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SUMMARY

1. Responses induced by intracellular cyclic nucleotides were analysed in isolated
olfactory receptor cells of the newt under a voltage-clamp condition by using the
patch pipette in a whole-cell recording configuration. Cyclic nucleotides were applied
by diffusion from the patch pipette.

2. Introduction of either cyclic AMP or cyclic GMP caused a transient inward
current in cells held at -50 mV. The response amplitude was dose-dependent with
the Hill coefficient of 3 and half-saturating concentration of 300 /LM (concentration
in the pipette) for both cyclic AMP and cyclic GMP. Cyclic CMP was less effective
than those two nucleotides.

3. The response to intracellular cyclic AMP was seen in all cilia-bearing cells, but
not in cells which lost the cilia during dissociation. The response latency was shorter
when cyclic AMP was introduced into the ciliated terminal swelling (ca 02 s) rather
than into the cell body (ca 1-4 s). These results suggest that the sensitivity to
intracellular cyclic AMP is confined to the cilia.

4. The cyclic AMP-induced current was transient (half decay time, ca 2-3 s)
despite the fact that cyclic AMP was continuously loaded from the patch pipette.
The response time course was controlled by Ca2+; the reduction of external Ca2+
concentration (replaced with Mg2+) or loading the cell with 50 mM-EGTA prolonged
the cyclic AMP-induced responses. The Ca2+-induced suppression was reversible.

5. The reversal potential of the cyclic AMP-induced transient current was
- 4-8 + 3.8 mV, and that of the current re-induced by Ca2+ removal was 1P5 + 2-1 mV,
suggesting that both currents flowed through the same ionic channel. The channel
permeates all alkali metal ions with the permeability ratios of PLi :PNa :PK:PRb PC =
0-93:1: 093: 0-91: 0-72, but not Cl- or choline ions.

6. These results demonstrate that the cyclic AMP-induced response and the
odorant-induced response of the isolated olfactory cell have nearly identical
characteristics. The present study supports the notion that cyclic AMP is the internal
messenger mediating olfactory transduction.

INTRODUCTION

Olfactory transduction starts at the ciliary membrane of receptor neurons located
in the olfactory epithelium. Binding of odorants triggers slow and graded
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depolarization of olfactory cells (Getchell, 1977; Suzuki, 1977; Trotier & MacLeod,
1983) by activating their cation-selective conductance (Kurahashi, 1989).

Several lines of evidence indicate that the olfactory transduction is mediated by
a second messenger and that the most likely candidate for the internal messenger is
cyclic AMP. Pace, Hanski, Salomon & Lancet (1985) have found that the ciliary
membrane has an adenylate cyclase which is activated by several odorants. It has
been briefly reported that the introduction of cyclic nucleotides into isolated
olfactory cells causes a membrane response (Suzuki, 1986; Trotier & MacLeod, 1986).
Nakamura & Gold (1987) have shown that the cyclic nucleotide increases a
conductance of membrane patches excised from olfactory cilia when cyclic
nucleotides are applied to the cytoplasmic side. Although the adenylate cyclase
system in olfactory cilia is biochemically well characterized (mediation by G-protein,
Pace et al. 1985; Pace & Lancet, 1986; activation by various kinds of odorants, Sklar,
Anholt & Snyder, 1986; positive correlation between the amplitude of the electro-
olfactogram (EOG) response and the activation of adenylate cyclase, Lowe,
Nakamura & Gold, 1989), understanding of the cyclic nucleotide-gated channel is
still limited. In the present study, the cyclic AMP-activated responses were further
analysed in the isolated cell preparation dissociated from the newt olfactory
epithelium and the response properties were compared with those of the odorant-
induced responses (Kurahashi, 1989; Kurahashi & Shibuya, 1989, 1990). It was
found that the cyclic AMP-induced response and the odorant-induced response have
very similar characteristics (localization of the sensitivity at the cilia, ionic
selectivity and Ca2"-dependent adaptation). These observations strongly support the
hypothesis that the cyclic AMP is the internal messenger mediating olfactory
transduction.

