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Photolysis of caged cyclic AMP in the ciliary cytoplasm of the

newt olfactory receptor cell
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The effects of cyclic nucleotide monophosphate (c(NMP) in the ciliary cytoplasm of the olfactory
receptor cell were examined by using photolysis of caged cNMP loaded from the whole-cell patch
clamp pipette. Illumination of the cilia induced an inward current at —50 mV. The current
amplitude was voltage dependent and the polarity was reversed at +10 mV. The amplitude of the
light-induced current was dependent on both light intensity and duration. The intensity—response
relation was fitted well by the Hill equation with a coefficient (1) of 4.99 £ 2.66 (mean + s.D.,
n = 19) and the duration-response relation with a coefficient 0f 4.03 + 1.43 (n = 17). The activation
time course of adenylyl cyclase was estimated by comparing the light-induced response with the
odorant-induced response. Adenylyl cyclase was activated approximately 260 ms later from the
onset of the odorant-stimulation. The light-induced current developed very sharply. This could be
explained by the sequential openings of cAMP-gated and Ca**-activated Cl” channels. At +100 mV,
where Ca*" influx is expected to be very small, the current rising phase became less steep. When the
cells were stimulated by long steps of either odour or light, the odorant-induced current showed
stronger decay than the light-induced response. This observation suggests that the molecular

system regulating desensitization is situated upstream of cAMP production.
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Olfaction begins at the cilia of the receptor cell in the
olfactory epithelium. Odorant binding to receptor proteins
on the ciliary surface activates an enzymatic cascade
involving cAMP (for review, see Bakalyar & Reed, 1991;
Breer & Boekhoff, 1992; Ronnett & Snyder, 1992; Restrepo
et al. 1996; Restrepo & Schild, 1998; Firestein, 2001). This
enzymatic cascade leads to the opening of two types of
ionic channels: cyclic nucleotide-gated (CNG) cationic
channels and Ca*'-activated Cl” channels (for review, see
Gold & Nakamura, 1987; Firestein, 1992; Reed, 1992;
Kleene, 1993; Kurahashi & Yau, 1993; Restrepo et al.
1996). The resulting receptor potential is slow and graded
with odorant concentration (Trotier & MacLeod, 1983;
Kurahashi, 1989; Firestein et al. 1993), then encoded into
spike trains that transmit olfactory information to the
brain (see e.g. Imanaka & Takeuchi, 2001).

The transduction system is also modulated by Ca®" influx
through the CNG channel, leading to olfactory adaptation
(Kurahashi & Shibuya, 1990; Kurahashi & Menini,
1997; Reisert & Matthews, 1999). The most likely target
of cytoplasmic Ca** is the CNG channel (Chen & Yau
1994; Kurahashi & Menini, 1997). Other Ca*'-mediated
mechanisms of olfactory adaptation include a feedback to
the receptor protein (Breer & Boekhoff, 1992), a facilitation
of phosphodiesterase (PDE; Borisy et al. 1992) and a

feedback to adenylyl cyclase (Wei ef al. 1998; Zufall et
al. 1999). The recovery from adaptation (reduction of
cytoplasmic Ca*") seems to depend on a Na*-dependent
extrusion system (Reisert & Matthews, 1998).

Although the mechanism of olfactory transduction is now
qualitatively well understood, quantitative information
about the system is still limited. A technical limitation for
the study of olfactory transduction is that the transduction
takes place at the fine cilia, which makes experimental
manipulations extremely difficult. To overcome this
difficulty, we employed, in the present work, caged cAMP
to replace the action of adenylyl cyclase, without activating
odorant-induced enzymatic cascades. The effects of intra-
ciliary cyclic nucleotide monophosphates (c(NMPs) were
examined in cells that retained their intrinsic molecular
cascades. This work will present a number of properties of
adenylyl cyclase and cytoplasmic cAMP in the olfactory
cilia. Furthermore, we found that the response waveforms
to a long step of photolysis and odorant stimulation,
respectively, were remarkably different; the odorant-
induced current showed a more rapid decay than the light-
induced response. This observation indicates that
the molecular system regulating desensitization during
long odorant stimulation exists upstream of the cAMP
production site in addition to the feedback to CNG channels.



