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Analysis of Single Cyclic Nucleotide—gated Channels in Olfactory

Receptor Cells

Frank Zufall," Stuart Firestein,?> and Gordon M. Shepherd?
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University Medical School, New Haven, Connecticut 06510

In the accompanying article (Firestein et al., 1991b), we have
demonstrated that odor- and cyclic nucleotide-sensitive
channels exist at a low density in the dendritic membranes
of isolated salamander olfactory receptor neurons. Here, we
analyze the cyclic nucleotide sensitivity of these channels
using the inside-out patch recording technique. Both cAMP
and cGMP, at micromolar concentrations, are capable of
inducing channel openings. The biophysical parameters of
channel activity are nearly the same in response to either
ligand. The unitary conductance is about 45 pS, the reversal
potential of single-channel currents is +5 mV, and the //V
relation is linear over the range —80 to +80 mV. The channel
activity shows no obvious voltage dependence in divalent
cation-free symmetrical solutions. The channel shows no
desensitization, even to agonist exposures lasting 15 sec.
Mean open time is about 1.5 msec; the closed time distri-
bution is best fit by two exponentials with a fast time constant
in the submillisecond range (ca. 0.15 msec) and a slower
time constant in the millisecond range (ca. 1.5 msec). The
only clear difference in the activity of the two ligands is in
their affinity constants. The K, for cAMP is 20 uM; that for
c¢GMP is 4 um. In both cases, the Hill coefficient is greater
than 2, suggesting that channel opening requires the co-
operative action of three ligand molecules.

In the accompanying article (Firestein et al., 1991b), we have
demonstrated that an ionic channel found in patches of mem-
brane from the dendrite and soma of isolated salamander ol-
factory receptor neurons is responsible for generating the odor-
sensitive current and that this same channel is activated by cyclic
nucleotides intracellularly. In this report, we make further use
of'this preparation to investigate the behavior of single channels
in excised patches of membrane from these same regions. This
has enabled us to characterize the channel at a new level of
analysis.

In addition to the unique interest for understanding olfactory
transduction, investigation of this channel is motivated by other
concerns as well. The channel is one of only two known to be
directly gated by cyclic nucleotides (Hockberger and Swandulla,
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1987), the other being the light-sensitive and cGMP-gated chan-
nel of vertebrate photoreceptors (Fesenko et al., 1985; Mat-
thews, 1987). Comparison of the amino acid sequence of various
versions of the cloned olfactory and visual channels reveals 60—
90% homology between them (Kaupp et al., 1989; Dhallan et
al., 1990; Ludwig et al., 1990; Goulding et al., 1991), leading
to suggestions that these two channels, and perhaps others yet
to be discovered, constitute a new family of ligand-gated, ion
channel receptors (Jan and Jan, 1990; Maelicke, 1990). Their
electrophysiological behavior also appears quite similar, al-
though it is notable that single photoreceptor channels have been
recorded (Haynes et al., 1986), but in the olfactory receptor,
recordings had been limited to the summed macroscopic current
due to many channels (Nakamura and Gold, 1987) until the
accompanying study (Firestein et al., 1991b).

One important difference between the olfactory and visual
channels is their sensitivity to cyclic nucleotides. The photo-
receptor channel is virtually insensitive to all cyclic nucleotides
besides 3',5'-cGMP (Fesenko et al., 1985), whereas the olfactory
channel appears to respond to both cAMP and ¢cGMP (Naka-
mura and Gold, 1987; Dhallan et al., 1990; Firestein et al.,
1991b). The molecular mechanism responsible for this differ-
ence in selectivity remains unknown.

There is also some controversy regarding differences in affinity
for the two cyclic nucleotides. In some preparations, there ap-
pears to be little difference (Goulding et al., 1991; Nakamura
and Gold, 1987), but in others there may be as much as a 30~
50-fold greater sensitivity to cGMP (Dhallan et al., 1990). It is
not clear whether these discrepancies are due to real variations
between channels from different species, or to differences in the
preparations or between cloned and native channels.