Recently, Kurahashi & Shibuya (1990) have demonstrated that odorant-induced
responses in isolated receptors show a strong adaptation to a prolonged stimulation,
and that the adaptation is not observed in cells bathed in low-Ca2"medium. They
have suggested that the adaptation is caused by the Ca2" influx that is a part of the
odorant-induced current. Presumably, the olfactory transduction operates by a
cascade of multiple steps (binding of odorant to the receptor molecule, activation of
G-protein followed by adenylate cyclase activation, elevation of cyclic AMP
concentration, opening of the cyclic AMP-gated channel), and it is possible that Ca2+
interacts with any step or steps of the cascade. However, the underlying mechanism
of Ca2+ interaction is still open. The present study demonstrates that the cyclic AMP-
induced response is transient, despite the fact that the cyclic AMP is continuously
introduced to the cytoplasm. However, the response becomes sustained in low-Ca2+
medium. This observation presents a possibility that the mechanism of olfactory
adaptation is accounted for by a Ca2+-mediated modulation of cyclic AMP-gated
channels or of cyclic AMP metabolism. Parts of this study have been presented at the
Neuroscience Meeting of Japan in an abstract form (Kurahashi & Kaneko, 1990).

METHODS

Materials
Solitary receptor cells were dissociated enzymatically from the olfactory epithelium of the newt,

Cynops pyrrhogaster. Dissociation protocols were similar to those previously reported (Kurahashi,
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1989). In short, the animal was anaesthetized by cooling on ice, decapitated and pithed. The
mucosae excised from the olfactory cavity were incubated for 5 min at 30°C in a solution
containing 0-1 % collagenase (Sigma, Type I, No. C-0130) and no added Ca2+ or Mg2+. The tissue
was then rinsed twice with a standard solution and triturated. Isolated cells were plated on the
concanavalin A-coated glass cover-slip. Cells were maintained at 4 °C (up to 10 h) before use.
Solitary receptor cells were identified by their characteristic morphology (cf. Fig. 1 of Kurahashi,
1989). Since the cilia are thought to be the transduction site (Kurahashi, 1989, and see below), cells
having more than five cilia (up to about fifteen) were selected unless otherwise indicated.

Recording
Cells were superfused continuously by a rapid microsuperfusion system designed by Suzuki,

Tachibana & Kaneko (1990). Solutions were supplied from a polyethylene nozzle (tip diameter
500 ,um) positioned about 1 mm away from the recording cell. In this superfusion system a solution
around the cell under study can be replaced within 100 ms (see Suzuki et al. 1990). Solutions used
were identical to those of the previous study (Kurahashi, 1989). Ca2+ concentration of the solution
to which neither Ca2+ salt nor EGTA was added was estimated to be about 10 sUm from the
experiment on the Ca2+-dependence of the cyclic AMP-activated conductance (cf. Fig. 7). Solutions
containing . 10 /tM-Ca2+ were prepared by using Ca2+-EGTA buffer.

Cells were voltage clamped by a patch pipette in the whole-cell recording configuration (Hamill,
Marty, Neher, Sakmann & Sigworth, 1981). The tip diameter of the pipette was about 1 ,um and
resistance was 10 Mfl. The patch membrane was fully ruptured at the instant of the brief
application of negative pressure to the pipette. The rupture was signalled by a transient artifact
on the current trace. In most experiments the recording pipette was filled with a K+ solution (in
mM: 122, K+; 120, Cl-; 0, EGTA). Cs+ pipette solution (in mM: 132, Cs+; 120, Cl-; 5, EGTA) was
also used to eliminate the voltage- and Ca2+-activated K+ currents. Cyclic AMP or one of the related
substances was dissolved in the pipette solution and was allowed to diffuse into cells from the tip
opening of the recording pipette through the ruptured hole of the plasma membrane. Membrane
currents were recorded with a patch-clamp amplifier (Nihon Kohden, CEZ-2200), stored on an FM
magnetic tape (SONY, NFR-3715) and sampled at 0-2-1 kHz by a 12-bit analog-to-digital
converter connected to a micro-computer (NEC, PC9801VX). The data presented in this paper
were corrected for the junction potentials at the pipette tip and at the indifferent electrode in a
similar manner as described before (Kurahashi, 1989). All experiments were carried out at room
temperature (23-25 °C).