826 H. Takeuchiand T. Kurahashi

METHODS

Preparation

Olfactory receptor cells were dissociated enzymatically from the
olfactory epithelium of the newt, Cynops pyrrhogasster. Dissociation
protocols have been described elsewhere (Kurahashi, 1989). The
experiments were performed under the latest ethical guidelines for
animal experimentation at Osaka University, based on international
experimental animal regulations. The animal was chilled on ice
and double pithed. After decapitation, olfactory epithelia were
removed and then incubated for 5 min at 37 °C in a solution which
contained 0.1 % collagenase (Sigma Chemical Co., St Louis, MO,
USA) with no added Ca® and Mg”"; the composition was as
follows (mm): 110 NaCl, 3.7 KCI, 10 Hepes, 15 glucose, 1 pyruvate.
All solutions were adjusted to pH 7.4 with NaOH. The tissue was
rinsed three times with a normal Ringer solution (mm): 110 NaCl,
3.7 KCl, 3 CaCl,, 1 MgCl,, 10 Hepes, 15 glucose, 1 pyruvate, and
triturated. Isolated cells were plated on the concanavalin A-coated
glass coverslip. Cells were maintained at 4 °C until use. In the
present study, we selected olfactory receptor cells having more
than five cilia.

Recording procedures

Membrane currents were recorded with the whole-cell recording
configuration (Hamill et al. 1981). Patch pipettes were made of
borosilicate tubing with filament (outer diameter, 1.5 mm; World
Precision Instruments, Germany) by using a two-stage vertical
patch electrode puller (PP-830, Narishige Scientific Instruments,
Tokyo, Japan). The recording pipette was filled with a solution
containing 119 mm CsCl (pH was adjusted to 7.4 with Hepes buffer)
to suppress K" channels which cause large current fluctuations.
Normal Ringer solution (for composition, see above) was used as
the external solution for all recordings. The pipette resistance was
10-15 MQ. The recording pipette was connected to a patch clamp
amplifier (Axopatch 1D, Axon Instruments, Foster City, CA,
USA). The signal was low-pass filtered at 0.5 kHz, digitized by an
A/D converter (sampling frequency, 1 kHz) connected to a
computer (PC9821, NEC, Japan). Simultaneously, signals were
monitored on an oscilloscope and recorded on a chart recorder.
Light and odour stimuli and the data acquisition were regulated
by the same computer using an original program. The results were
analysed by an offline computer and plotted by using Microcal
Origin 6.0 software (OriginLab Corporation, MA, USA). For
curve drawings, data sampled at 1/16 kHz were used. Experiments
were performed at room temperature (23-25 °C).