Resolution of these issues may require a more sensitive mea-
sure of activity than the summed behavior of a large population
of channels. Analysis of the effects of cyclic nucleotides on the
behavior of single channels could reveal important differences
between the olfactory and visual channels. It would also be
useful to have single-channel records from native channels
available for comparison with similar observations from cloned
channels. Finally, biophysical analysis is important since the
channel plays a critical role in olfactory transduction. Its activity
represents both the final step of the molecular transduction en-
zyme cascade and the first step in the generation of the sensory
electrical signal.

Materials and Methods

Preparation of the cells was the same as in the accompanying article
(Firestein et al., 1991b). The normal Ringer’s solution was the same, but
once a seal was formed the bath was changed to a Ca?*-free Ringer’s
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Figure 1. Inside-out patches from
dendritic membrane of isolated olfac-
tory receptor neuron. Control recording
before (a) and after (¢) application of
agonists. Examples of single-channel
events evoked by the continuous ap-
plication of 10 um cAMP (4, b-d) and
2 um cGMP (B, b—d). Holding potential,
—60 mV. Bandwidth, 0-2.5 kHz. Sam-
pling rate, 15 kHz.

control

solution containing (in mm) NaCl, 117.5; CaCl,, 1; EGTA, 10; HEPES,
10; pH 7.6. cAMP and ¢cGMP (Sigma) were prepared daily as a stock
solution in this Ca?*-free Ringer’s solution at a concentration of 1 mm
and diluted to working concentrations. The cyclic nucleotide solutions
were delivered to the patch via a continuous flow system consisting of
six separate capillary tubes. The system is similar to one described by
Yellen (1982) and allows complete solution changes to be made in less
than 1 sec.

Recordings were made using the inside-out configuration of the patch
clamp (Hamill et al., 1981). Electrodes were pulled from thin-walled
borosilicate glass (World Precision Instruments 150) fire polished to
tips with resistances from 8 to 15 MQ and coated with Sylgard. The
pipette solution was the same as the Ca2*-free Ringer, so that both faces
of the membrane patch were bathed in symmetrical solutions.

Single-channel currents were recorded to videotape using a List EPC-7
patch-clamp amplifier. For analysis, the signals were digitized and stored
on an IBM 386 computer using pcLamp software (Axon Instruments).
Filter bandwidths and sampling rates are given below and in figure
captions.

Results

Recordings from inside-out patches

Characteristic single-channel activity recorded from inside-out
membrane patches is shown in Figure 1. The control records
(top traces), in divalent-free symmetrical solutions with zero
K+, showed no channel openings (Fig. 14,B, traces a). When
cAMP (10 um) was added to the bathing medium (i.e., the cy-
tosolic membrane face of the patch), single-channel openings
and bursts occurred. The b—d traces in Figure 14 show a sam-
pling of this activity. The effects were fully and rapidly reversible
upon returning to the cyclic nucleotide—free solution (Fig. 14,5,
traces ).

At negative holding potentials (inside with respect to outside),
the currents were inward, and openings and closings were rapid.
Recordings were stable for up to 45 min, including several changes
of bathing solutions. The patches generally were taken from the
dendrite or knob area of the cell as described in the accompa-
nying article (Firestein et al., 1991b). In many cells, the dendrites
were very short (less than 10 pm), and in some they were vir-
tually nonexistent. Patches taken from all these regions con-
tained similar channels. A total of 42 patches were analyzed, of
which 29 showed single-channel activity in response to cyclic
nucleotides. Most possessed only a single channel; a few had up
to three superpositions of channel openings.

The results with ¢cGMP as the cyclic nucleotide were very
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similar, as shown in Figure 1B, traces a—e. Qualitatively, there
were no significant differences from the type of channel activity
seen with cCAMP. A total of 11 patches were tested with both
cyclic nucleotides, and aill were sensitive to both. We concluded
that cAMP and ¢GMP acted upon the same channel in our
patches.