RESULTS

Transient inward current induced by cyclic AMP and cyclic OMP
Introduction of cyclic AMP induced an inward current in cells voltage-clamped at

their resting potentials (ca. -50 mV). Figure IA illustrates an example. First, the
gigaseal was formed with a patch pipette containing 0 5 mM-cyclic AMP. At time
zero, the patch membrane was ruptured. The instant of the rupture was signalled by
a transient artifact in the current trace (arrowhead). An inward current started
approximately 041 s after the rupture of the patch membrane, and reached a peak in
about 0-6 s. A nearly identical response was induced when the pipette contained
0 5 mM-cyclic GMP (Fig. 1B). Since no response was induced by establishing the
whole-cell configuration when the pipette did not contain either cyclic nucleotide
(Fig. 1 C), it is inferred that the inward current was induced by the intracellularly
introduced cyclic nucleotide.

Cyclic AMP-induced response was transient. Despite the continuous diffusion of
cyclic AMP from the patch pipette, the current amplitude gradually diminished to
a small sustained level which was approximately 4% of the peak amplitude. The
time to half-decay from the response peak was 2-3 + 1-4 s (mean ± S.D.; n = 6) when
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Fig. 1. Transient inward currents induced in isolated olfactory receptor cells by an
introduction of cyclic nucleotide from the patch pipette. First, a gigaseal was formed on
the terminal swelling (apical dendritic portion). The plasma membrane at the pipette tip
was ruptured by a brief application of negative pressure at the time zero indicated by a
downward arrow-head. The cyclic nucleotide was allowed to diffuse from the pipette into
the cell through the ruptured hole. Holding potential, -50 mV. Cells were bathed in the
standard solution. A, the pipette contained 0 5 mM-cyclic AMP. B, the pipette contained
0-5 mM-cyclic GMP. C, the pipette contained no cyclic nucleotide. All three records were
obtained from different cells. Difference in time course or in amplitude between A and B
is within the variation among cells recorded under the identical conditions.

0 5 mM-cyclic AMP was introduced from the pipette. Response with a slower decay
was seen when the 1 mM-cyclic AMP was introduced (compare Fig. 1 and Fig. 7).
Among various nucleotides cyclic AMP, cyclic GMP and cyclic CMP were all

effective, but neither 5'-AMP, ATP nor GTP were effective (tested at 1 mM). Mean
response amplitudes evoked by various cyclic nucleotides at 0-5 mm (saturating
concentration for cyclic AMP and cyclic GMP) were 311 + 128 pA (n = 11) to cyclic
AMP, 322 + 130 pA (n = 5) to cyclic GMP and 88+10 pA (n = 4) to cyclic CMP.
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CYCLIC AMP IN OLFACTORY CELLS 359

Since cyclic AMP and cyclic GMP produced similar responses, detailed studies were
carried out mainly by using cyclic AMP.

Generation site of the cyclic AMP-induced response
Two lines of evidence suggest that the site of response generation to the internally

applied cyclic AMP or cyclic GMP is the ciliary membrane. First, the sensitivity to
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Fig. 2. Relation between the response time course and the site of cyclic AMP introduction.
A, 0 5 mM-cyclic AMP was introduced to the terminal swelling. B, 0 5 mM-cyclic AMP was
introduced to the proximal part of dendrite about 20 ,um long. The pipettes were filled
with K+ solution. Cells were bathed in standard solution. Arrow-heads indicate the timing
of the rupture of patch membrane. Holding potential, -50 mV.

the cyclic nucleotides was found only in cells equipped with cilia. Of 114 cells tested,
those having cilia (109 cells) all responded to either cyclic AMP or cyclic GMP at
0.5-1 mm concentration, but the remaining five cells which lost cilia during
dissociation did not show any response.

Second, the response amplitude and the time course differed markedly depending
on the site of cyclic-AMP introduction (Fig. 2). When cyclic AMP was introduced to
the terminal swelling (close to the cilia, Fig. 2A), it evoked a response of large
amplitude, short latency (0-2+ 0 04 s, n = 6) and rapid rising time (the time from the
onset to the peak, 0 9+ 0-2 s). However, when introduced into a proximal part of the
dendrite (Fig. 2B), cyclic AMP evoked a response of small amplitude (approximately
1/6 on average, n = 4), long latency (1I4+0A4 s) and slow rising time (2-8 ±05 s).
The long latency of the response by cyclic AMP introduction away from the

