 0.3 -+ 1.3 - 3 . 9  to 7.3 8 
1.0 p-M Ca 2+ 2.6 ± 1.5 - 3 . 9  to 9.5 8 

10 /xMCa 2+ 2.5 ± 1.4 - 4 . 1  to 8.7 8 
100 pA~ Ca 2+ 3.6 -+ 2,7 - 6 . 8  to 15.6 8 

1.0 mM Ca z+ 22.8 -+ 2.2 12,4 to 31.7 8 

Values  shown are the % reduction in cAMP-act ivated current  measured  at - 5 0  mV compared  to 
controls  (0 mM Mg 2+ or 0.1 ~M Ca2+). Current  at - 5 0  mV was determined by averaging all points on 
the current-vol tage relation between - 5 5  and - 4 5  mV. Where  the  range includes a negat ive value, 
the divalent cation increased the current  at - 5 0  mV in that experiment .  The lowest  concentrat ions  
o f  divalent  cat ions that produced significant inhibition (P  < 0.05) were t.0 mM Mg 2+ and 1,0/xM Ca 2+ 
in frog cilia and 1 mM Ca 2+ in sa lamander  cilia. Absolute  values  for the control currents  were 505 -+ 
62 pA (frog, 0 mM M g > ) ;  406 + 33 pA (frog, 0.1 txg Ca2+); and 559 -+ 67 pA (salamander,  0.1 /~M 
Ca+'+). 

gle channels of the dendrite are not always accu- 
rate predictors of the macroscopic current in the 
cilia. 

A cGMP-activated current functions in verte- 
brate phototransduction. The effects of divalent cat- 
ions on that current are similar to the effects reported 
here. Cytoplasmic Ca 2÷ has little effect on the 
cGMP-activated current under physiological condi- 
tions [5, 7, 27, 33, 34]. In membrane patches from 
rod outer segments of the toad, 1.6 mM cytoplasmic 
Ca 2+ caused only a small inhibition of the macro- 
scopic current at positive potentials (see Fig. 5 of 
ref. 33). However, 1.6 mM Mg 2+ greatly reduced the 
cGMP-activated current at positive potentials [33]. 
In those experiments cGMP-activated current at 
negative potentials was largely blocked by external 
divalent cations. In patches from rods of the tiger 
salamander, Colamartino et al. [5] also reported inhi- 
bition by cytoplasmic divalent cations. The voltage 
dependence of inhibition was similar to that reported 
here for the ciliary current (Figs. 1B, 2B, 3B). In 
that study, the effect of cytoplasmic Ca 2+ in the rod 
was somewhat stronger than that measured here in 

the olfactory cilia. In the rod membrane, 1 mM Ca 2 + 
inhibited the cGMP-activated current by about 50% 
at - 50 mV. In olfactory cilia from the same species, 
1 mM Ca 2 ÷ reduced the cAMP-activated current by 
just 23% at -50  mV (Table 2; Fig. 3). 

There is good evidence that Ca 2÷ enters the neu- 
ron during the odorant response [23, 24] and that this 
influx indirectly leads to termination of the response 
[17, 35]. One possible mechanism for this would be 
a direct inhibition of the cAMP-gated channels by 
Ca 2+ accumulating within the cell [35]. The results 
presented here make this explanation unlikely; cyto- 
plasmic Ca 2÷ has little ability to block the ciliary 
channels under physiological conditions. Other 
mechanisms have been suggested for Ca 2 +-mediated 
termination of the odorant response. Calcium, to- 
gether with catmodulin, activates a phosphodiester- 
ase in rat olfactory cilia [3]. Thus, a Ca 2+ influx 
could increase hydrolysis of cAMP and indirectly 
lead to closing of the cAMP-gated channels [8]. In 
the frog, Ca 2+ activates a ciliary Ct- conductance 
which also could modify the odorant response [13]. 
These mechanisms remain plausible. 
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