The temporal pattern of activity following exposure to cyclic
nucleotides was further investigated by the use of a constant
flow system of solution delivery as described in Materials and
Methods. This system permitted the rapid and continuous ap-
plication of stimulus solutions with known concentrations. As
seen in Figure 2, application of cAMP at 100 um was followed
immediately by the onset of channel activity. At this slow sweep
speed, it was possible to discern at least two channels in this
patch. The most significant aspect of this recording is the con-
tinued and sustained channel activity throughout the steady
application of the CAMP, for over 13 sec in this case. In five
patches tested in this way, all showed the same pattern. A fre-
quency plot of the same data is shown in Figure 2C, which also
shows the continued sustained level of channel activity, and the
multiple open states. Patches exposed to cGMP (n = 4) gave
similar results.

Similar experiments were performed in the presence of | mm
ATP (n = 3). In no case did we observe any effect of ATP on
the open channel probability or the temporal pattern of cAMP-
induced channel activity. Thus, these channels are activated
directly by cyclic nucleotides and show no evidence for mod-
ulation by membrane-bound kinases.

These experiments suggest that the cyclic nucleotide-gated
channel does not densensitize in the presence of continued ex-
posure to cyclic nucleotide. This raises an interesting question
concerning the relation between these microscopic currents and
the macroscopic currents recorded in the whole-cell mode, which
do show varying degrees of adaptation to plateau stimuli (Fire-
stein et al., 1990; see Discussion). For experimental purposes,
the lack of desensitization was a useful finding, because it per-
mitted us to evaluate the properties of the channel under steady-
state conditions of stimulation.

Analysis of single channels

Analysis of the single-channel activity under these conditions
showed that the amplitude histogram was characteristically near-
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Figure 2. Single-channel activity on
slow time scale after rapid application
of high and low concentrations of cAMP
to inside-out patches. Holding poten-
tial, —60 mV. A, Fast application of
100 um cAMP evokes a nondesensitiz-
ing current composed of the simulta-
neous opening of at least five channels.
B, In another patch, the opening of up
to three channels can be seen during
application of 10 um cAMP. Band-
width, 0-500 Hz. C, Evaluation of the
} number of open channels from the re-
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monotonic. In the example of Figure 34, at a holding potential
of —60 mV a single peak is present at 2.9 pA and is well fit by
a single Gaussian curve. Analysis of five patches exposed to
cAMP gave peak currents for single channels of —2.5 to —3.5
pA (mean, —2.9 + 0.3 pA). Figure 3D shows similar amplitude
data for cGMP-treated channels. In this case, the peak channel
amplitude is —2.7 pA. For four patches tested with cGMP, the
mean was —2.8 pA (£0.35). In both instances, there is a small
shoulder in the lower amplitude region of the curves, suggesting
one or more subconductance states.

The open time of the channel was analyzed as in Figure 3, B
(cAMP) and E (c<GMP). Open time distributions for both cAMP-
and cGMP-stimulated channels were well fit by a single expo-
nential. In Figure 3B, the mean open time was 1.9 msec. For
six patches treated with cAMP, the mean was 1.7 msec (+0.25).
Similar results were obtained from five channels treated with
¢GMP, although there was slightly more variability. Typical
measurements are plotted in Figure 3E, where the mean open
time is 1.3 msec. For the five patches, the mean was 1.5 msec
(£0.35).

Closed time distributions for both cAMP- and cGMP-treated
channels are shown as Figure 3, C and F, respectively. Both are
shown on semi-log coordinates to facilitate the visualization of
the two exponentials required for a reasonable fit of the data.
The shorter time constant was 0.19 msec and the longer was

15 cording shown in B over a time of 15
sec. As can be seen, there is no obvious
desensitization. Bin width, 100 msec.

1.7 msec for cAMP-driven channels. For cGMP, the two time
constants were 0.22 msec and 1.0 msec. The results comparing
cAMP and ¢cGMP are summarized in Table 1. It can be seen
that there were no significant differences between the two cyclic
nucleotides in single-channel conductance or opening and clos-
ing time constants revealed by these analyses.