ciliated terminal can be accounted for by the time needed for diffusion of the
nucleotide. The diffusion coefficient of cyclic AMP was estimated from its molecular
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size (ca 10 A in diameter, cf. Watenpaugh, Dow & Jensen, 1968) as being
4-4 x 10-6 cm' s- . The time needed for one-dimensional diffusion of cyclic AMP for
25 ,um was then estimated to be 0 7 s. The value agrees with the observed response
latency when cyclic AMP was introduced into the proximal part of the dendrite
(Fig. 2B).
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Fig. 3. Dose-dependence of the response induced by cyclic AMP (A) and cyclic GMP (B).
Abscissae represent the concentration of the cyclic nucleotide in the pipette solution (in
log scale). Cyclic nucleotides were introduced to the terminal swelling. Continuous lines
represent the Hill equation, I = Ima. x CI/(C" +Kmn) with n = 3 and Km = 302 /SM (A) or
295 uM (B). Mean (filled symbols) and S.E.M. (vertical line) values are plotted with their
sampling numbers (in parentheses). Cells were bathed in the standard solution. Holding
potential, -50 mV. C, Hill plot of data, for cyclic AMP (from A, *) and for cyclic GMP
(from B, A). The straight line was fitted by eye.

Dependence of response amplitude on the cyclic AMP concentration
The amplitude of the cyclic AMP-induced response was dose-dependent. Although

the present method of nucleotide application allowed only a single dose to each cell,
cumulative results from a group of cells indicate the dose-dependence of the response
amplitude (Fig. 3A, B). The least effective dose of cyclic AMP was estimated to be
in the order of 100 PM, since a small response (< 100 pA) was seen in two out of six
cells tested. Hill plot of the mean response amplitude (I/Imax-I plotted against the
concentration on double logarithmic coordinates) could be well fitted by a straight
line with a slope of 3 (Fig. 3 C). Consequently, the cooperativity of cyclic AMP was
estimated to be 3. Data points in the dose-response curve were fitted by a Hill
equation, I = Imax C31C3 +K3, where C is the concentration. The curve gave the best
fit with aKm value of approximately 300 /sm (Fig. 3A). Similar cooperativity and Km
values were obtained for cyclic GMP (Fig. 3B).

Reversal potential
The reversal potential of cyclic AMP-induced current was measured by applying

ramps under the voltage clamp. While ramp command voltages were given
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Fig. 4. Current-voltage relation of the cyclic AMP-induced response. A, measurement of
the I-V relation during a cyclic AMP-induced transient response. Repetitive ramp
command voltages (V) varying from -50 to +46 mV at a rate of 195 mV s-' were applied
throughout recording, and the resulting current (I) was measured. Cyclic AMP (0 5 mM)
was introduced at the time indicated by the upward arrow to the terminal swelling. The
cell was bathed in a solution containing (in mM): 85, NaCl; 3, CaCl2; 35, TEA-Cl; 3, CoCl2;
2, NaOH to block the voltage-gated currents. B, I-V relation of the cyclic AMP-activated
response. Cyclic AMP insensitive component was removed by subtracting the I-V curve

measured after the response decay (Fig. 4A, arrow 'b') from that at the response peak
(arrow 'a').

repetitively, cyclic AMP was introduced into an isolated olfactory receptor cell (Fig.
4A). The voltage-gated channels of the cell had been blocked to reduce those currents
which were not affected by cyclic AMP. When the patch membrane was ruptured,
the excursion of the current trace was increased suggesting an increase in membrane
conductance. After reaching the peak in about 1 s, the current excursion gradually
decreased. The I-V relation of the cyclic AMP-activated response was almost linear

20 40
mV
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within the voltage range between -50 and + 50 mV. A weak outward rectification
was seen.
The reversal potential of the cyclic AMP-induced current was - 48 + 3-1 mV (n =

4; [Nat]o = 86-9 mM, K+ pipette). The observed value of the reversal potential can
be accounted for by either the cationic channel with low selectivity or the Cl-
channel, but the latter possibility should be discarded, since the cyclic AMP-
activated channel does not permeate Cl- (see later). The reversal potential of the
cyclic AMP-induced current is close to the reversal potential of the cyclic nucleotide-
gated channels in the patch membrane excised from the cilia of the frog (Nakamura
& Gold, 1987).

The effect of Ca2+on the response time course
As mentioned earlier, the cyclic AMP-induced response was transient. A similar

time course was also found in odorant-induced responses, and this phenomenon was
considered to be equivalent to the olfactory adaptation. The adaptation of odour
response became less prominent in the medium containing low Ca2" or by intracellular
loading ofEGTA (Kurahashi & Shibuya, 1990). To compare the characteristics of the
cyclic AMP-induced response and of the odorant-induced response, the effect of the
extracellular Ca2+ and intracellular EGTA on the cyclic AMP-induced response was
studied.