Photolysis of caged compounds

Caged cAMP and caged cGMP (Dojin, Japan) were used in the
present study. As described before (Kurahashi & Menini, 1997),
we saw no great difference between cAMP and cGMP responses.
The only difference was that a lower intensity of light was sufficient
to evoke responses by caged cGMP than to evoke responses of
similar amplitude by caged cAMP, presumably due to a higher
sensitivity of CNG channels to cGMP than to cAMP. Caged cNMP
was dissolved in dimethylsulfoxide (DMSO) and stored at —20°C
under complete darkness. Under this condition caged cNMP can
be stored up to 180 days without degradation. These stocks
were diluted by Cs'-containing pipette solution prior to each
experiment, and the solution was filled into the recording pipette.
After the establishment of the whole-cell recording configuration,
caged compounds were loaded to the cell interior by free
diffusion. Since the diffusion coefficient of cAMP within cilia is
2.7 % 107 cm?s™" (Chen et al. 1999), several tens of seconds were
needed for full and uniform distribution of the caged substances
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within the cell. For one dimensional diffusion, for instance, the
average time for cAMP molecules to cover the full length of cilia
(20 um) is 0.56 s derived from the equation x = 2(Dt/7)", where x
is the distance, D is diffusion coefficient and ¢ is the time. During
experiments, cell dialysis was confirmed by a Cs'-induced
suppression of K currents. The ultraviolet (UV) component from
a xenon lamp (100 W, XPS-100, Nikon, Japan) was used for
photolysis. The timing and duration of light illumination were
controlled by a computer-regulated magnetic shutter (Copal,
Japan). The intensity of the light was controlled by a neutral-
density wedge filter having approximately a two log-unit range.
The wedge filter was connected to a pulse motor (UPK569H-
NAGC, 5 phases, Oriental Motor, Japan). With this system, the
angle of the filter can be specified by the number of TTL pulses
applied to the motor (1 step = 0.36 deg, range: 0746 steps). The
light intensity was monitored by a photodiode (maximum
absorption at 400 nm. G5842, Hamamatsu Photonics, Japan) and
was correlated to the angle of the wedge filter. The relation
between the step (x) of the pulse motor and light intensity (S) was
fitted by a single exponential function: S = kexp(0.0053x), where
kis the constant. In the present work, the maximum light intensity
(at 746 step position) was referred as 1, resulting in the value of k
being 0.019. To avoid vibration from movement of the shutter or
the wedge filter, the light source, shutter and wedge filter were
mechanically isolated from the microscope, and the light stimulus
was guided by a quartz fibre connected to the entrance of the epi-
fluorecence system, focused on the cell under recording (objective,
60 x). By adjusting the diaphragm, the illuminated area was set at
40 pm in diameter, covering only the ciliary region. Light stimuli
were applied with > 20 s intervals in order to avoid adaptation of
the system and depletion of the caged compound.

Odorant stimulation

Citralva (donated by Takasago Co., Japan) was dissolved in bath
solution at 1 mm concentration and applied to the cilia from a
puffer pipette having a tip diameter of 1 ym. The tip of the puffer
pipette was situated 20 um from the tip of the dendrite. The
pressure (maximum 150 kPa) was controlled by a computer-
regulated pressure ejection system developed in our laboratory
(Ito et al. 1995). There was a time lag between the actual chemical
stimulation of the cell and the application of TTL pulse to the
magnetic valve. This time lag, being 60 ms on average, was
estimated from the liquid junction current caused by the same
application system.

RESULTS

The response induced by the photolysis of caged
cyclicnucleotides

[lumination of cilia induced an inward current from all
tested cells loaded with 1 mm caged cAMP or cGMP, at
—50 mV. With strong illumination, the response had
a latency of approximately 100 ms (100.1 £ 28.7 ms,
mean * S.D., n = 31, range 60—156 ms), probably reflecting
the time needed for the cytoplasmic concentration of
cAMP ([cAMP];) to become high enough to drive the
transduction channels with high cooperativity (see later,
also see Lowe & Gold, 1993a). The response latency to
odorant stimulation is much longer (200-300 ms, Firestein
& Werblin, 1987; Kurahashi, 1989). Thus, it appears that
the odorant-activated enzymatic activity takes several
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hundred milliseconds to accumulate cAMP to the effective
concentration (see also later).

The amplitude and polarity of the light-induced current
were dependent on the holding voltage (V) (Fig. 1). At
negative holding voltages, the current polarity was inward.
Current reversal occurred at approximately +10 mV. The
current—voltage (I-V') relation showed a slight outward
rectification (Fig. 1B). The current range, the reversal
potential and the shape of the -V relation were all very
similar to those reported for the odorant-activated current
measured in the same species of animal (Kurahashi, 1989),
and also to the caged cAMP responses observed in the tiger
salamander (Lowe & Gold, 1993a).