The voltage sensitivity of the channel was analyzed by ex-
posing patches with a single channel to saturating concentrations
of cyclic nucleotide while setting the membrane patch at dif-
ferent holding potentials. Typical recordings at a few clamp
potentials are shown in Figure 44, and the current-voltage re-
lation is shown in Figure 4B. Each point on the curve represents
data from 3000 events at a given holding potential. As can be

Table 1. Comparison of single-channel currents elicited by cAMP
and cGMP

cAMP cGMP
Single-channel conductance 46 pS 44 pS
Mean open time 1.7 msec 1.5 msec
Closed time
T 0.19 msec 1.7 msec
T, 0.22 msec 1.0 msec
K, 20 um 4 uMm
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Figure 3. Analysis of channel kinetics for the two ligands. 4, Amplitude histogram for the cAMP-elicited channel activity. Each division on the
ordinate scale is 20 counts, total of 2000 events. Peak, —2.9 pA; holding potential, —60 mV. B, Open time distribution for the cAMP-evoked
channel activity. Single exponential fit has a time constant of 1.89 msec. Bin width, 0.2 msec. Data includes 2000 events. C, Closed time distribution
is best fit by two exponentials with time constants 0.19 msec and 1.7 msec. The distribution is plotted on semi-log coordinates to facilitate
visualization of the double exponential fit. Bin width, 0.4 msec. D, Amplitude histogram for the cGMP-elicited activity is well fit by a single
Gaussian with a peak at —2.7 pA. Holding potential, —60 mV. Total number of events was 1600; each division on the ordinate is 20 counts. E,
Open time distribution for cGMP-induced activity is well fit by a single exponential with time constant 0.9 msec. Based on 1600 events; bin width,
0.2 msec. F, Closed time distribution for the cGMP-induced activity is best fit with two exponentials of time constants 0.22 msec and 1.0 msec.
The data, 1600 counts, are plotted on semi-log coordinates to facilitate visualization of the two exponentials.

seen, the I/V plot was nearly linear, and the reversal potential
was +5 mV, indicating that the channel conductance is largely
due to passive ion flow. The only suggestion of a voltage sen-
sitivity was seen at relatively hyperpolarized (inside vs. outside)
membrane potentials, where there was slight inward rectifica-
tion. The data shown in Figure 4 are for cCAMP, but similar
results were seen for both cyclic nucleotides (CAMP, n = 6;
cGMP, n = 4).

Another test for voltage dependence was the open probability
of the channel at different holding potentials. Over the range
—100 mV to +100 mV membrane potential, the mean open
probability was relatively constant; in the example of Figure 4B
(inset), the mean open probability was between 0.61 and 0.72
over the 200 mV test range during exposure to 50 um cAMP,
Similar to the I/V plots above, these results gave no evidence

of a significant voltage dependence under these recording con-
ditions (K conductances blocked; 0 Mg2*, 10-7 Ca?*).

Concentration dependence of channel activation

The concentration dependence of the channel activity was an-
alyzed by examining the dose-response relation over a concen-
tration range from 0 to 1 mm cyclic nucleotide. Typical record-
ings over this range for cAMP and ¢GMP are shown in Figure
5. In control conditions with zero cyclic nucleotide concentra-
tion and the holding potential at —50 mV, there were no open-
ings. At saturating concentrations, up to four superpositions of
single inward currents could be observed. The dose-response
curves for these data are plotted in Figure 6, where the points
are fit by the Hill equation. Note the generally parallel plots for
the two nucleotides, and the shift of the cGMP curve to the left,
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Figure 4. Voltage dependence of the
cAMP-activated channel during con-
tinuous application of the saturating

current (pA)
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indicating a slightly higher sensitivity of the channel to cGMP.
The Hill coefficients were 2.1 for both cGMP and cAMP. The
K, was 4 um for cGMP and 20 pm for cAMP. Similar results
were obtained in three other experiments.

Discussion

Excising patches of membrane from the single thick dendrite of
isolated olfactory receptor neurons has allowed us to obtain

-40 % 40
./ voltage (mV)

concentration of 0.1 mm cAMP. Only
one channel is present in this patch. 4,
Examples of single-channel openings at
different holding potentials as indicated
for each trace. The closed state is marked
by the broken line. B, I/V relation of
the main open state. The points were
connected by a straight line, the slope
of which gives a single channel con-
ductance of 45 pS. The reversal poten-
tial is +5 mV. Each point represents
3000 events from the recording shown
in A. The inset shows the dependence
of the open probability on the mem-
brane potential. No obvious voltage de-
pendence is present.