Low extracellular Ca2+
Introduction of cyclic AMP into cells bathed in the medium with zero added Ca2+

induced a sustained response (in nine cells tested), as exemplified in Fig. 5. Presence
of Mg2+ was irrelevant. In the solution containing 3 mM-Mg2+ (with 0 added Ca2+),
the introduction of cyclic AMP induced a maintained current similar to that
illustrated in Fig. 5. Re-application of standard medium containing 3 mM-Ca2+
gradually suppressed the maintained current, indicating that the maintained inward
current was not due to the damage in the low Ca2+ solution.

Intracellular loading of EGTA
Intracellular loading of EGTA slowed down the decay time course of the cyclic

AMP-induced response. Figure 6 shows the response when 0 5 mM-cyclic AMP and
50 mM-EGTA were simultaneously introduced into a cell bathed in the Ca2+-
containing solution. Introduction of EGTA alone did not cause any detectable
response. In comparison with the response evoked by the cyclic AMP alone (see Fig.
1), the response in Fig. 6 was maintained for a longer period of time. In cells to which
no EGTA was introduced, the current amplitude at 10 s after the rupture of the
patch membrane (0-5 mM-cyclic AMP) was 4+4% of the peak value (six cells;
holding potential = -50 mV). In EGTA-loaded cells, the amplitude of the induced
current (0 5 mM-cyclic AMP) at 10 s was 70+ 26% of the peak (n = 5).

Maintained current induced by removal of external Caa2+ in cyclic AMP-loaded cells
As has been described above, the cyclic AMP-induced response was transient.

However, reduction of [Ca2+]0 re-induced an inward current after the response was
once suppressed (Fig. 7A). The re-induced current was maintained as long as the cell
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Fig. 5. Response elicited by intracellular introduction of cyclic AMP to a cell bathed in
0 Ca2+, 0 Mg2+ solution. Cyclic AMP (1 mM) was introduced to the terminal swelling at the
timing indicated by the arrow-head. Holding potential, -40 mV.
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Fig. 6. Effect of intracellular loading ofEGTA on the cyclic AMP-induced response. Cyclic
AMP (0 5 mM) and EGTA (50 mM) were filled together in the patch pipette (124 mM-K+)
and introduced into a cell at the timing indicated by the arrow-head. The cell was bathed
in the standard solution. Holding potential, -50 mV.

was bathed in the low Ca21 medium. Furthermore, the current was reversibly
suppressed by superfusing with the Ca2+-containing solution. Since cells to which no
cyclic AMP was loaded did not show a detectable current in response to the removal
of [Ca2+]0 (examined at the holding potential of -90 mV, not illustrated), the
current developed by the reduction of [Ca2+]o seems to be the response induced by
the pre-loaded cyclic AMP. Similar enhancement of the cyclic AMP-induced current
by low [Ca2+]0 was also observed in the inside-out patch preparation excised from the
ciliary membrane of the frog (Nakamura & Gold, 1987).
The amplitude of the Ca2+-sensitive current was dependent on [Ca2+]0 (Fig. 7B).

In cyclic AMP-loaded cells, the current was developed when [Ca2+]0 was reduced to
less than 100 FM. The amplitude of Ca2+-sensitive current became larger than the
initial transient current recorded in 3 mm [Ca2+]0 (Fig. 1) when [Ca2+]0 was reduced
to 1 FM (625+ 131 pA, n = 5, holding potential, -50 mV). Similar [Ca2+]0
dependence was observed in all cells tested (n = 5).
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Fig. 7. A, inward current elicited by reduction of [Ca2+]0 in a cell pre-loaded with cyclic
AMP. First, cyclic AMP (1 mm in the pipette) was introduced to the cell bathed in the
standard solution at the time indicated by the arrow-head. The initial response was
transient. After the inactivation of the transient current (40 s), [Ca2+]0 was lowered to
1 /M. Holding potential, -90 mV. B, the relation between the sustained current
amplitude and [Ca2+]0 in a cyclic AMP-loaded cell. Holding potential, -50 mV. Pipette
was filled with 0 5 mM-cyclic AMP in the K+ solution. At about 60 s after the rupture of
the patch membrane, each of the solutions containing various Ca2+ concentrations was
applied for 15 s with approximately 50S interval in an increasing sequence, and finally
recovery was tested by an application of 0001 mM-Ca2+ solution. In this cell, 72%
recovery was seen. Different cell from A.