The response amplitude was dependent on both the
intensity and duration oflight illumination (Fig. 2). Witha
fixed duration of 200 ms, an increase in the light intensity
increased the current amplitude monotonically. One
noticeable feature was that the slope of rising phase became
steeper as the light intensity was increased (Fig. 24, inset).
The relation between response amplitude and intensity
could be fitted by the Hill equation with high cooperativity
(Hill coefficient, ny =4.99 + 2.66, n=19), as has been
reported in the olfactory receptor cell of the rat (Lowe &
Gold, 1993b).

The amplitude of current responses was also dependent on
the duration of the light stimuli at fixed intensity (Fig. 2C).
The relation between current amplitude and light duration
was also fitted by the Hill equation (Fig. 2D), with a large
Hill coefficient (ny = 4.03 + 1.43, n=17). In contrast to
the experiment in Fig. 2A, however, the slope of the rising
phase was constant (Fig. 2C, inset).
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Equivalent contributions of intensity and duration
on theresponse amplitude

The experiment in Fig. 2 showed that the intensity and
duration dependences expressed similar cooperativities.
In the experiment in Fig. 3, we examined the light-induced
currents recorded under conditions in which the light
intensity and duration were changed but with the time
integral of light exposure kept constant. As expected, the
amplitude of the light-induced current was exactly identical.
The slope of the response rising phase was steeper when
the light intensity became stronger. This observation
indicates that the cNMP produced by the photolysis varies
linearly with the total amount of light absorption, within
the time scale examined here.

Estimation for the time course of odorant-activated
adenylyl cyclase

By comparing the odorant-induced and the light-evoked
responses, we attempted to estimate the kinetics of the
cytoplasmic cAMP production due to the odorant-activated
adenylyl cyclase. After recording an odorant-induced
response, we adjusted the light intensity and duration in
order to produce a response that matched the odorant-
induced response in waveform (Fig. 4). One would have
thought that there were many combinations of the duration
and intensity that could all reproduce the odorant-
induced current, because these parameters are inter-
changeable (Fig. 2). In practice, however, the condition of
light stimulation was specified exactly as follows. First, the
intensity was set so as to follow the rising phase of the
odorant-induced response. As demonstrated above, the
rising phase is determined solely by the intensity, but not
by the duration (compare Fig. 2A and C). Then the
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Figure 1. Voltage dependence of the current response induced by flash photolysis of 1 mm

caged cGMP

A, whole-cell current recorded from the olfactory receptor cell. Holding voltage (V},) was changed from —70
to +70 mV. Downward deflection of the upper trace indicates the timing and duration of the light
stimulation (intensity, 0.45; duration, 200 ms). B, current—voltage (I-V) relation of the light-induced

response. Data from A.
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Figure 2. Intensity and duration dependence of the light-induced response

A, membrane currents were recorded from a cell loaded with 1 mM caged cGMP. Light intensity was varied,
while the duration was kept constant (200 ms). Downward deflections of the upper trace indicate the timing
and duration of the light stimulation. V}, = =50 mV. Inset, expanded time course for the current rising phase.
B, intensity-response relation of the light-induced current. Peak amplitudes of responses obtained in A were
plotted against the intensity of light. The smooth line was drawn by a least square fitting of the data points by
the Hill equation, I = I,,,, X $™/(§"™ + K\,"*), where I is the current, S is the intensity of light, K,, is the half-
maximum intensity and ny is the Hill coefficient. I, = 78.2 pA, K, = 0.31 and ny; = 4.58. C, light duration
was changed, while the intensity was kept constant (0.27). Different cell from A. V, = =50 mV. Inset,
expanded time course for the current rising phase. D, duration-response relation of the light-induced
current. Peak amplitudes of the responses obtained in C were plotted against the duration of light stimuli.
The smooth line was drawn by a least square fitting of the data points by the Hill equation with I,,,,, = 89.9 pA,
K, =212.3 msand ny = 4.34.

amplitude was adjusted by regulating the duration. The
currents induced by both odorant and light stimulation
showed a good agreement (Fig. 4), except that the falling
phase of the light-induced current was a little faster
(n=4).