80

recordings of single-channel activity elicited by the application
of cyclic nucleotides. The existence of these channels had been
inferred from whole-cell recordings of macroscopic currents
(Kurahashi, 1989; Firestein et al., 1990) and from excised patch-
es of ciliary membrane (Nakamura and Gold, 1987); however,
analysis at the level of the single channel has not previously
been possible due to the high numbers of simultaneously acti-
vated channels in these preparations. That the channels derived
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Figure 5. Concentration dependence
of an inside-out patch at —60 mV to
the continuous application of CAMP (A4)
and cGMP (B). The numbers above each
trace refer to the concentration of li-
gand. The broken line marks the closed
state.

from dendritic membrane are the same as those previously im-
plicated in the odor-sensitive conductance pathway was dem-
onstrated in the accompanying article (Firestein et al., 1991Db).
Here, we have begun the task of characterizing their molecular
behavior.

The finding that the channels are sensitive to both cAMP and
c¢GMP is consistent with previous observations of whole-cell
currents (Trotier and MacLeod, 1986; Suzuki, 1989; Kurahashi,
1990; Firestein et al., 1991a), ciliary currents (Nakamura and
Gold, 1987), and currents recorded from functionally expressed
cloned channels (Dhallan et al., 1990; Ludwig et al., 1990) in
which both nucleotides were effective gating ligands. In this
previous work, there was general agreement that the channel is
more sensitive to cGMP than cAMP, but the precise ratio of
the affinities varied among the several preparations. In native
channels from bullfrog, Nakamura and Gold (1987) measured
a ¢cGMP:cAMP sensitivity ratio of 1.7, whereas Dhallan et al.
(1990), in cloned mammalian channels, reported a ratio of 30.
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Figure 6. Dose-response curves for the data in Figure 5. The nor-
malized mean current was plotted against ligand concentration in a
double logarithmic plot. The points were fit by the Hill equation. The
values of K, were 20 uM for cAMP and 4 um for cGMP; » was 2.1 for
both.
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Recently, Goulding et al. (1991), in a channel derived from
catfish olfactory neurons, determined that the K,, for both nu-
cleotides was the same, but at 95 uMm was somewhat higher than
in other preparations. We find that the K, for cGMP is five
times lower than that for cAMP (4 vs. 20 um).

More critically, the source of the variation is primarily in the
sensitivity to cAMP. The K|, values reported were 2.4 um (native
channel, bullfrog), 39 uM (cloned channel, rat), and 20 um in
our single channels from salamander, a range of more than one
order of magnitude. [Kurahashi (1990) reported a much larger
K,, of 300 um, but this was obtained using whole-cell recordings
of different cells with different concentrations of CAMP in the
recording pipettes.] By contrast, the values for cGMP in the
different preparations were, respectively, 1.6, 1.2, and 4 um,
only a twofold range of variation. Since there is a very active
odor-sensitive adenylate cyclase present in olfactory neurons
(Pfeuffer et al., 1989; Bakalyar and Reed, 1990) and no detect-
able odor-sensitive guanylate cyclase activity (Shirley et al., 1986),
it is generally assumed that cAMP is the main second messenger
in these cells. The role of cGMP, if there is any, is unclear. This
makes it all the more surprising that the K, values for cAMP
vary over more than an order of magnitude while the cGMP
values are within a twofold range.

The different values of the K,, were the only substantial dif-
ference that we were able to detect between the action of the
two nucleotides. The mean channel conductance, the mean open
time, and the opening and closing time constants were identical
within experimental variability. Thus, once a cyclic nucleotide
is bound, the behavior of the channel is the same.

Regarding the level of cooperativity in ligand binding, our
results are in general agreement with previous findings. We found
a Hill coefficient, for both cGMP and cAMP, of 2.1, compared
to 1.8 in both the native (Nakamura and Gold, 1987) and cloned
channel (Dhallan et al., 1990). The somewhat higher Hill coef-
ficient obtained from single-channel measurements is also seen
in recordings from the photoreceptor channel (Haynes et al.,
1986). Apparently, measurements derived from macroscopic
currents tend to underestimate the level of cooperativity, but
the reasons for this are not clear (Yau and Baylor, 1989).