The I-V curve of the current that is re-induced by lowering [Ca2+]0 was measured
by applying the ramp command voltage (Fig. 8). Again, the two I-V curves were
recorded in the presence and absence of Ca2+, and the former was subtracted from the
latter to obtain the I-V curve of the current re-induced by lowering [Ca2+]0. The
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reversal potential was +15+ 21 mV (superfusate, 122 mM-Na+ solution; pipette,
120 mM-Cs+ solution; n = 6). This reversal potential was close to that of the initial
transient current induced by the introduction of cyclic AMP in the presence of Ca2+
(-4-8 mV).
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Fig. 8. Dependence of the cyclic AMP-activated conductance on [Na+]O. A, I-V relation
of the sustained response induced by Ca2+ removal (no EGTA was used, cf. Fig. 7) in cyclic
AMP (05 mm in the pipette) loaded cells under the three different [Na+]O. Choline ions
were substituted for Nat. The I-V curves were obtained by applying a voltage ramp
(ramp rate = 195 mV s-1) and were corrected for the cyclic AMP-insensitive components.
C02+ (3 mM) in the bathing solution and Cs+ in the pipette were used to block the voltage-
gated currents. B, relation between the reversal potential of the cyclic AMP-induced
current and [Na+]O. Filled circle and vertical bars represent the average and S.D. of
studied cells (number in parentheses). The straight line has a slope of 58 mV per ten fold
change of [Na+]O.

Permeability of the cyclic AMP-activated channel to alkali metal ions
In the previous study (Kurahashi, 1989), the ionic selectivity of the odorant-

sensitive channel was measured under 0 Ca2` condition. The ionic selectivity of the
cyclic AMP-activated channel was estimated under similar conditions. Since the
response induced by cyclic AMP introduction was transient, the measurements were
made on the conductance developed by Ca2' removal in cyclic AMP-loaded cells.
The reversal potential of the cyclic AMP-induced current depended strongly on

[Na+]O. Figure 8A shows the I-V relation of the current under three different [Na+]O.
The reversal potential was 0 mV in the cell bathed with a solution containing
122 mM-Na+, -17 mV in 62 mm [Na+]o and -34 mV in 32 mm [Na+],. Figure 8B
illustrates the relation between [Na+]o and the reversal potential. The data points
fell very close to the theoretical line that has a slope of 58 mV per 10-fold change of
[Na+]O. Good agreement between the data points and the theoretical line indicates
that the cyclic AMP-activated channel is highly permeable to Na+, but not to



choline. The observation also indicates that the channel is impermeable to Cl-, since
its concentration was kept constant throughout the experiments.
To estimate the ionic selectivity of the cyclic AMP-activated channel, the I-V

relations of the cyclic AMP-induced current were measured under the approximate
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Fig. 9. I-V relations of the cyclic AMP-induced current recorded under four different ionic
conditions (120 mM-Li+, 120 mM-K+, 120 mM-Rb+ and 120 mM-Cs+). I-V curves were

obtained by subtracting the current at the Ca2+-containing solution from the current at
the low Ca2+ solution (the same method as Fig. 8). Pipette was filled with 0-5 mM-cyclic
AMP dissolved in the Cs+ solution.

bi-ionic conditions. The extracellular medium contained one of the alkali metal ions,
Li+, K+, Rb+, or Cs+ (each at 120 mm, Fig. 9). The recording pipette contained
132 mm Cs+ throughout the experiments. The reversal potential obtained under each
of these conditions was -02 + 2-2 mV for Li' (n = 4), 1-5+ 241 mV for Na+ (n = 5),
-0-2+ 15 mV for K+ (n = 6), -0 7+ 1-8 mV for Rb+ (n = 4) and-6-6+2@2 mV for
Cs+ (n = 3). Since the cyclic AMP-activated channel was not permeable to Cl-, the
relative permeability was derived from the Goldman-Hodgkin-Katz equation as

follows;
PLi:PNa:PK:PRb:PCS = 0°93:1:0 93:0-91:0-72.