The onset of odour stimulation was faster than the
opening of the light shutter by 322 + 73 ms (n = 4). By
subtracting 60 ms needed for the odorant to move from
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the pipette to the cell, the real time lag was estimated as
260 ms. This time lag was considered to be the time period
used for protein reactions or interactions situated upstream
to adenylyl cyclase.

To get a good match between the light-evoked and odorant-
induced responses, the duration of light stimulation had
always to be set longer than that for odorant stimulation.
This finding indicates that adenylyl cyclase activity lasts

Figure 3. Responses induced by the same amount of
light stimuli

Duration, 200, 400 and 600 ms. Intensity, 0.46,0.23 and
0.15. Downward deflections of upper traces indicate the
timing and duration of the light stimulation. Numbers
indicate the sequences of the experiments. The cell was
loaded with 1 mMm caged cGMP. V;, = =50 mV. Note that the
peak values are the same in the various conditions.
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longer than the period that the olfactory receptor cell is
exposed to odour. There are three proteins that may be
responsible for this prolonged activation: the receptor,
G-protein and adenylyl cyclase. However, our experimental
protocol did not allow us to identify which of these was
most responsible for time amplification.

Rising phase of the cNMP-induced response when
stimulated bylong steps

So far, the responses were investigated by using brief
pulses. With long steps, however, the response behaviour
was remarkably changed, presumably due to the delayed
expression of feedback system.

In the experiment in Fig. 5, a light step was used to
stimulate the cell to induce a current. By stimulation, an
inward current developed monotonically to a peak within
a few seconds and showed little desensitization thereafter.
An aforementioned experiment (Fig. 2C and D) led us to
examine whether the rising phase of the light-induced
current was fitted by the Hill equation using a similar high
ny value, because termination of illumination performed
at the experiment in Fig. 2C should be equivalent to the
time interruption for the current developing phase. As
illustrated in Fig. 5, the rising phase could be fitted by the
Hill equation and the averaged ny; obtained from the same
kind of experiments was 4.22 + 1.11 (n = 7). In two out of
seven preparations, however, the initial part of the current
responses showed a remarkable deviation from the Hill
fitting when we used a large ny; value; this part was fitted
instead with a smaller ny value (see e.g. Fig. 8B, arrow).
This could be explained if one expects that, at a small
current, the Ca®*-activated Cl” channel does not contribute
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Figure 4. Determination of light condition causing a
response identical to odorant response

First, odorant stimulation (1 mM citralva) was applied to induce
approximately 90 % saturating response. Then, the intensity,
timing and duration of light stimulation were adjusted to induce
the same waveform of the response. The cell was loaded with 1 mm
caged cGMP. Downward deflections of the upper trace indicate the
timing and the duration of the light and odour stimuli. Light
intensity, 0.08. V}, = =50 mV.
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to the net current because of the limited rate of Ca** entry;
the CNG channel alone expresses a Hill coefficient of
approximately two (Kurahashi & Kaneko, 1991).

In the experiment of Fig. 2A, the intensity—response relation
expressed a large ny value and the high cooperativity is
known to be achieved by the additive effect of Cl” and
cNMP-induced currents (Lowe & Gold, 1993b). It is
therefore likely that the high cooperativity observed with
the Hill fitting for the current rising phase is also
responsible for the sequential openings of CNG channels
and Cl™ channels. To confirm this, we examined the Hill
fitting for the developing phase at +100 mV where Ca**
influx is expected to be much slower than that of =50 mV.
At +100 mV, the outward current developed more slowly
and the time course was fitted using a smaller cooperativity
(ny = 2.55 £ 0.10, n = 3; Fig. 6). This result also indicates
the possibility that the rising phase of the current response
reflects the time course of [cCAMP]; increase. In the present
study, however, no systematic study was made on this
subject.