The electrical properties of the single channel are also similar
to those measured for summed currents. The I/V relation is
linear and the reversal potential is near 0 mV. Additionally, we



find that the activity of single channels recorded in divalent
cation—free symmetrical solutions is not voltage dependent. The
effects of divalent ions on this channel are similar to those seen
in native channels and in whole-cell recordings. Those data were
not shown here but will be presented in a separate communi-
cation.

We note that the single-channel conductance determined here
from excised patches is slightly larger than that measured in the
previous experiments with on-cell patches. A similar difference
was noted by Matthews and Watanabe (1987) in recordings from
photoreceptors. Several reasons for the small discrepancies may
be put forward. One is that the solutions in contact with the
membrane in the two recording conditions are different. In the
case of the on-cell patches, the extracellular and intracellular
solutions are of different compositions, whereas the excised
patches are bathed in symmetrical solutions containing only Na
ions. Furthermore, the solution facing the intracellular face of
the membrane in the excised patch is strongly buffered for low
Ca?*, probably more so than the normal cytosol in the on-cell
patch.

An important finding in our results was that long exposures
of single channels to even saturating concentrations of cyclic
nucleotide did not result in any detectable desensitization. By
contrast, recordings from intact cells show strong desensitization
to both odors and elevated intracellular cAMP (Firestein et al.,
1990, 1991a; Kurahashi, 1990). This suggests that the mech-
anism of desensitization requires some additional intracellular
factors, perhaps a kinase, which is lost when the membrane
patch is excised. In any case, channel activity alone is not suf-
ficient to cause any modulation of the mean open time.

From the data presented here, it is possible to estimate both
the density of channels existing on the cilia and also the per-
centage of channels activated by a saturating pulse of odor. In
divalent ion-free solutions, we found a single-channel current
amplitude of around 1 pA with a driving force of 25 mV. Naka-
mura and Gold (1987), under similar conditions, were able to
elicit a 240 pA current from a small patch of ciliary membrane
Their patch pipettes were smaller than normal because of the
diameter of the cilia (about 0.25 pm), and so the estimated
membrane area in the patch would be about 0.2 um?, This gives
a value of 1200 channels/pm? in the ciliary membrane. It is
difficult to measure the exact area of the membrane drawn into
a patch pipette, but since the electrodes used in this case pos-
sessed exceptionally small apertures leading to less likelihood
of bleb formation (Milton and Caldwell, 1990), we believe that
these values are reasonable. By comparison, similar estimates
of cGMP channels in rod outer segment are around 500-800
channels/um? (Zimmerman et al., 1985; Haynes et al., 1986;
Matthews and Watanabe, 1987), or between 2 and %5 that of
the olfactory receptor. Nakamura and Gold (1988) reported an
estimated single-channel density that ranged between 450 and
7000 channels/um?, but their measured single-channel conduc-
tance was 25-30 pS as compared to the 46 pS measured here.
In freeze-fracture electron micrographs of the olfactory cilia,
intramembranous particles exist at a density of nearly 2500/
pm? (Menco, 1980), although their exact identity is unknown.

The response amplitude of the intact olfactory cell to a strong
pulse of odor is variable but may be as large as 600 pA at a
membrane holding potential of —60 mV (Firestein and Werblin,
1989; Kurahashi, 1989; Firestein et al., 1990). At this potential,
an individual channel is capable of conducting 2.5 pA of current,
suggesting the minimum activation of perhaps 250 channels. If
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the cilia are 0.25 um in diameter (Rafols and Getchell, 1983)
and approximately 40 um in length, then their approximate
surface area is 31 um2. A typical cell may possess up to 10 cilia,
for a total number of channel molecules approaching half a
million. Even if the conductance of the single channel is 2 orders
of magnitude smaller in the presence of physiological levels of
Ca?* (as is the case for the photoreceptor channel), this means
that only about 5-6% of the available channels are activated by
even a saturating pulse of odor. While these calculations should
be considered as rough estimates because of the variability in
membrane patch size, they seem reasonable for a sensory re-
ceptor mechanism; for example, in rod photoreceptors only 1-
2% of the available cGMP-activated channels are open in the
dark (Yau and Baylor, 1989).
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