Rb+

-20
I/
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These values are very close to the permeability ratios of odorant-sensitive channel
to alkali metal ions (Kurahashi, 1989).

DISCUSSION

The present study has demonstrated that the intracellular introduction of cyclic
nucleotide induces an inward current in isolated olfactory receptor cells. The inward
current was carried by ionic current through the elevated cationic conductance with
low selectivity.
The site of cationic conductance activated by cyclic AMP is located probably on

the ciliary membrane, firstly because the introduction of cyclic AMP close to the
ciliated dendritic terminal induced responses of larger amplitude and of shorter
latency than the response induced by cyclic AMP injection into the cell body, and
secondly because the cells that do not have cilia were insensitive to the internal cyclic
AMP. The present finding agrees with the previous report of Nakamura & Gold
(1987) that membrane patches excised from the ciliary membrane show a high
sensitivity to cyclic AMP. The density of cyclic AMP-gated channels in the ciliary
membrane was estimated to be about 10000,m-2 (from the single channel
conductance of about 30 pS observed under 0 Ca2+/0 Mg2+ condition, Nakamura &
Gold, 1988). In contrast, the channel density in dendrite or cell body was estimated
to be only 2-3 ,um2 (T. Kurahashi, unpublished observation; N. Suzuki, personal
communication). The odorant-binding site of the fish (Rhein & Cagan, 1980) or
odorant-activated adenylate cyclase (Pace et al. 1985; Pfeuffer, Mollner, Lancet &
Pfeuffer, 1989) are also localized at the ciliary membrane. The localization of all
elements of the transduction system is consistent with the hypothesis that the ciliary
membrane is the site at which odorant-induced responses are generated (Adamek,
Gesteland, Mair & Oakley, 1984; Kurahashi, 1989).
The newt olfactory cell responded to both cyclic AMP and cyclic GMP with almost

identical sensitivity. Cyclic CMP was much less potent. Similar effectiveness of cyclic
nucleotides has been reported for the membrane patches excised from olfactory cilia
(Nakamura & Gold, 1987) and for the whole-cell preparation of the frog (Suzuki,
1989). Olfactory cells have the adenylate cyclase system, but no guanylate cyclase
(Pace et at. 1985; Pace & Lancet, 1986; Shirley, Robinson, Dickinson, Aujla & Dodd,
1986; Sklar et al. 1986). Cyclic GMP has been shown to gate the ionic channel in the
rod and cone outer segment membrane (Fesenko, Kolesnikov & Lyubarsky, 1985;
Haynes & Yau, 1985), but the photoreceptor cells are insensitive to cyclic AMP. It
is puzzling why cyclic nucleotide-gated channels of olfactory cells respond similarly
both to cyclic AMP and to cyclic GMP. Since these cyclic nucleotides have similar
molecular conformation, it might not be so unreasonable to think that the channels
of olfactory cells can not segregate the two cyclic nucleotides. Perhaps, the channels
of photoreceptors require more strict conformational matching. A definite answer to
this puzzle is expected to be given by determining the three dimensional
conformation of the channel proteins of olfactory and photoreceptors.
The cooperativity of cyclic AMP for gating the channel was about 3. The observed

value agrees well with those found in the excised patches of either the frog olfactory
cilia (Nakamura & Gold, 1987) or the rod outer segment (Fesenko et al. 1985, Haynes,
Kay & Yau, 1986; Zimmerman & Baylor, 1986; Matthews & Watanabe, 1988;
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Nakatani & Yau, 1988 a). However, theKm value obtained in the present experiment
is approximately two orders of magnitude higher than that reported for the excised
patch membrane of the olfactory cilia (Nakamura & Gold, 1987). In the whole-cell
preparation, it is likely that the endogenous phosphodiesterase remains active in the
cytoplasm, and decomposes the introduced cyclic nucleotides. Also the cyclic
nucleotide has to diffuse through a narrow ciliary cytoplasm (02 ,tm in diameter).
Consequently, the concentration of the cyclic nucleotide in the vicinity of the ciliary
membrane could be equilibrated at a much lower level than the concentration in the
pipette. Experiments are being made to examine whether the phosphodiesterase
inhibitor could lower the Km value.
The cyclic nucleotide-induced response in the olfactory cell decayed rapidly under

the control condition, despite the fact that the cyclic-nucleotide was continuously
supplied from the pipette. The response decay does not seem to be induced by the
agonist desensitization, since the response became more sustained when either the
extracellular concentration of Ca2+ was lowered or the intracellular concentration of
Ca2+ was maintained at a lower level by intracellular loading of Ca2+ chelating agent.
No desensitization to the cyclic nucleotide has been seen in the excised patch of
olfactory cells (T. Nakamura, personal communication) and of rod photoreceptor
cells (Fesenko et al. 1985; Matthews, 1986; Karpen, Zimmerman, Stryer & Baylor,
1988).