Desensitization of responses induced by light and
odorant steps

It has been widely accepted that odorant-induced responses
show a remarkable reduction in amplitude during
prolonged odorant application (Kurahashi & Shibuya,
1990; Zufall et al. 1991). When the cell was stimulated by
a prolonged light stimulation, however, the maximum
current stayed at a steady level, showing little desensitiz-
ation (Fig. 5). The experiment of Fig. 7 was carried out to
compare the time courses of the odorant-induced and
light-induced currents to long duration stimuli in the
same cell. As illustrated, the response decay was more
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Figure 5. Rising phase of the current induced by the
photolysis

Fitting of the rising phase by the Hill equation. Downward
deflection of the upper trace indicates the light step. The cell was
loaded with 1 mm caged cAMP. Light intensity, 0.12. Least square
fitting was performed on current after the onset of light
stimulation. The best fitting was obtained with I,,,,, = 130.6 pA,
K, =1.39 sand ny = 5.67.V;, = =50 mV.
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Figure 6. Voltage dependence of the rising phase

A, light-induced currents obtained at =50 mV and +100 mV. Downward deflection of the upper trace
indicates light steps. Note that the rising phase at +100 mV is remarkably slower than that obtained at
—50 mV. B, voltage dependence of cooperativity. Current records shown in A were fitted by the Hill equation
with ny = 4.52 (=50 mV) and ny = 2.49 (+100 mV). Time zero corresponds to the onset of illumination. The
rising phase illustrated in Fig. 1 seems to be constant throughout the varied holding voltages. Note, however,
that the experiment in Fig. 1 was carried out using a very bright flash which causes a rapid increase of

response, and it was done only up to +50 mV.

dramatic when induced by the odorant. This observation
indicates that the desensitization system exists upstream to
adenylyl cyclase. This will be described further in the
Discussion.

Since the waveform of light-induced current showed little
desensitization, one might think that the response even
lacked adaptation (for definition, see Discussion), which is
expressed by a Ca’"-mediated feedback to CNG channels
at negative potential. However, the experiment in Fig. 8
suggests that the response induced by prolonged light
stimulation does receive feedback regulation. The cell was
stimulated by a light step of different intensities. The
response developed within a few seconds would not drive
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Figure 7. Differences between odour and light responses
to prolonged stimuli

Continuous and dashed lines represent responses induced by light
and odorant (1 mM citralva), respectively. Downward deflection of
the upper trace indicates both the light and odour stimuli. Light
intensity was 0.27. The cell was loaded with 1 mm caged cGMP.

a feedback system, because adaptation observed in the
odorant response starts after such time period (see
e.g. Kurahashi & Shibuya, 1990). To support this idea,
the current developing phase was actually fitted to the
Hill equation with a high cooperativity. Using the same
parameter of ny, response time courses induced by dimmer
light stimuli were predicted based on an assumption that
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Figure 8. Current reduction from the theoretical curves
during a prolonged stimulation

Responses were induced by three different intensities of light steps.
The upward deflections of current traces indicate the inward
current. Numbers indicate the sequence of the experiments. The
cell was loaded with 1 mm caged cAMP. Light intensity, 0.12,0.07
and 0.06. V}, = =50 mV. Current reduction was observed during
long light steps. The current response (1) was fitted by the Hill
equation (ny = 5.73, K, = 1.41 s). Two other lines were drawn
according to an assumption that the production rate for cAMP
increases in proportion to the light intensity (therefore, K, = 2.35 s
and 2.82 s. Time zero corresponds to the onset of illumination. An
arrow indicates a deviation from the Hill fitting with high ;.
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the cAMP production rate was linearly accelerated in
proportion to the light intensity. In other words, in this
assumption, K, of the Hill fitting would have been
increased depending on the reduction of the light intensity.
Actually, the current responses induced by dimmer lights
developed more slowly than those predicted by this
assumption. It is highly likely that the current reduction is,
at least in part, due to the negative feedback to the CNG
channel (Kleene, 1993; Chen & Yau, 1994; Kurahashi &
Menini, 1997). On receiving the feedback, more CNG
channels are closed than expected. Therefore, reduced Ca**
influx will further facilitate the reduction of Cl” current.

DISCUSSION

In the present study we investigated the effect of cNMP on
the cytoplasm of olfactory cilia using the photolysis of
caged compounds. By comparing the responses evoked by
light with odorant responses, cytoplasmic behaviour of
cAMP and adenylyl cyclase activities during the odorant
perception were estimated. Furthermore, with long steps
of stimulation, it was found that the odorant-induced
current showed faster decay than the light-induced response.
It seems likely that the mechanism causing desensitization
during the prolonged stimulation is diverse.

Molecular site expressing the non-linear
amplification

It has been widely accepted that the olfactory transduction
system shows a high cooperativity establishing signal
amplification (Firestein et al. 1993; Lowe & Gold, 1993b;
Kurahashi & Menini, 1997). Since in the present study
cAMP responses were shown to express a similarly high
cooperativity to that of the odorant response, the non-
linear boosting is likely to be achieved solely at the channel
level (by the combination of both CNG channels and Ca*'-
activated Cl~ channels; see also Lowe & Gold, 1993b), not
by the enzymatic cascade locating upstream to adenylyl
cyclase. The signalling process between the receptor and
adenylyl cyclase would be almost linear. Recently, Imanaka
& Takeuchi (2001) have shown that the spike initiation site
also expresses a linear function. Throughout the signal
transduction process in the olfactory receptor cell, only the
channel level may be responsible for the establishment of
non-linear amplification.

Kurahashi & Menini (1997) have reported that Ca®*
feedback expressing adaptation is mainly targeting the
CNG channel. Therefore, it might be reasonable to design
a feedback system attacking the part underlying a strong
amplification.

Olfactory adaptation and desensitization

It was found that the response decay during the prolonged
stimulation differed between odorant-induced and light-
induced responses; the odorant responses decayed more
rapidly than the light-induced response. These differences
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indicate that desensitization of odorant response occurs
upstream to adenylyl cyclase. Seemingly, this result conflicts
with the idea suggested by Kurahashi & Menini (1997)
who showed that olfactory adaptation occurs at the level of
the CNG channel. However, there are a number of points
to be considered in further detail as follows.

First, the adaptation and desensitization observed here
might not be identical. The sensory adaptation is defined
as a shift of the dose-response curve (change in K,), which
was designed to establish two competitive functions: signal
amplification and wide dynamic range. In contrast,
desensitization during a long step includes all decaying
phenomena. We cannot specify if the response decay is due
to the change in K, or I, on the basis of the experiment
using a long stimulation step. It will be necessary to
examine whether or not the response decay due to the
negative feedback carried out locally upstream to adenylyl
cyclase accompanies the change in K,. At this point,
however, this experiment would be extremely difficult
because the decay during the odorant step would have
already included a negative feedback to the CNG channel
expressing adaptation (see e.g. Fig. 8).

Second, the trigger of feedback systems may be dependent
on the stimulus duration. The experiments by Kurahashi
& Menini (1997) were performed only with brief pulses.
There is a possibility that the feedback system targeting
upstream points from adenylyl cyclase works only when
the cell was stimulated by a long stimulation step. In fact,
Breer & Boekhoff (1992) have shown that the receptor
desensitizes during the prolonged stimulation. In addition, it
was reported that long odorant pulses cause negative
feedback to adenylyl cyclase, but brief pulses do not (Zufall
et al. 1999). It will be worthwhile to examine desensitization
with various durations of stimuli.