It seems probable that cytoplasmic Ca2+ is important, since EGTA loading
prolonged the response time course. The main source of cytoplasmic Ca2+ is probably
the Ca2+ that flowed as a constituent of the inward current. Two possibilities can be
considered as the underlying mechanism of Ca2+ action. First, as has been shown for
the excised patch membrane, the cyclic nucleotide-gated channels could be blocked
directly by cytoplasmic Ca2+ (Nakamura & Gold, 1987). Second, Ca2+ could facilitate
cyclic AMP hydrolysis by activating phosphodiesterase, as has been reported for rods
(Robinson, Kawamura, Abramson & Bownds, 1980). Ifthe increased Ca2+ accelerated
hydrolysis of the cyclic AMP that diffused to the cilia through the narrow ciliary
cytoplasmic space, the response decays despite the continuous supply of cyclic AMP
from the pipette. Ca2+-induced suppression of cyclic AMP synthesis (Shirley et al.
1986; Sklar et al. 1986) need not be considered under the present experimental
condition.
The cyclic AMP-induced response has very similar characteristics to the odorant-

induced response of isolated newt olfactory cells (Kurahashi, 1989; Kurahashi &
Shibuya, 1990). Cilia are the most sensitive site both to intracellularly applied cyclic
AMP and to the extracellularly applied odorants. To either stimulation of a long
duration, responses show a rapid decay to a very small level, and the decay is
strongly dependent on the influx of Ca2+. Reversal potentials of the two kinds of
responses are close (approximately 0 mV, cf. Trotier, 1986; Firestein & Werblin,
1989), and the ionic selectivity is similar. All these similarities between the cyclic
AMP-induced responses and the odorant-induced responses strongly support the
notion that the olfactory transduction is mediated by the adenylate cyclase-cyclic
AMP system (Pace et al. 1985; Nakamura & Gold, 1987).

It has been suggested that the elevation of the cytoplasmic Ca2+ induces odour
adaptation (Kurahashi & Shibuya, 1990). Since the cyclic AMP-induced response is
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also suppressed by the cytoplasmic Ca2", it seems highly likely that odour adaptation
is mediated by the interaction between Ca2+ and cyclic AMP. Although the precise
molecular mechanisms of this interaction remains still open, it may be worth noting
that light adaptation in rods is also regulated by modification of cyclic GMP
metabolism by Ca2+ (Matthews, Murphy, Fain & Lamb, 1988; Nakatani & Yau,
1988b).
Perhaps the Ca2+-induced odour adaptation can account for the strong outward

rectification of the I-V curve of the odorant-induced current in the voltage region
more negative than the resting potential (Fig. 4 of Kurahashi, 1989). Such outward
rectification was not seen in the I-V curve of the cyclic AMP-induced conductance.
Since the amplitude of the odorant-induced response was measured at the peak
(approximately 1 s after the response onset), it seems reasonable to assume that the
responses induced in cells held at negative voltages were inactivated more strongly
by a larger Ca2+ influx than the responses induced at more positive holding voltages.
The I-V relation of the present study was obtained by ramp voltage command
immediately after the response onset, when the suppressive mechanism was
presumably not affecting the response yet.

It has been shown that each olfactory cell has different sensitivity to various
odorants (Mathews, 1972; Sicard & Holley, 1984; Kurahashi, Kaneko & Shibuya,
1990). The present study has demonstrated that intracellularly applied cyclic AMP
induced responses in all receptor cells studied that are supposed to include cells
responding selectively to different odorants. While the specific odour-binding
molecule have not yet been identified in the receptive membrane, the present findings
indicate that the transduction mechanism is common to all olfactory cells, and that
the discrimination of odorants is entirely dependent on the odour-binding molecule.

I thank Professor Akimichi Kaneko for his advice, discussion and careful reading of the
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