Introduction of cAMP from a whole-cell pipette has been
performed previously (Kurahashi, 1990). The waveform of
the cAMP-induced current actually expressed a remarkable
decay during the dialysis, while photolysis responses
presented here did not show significant decay. At this
point, we do not have a good explanation for this difference.
However, there are three main advantages of using caged
compound rather than using cAMP introduction from the
whole-cell patch pipette. (1) In photolysis experiments, we
are able to stimulate cells repeatedly. (2) We could directly
compare the responses induced by odorants and cAMP in
the same cell. (3) We could actually adjust the rising phase of
responses in both conditions, which allowed us to examine
the response kinetics under similar cAMP production
rates and time courses in both odorant and photolysis
experiments. It is therefore very likely that the decaying
time courses observed in the photolysis experiments are
physiologically more reliable than those obtained with
cAMP introduction from the whole-cell pipette.
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Initiation and termination of adenylyl cyclase
activities facilitated by the odorant pulse

The rising phase of the light-induced current could be
adjusted to the same waveform as that of the odorant-
induced current by using the step change of light
stimulation. Because the cAMP production rate facilitated
by the photolysis is identical to the activity of adenylyl
cyclase, this result may indicate that adenylyl cyclase
activity increases to a peak value suddenly, and not by a
gradual increase. The falling phase of the light-induced
current was more rapid than that of the odorant-induced
current when the light was terminated suddenly. This
observation indicates that the termination of adenylyl
cyclase activity is gradual.

In the present study, we investigated several features of
adenylyl cyclase and cytoplasmic cAMP change in the
olfactory receptor cell during their natural responses. In
the photoreceptor cell, enzymatic reactions during the
light responses are well investigated. A model proposed by
Lamb & Pugh (1992; see also Pugh & Lamb, 1993) has
reported that PDE (actually comparable to adenylyl cyclase
in the olfactory receptor cell as an effector enzyme) shows a
very short (10-20 ms) delay from the activation of receptor
protein (Pugh & Lamb, 1993), and that the activity increases
linearly with time. The present study does not exclude the
possibility that the olfactory system shows the same
enzymatic reaction as the photoreceptor cell. It would be
worthwhile to investigate how the waveforms of photolysis-
induced currents in olfactory cells are changed when we
use ramp stimuli.

Furthermore, the rising phase of the olfactory response
consists of two kinds of ionic components. One is cationic
which flows through the CNG channel, another is
anionic passing through the Ca**-dependent Cl™ channel.
Combinations of the transduction current make a very
rapid rising phase. Therefore, even a small change in
[cAMP]; would give rise to a big change in the absolute
current. Because of this, experiments like that shown in
Fig. 4 may still have room for further investigation. The
present study showed that this rapid activation is due to
the additive effect of the CI” current onto the cation
current. Blocking the CI” component may be a useful tool
to investigate the transduction machinery more precisely.

Caged compounds in the olfactory cilia

In the present study, we applied caged cNMP to the olfactory
receptor cell. It has been reported that the dynamic range
of cNMP concentration driving CNG channels in the
olfactory receptor cell is from approximately a few
micromolar to 100 M (Kurahashi & Kaneko, 1991). Since
we used 1 mM caged compounds in the pipette, the
concentration range for the photolysis was less than 10 %.
In the present experiment, in addition, uncaging was
performed only in the cilia. Caged compounds are
continuously supplied from the bulk (the dendrite and the
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cell body) with a diffusion coefficient 0f 2.7 X 10™° cm® s~

(Chen et al. 1999). One-dimensional diffusion of cAMP
therefore covers the total length of cilia within 0.56 s on
average. Furthermore, caged compounds were supplied
from the pipette into the cell interior from the whole-cell
patch pipette. Thus, depletion of caged compounds during
the experiments can be neglected. Actually, double light
pulses (a few seconds interval) applied at +100 mV where
no Ca*" feedback is expected caused responses with similar
waveforms (H. Takeuchi & T. Kurahashi, unpublished
observations).

The present experiments show that it is possible to use
caged substances for the quantitative manipulation of
cytoplasmic substances. The olfactory cilia have a very fine
structure (0.2 #m in diameter), but caged compounds were
effective even for such fine processes. The experimental
protocols employed here could be a useful tool for
investigating the signal transduction system in a wide
variety of cells.
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