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Abstract. Olfactory receptor neurons respond to odor-
ants with G protein-mediated increases in the concentra-
tions of cyclic adenosine 38,58-monophosphate (cAMP)
and/or inositol-1,4,5-trisphosphate (IP3). This study pro-
vides evidence that both second messengers can directly
activate distinct ion channels in excised inside-out
patches from the dendritic knob and soma membrane of
rat olfactory receptor neurons (ORNs). The IP3-gated
channels in the dendritic knob and soma membranes
could be classified into two types, with conductances of
40 ± 7 pS (n 4 5) and 14 ± 3 pS (n 4 4), with the former
having longer open dwell times. Estimated values of the
densities of both channels from the same inside-out
membrane patches were very much smaller for IP3-gated
than for CNG channels. For example, in the den-
dritic knob membrane there were about 1000 CNG
channels? mm−2 compared to about 85 IP3-gated
channels? mm−2. Furthermore, only about 36% of the
dendritic knob patches responded to IP3, whereas 83% of
the same patches responded to cAMP. In the soma, both
channel densities were lower, with the CNG channel
density again being larger (∼57 channels? mm−2) than
that of the IP3-gated channels (∼13 channels? mm−2),
with again a much smaller fraction of patches responding
to IP3 than to cAMP. These results were consistent with
other evidence suggesting that the cAMP-pathway domi-
nates the IP3 pathway in mammalian olfactory transduc-
tion.
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Introduction

Odorants bind to specialized G protein-coupled receptor
proteins that are members of a large multi-gene family

(Buck & Axel, 1991) located on the plasma membrane of
cilia extending from the dendrite of olfactory receptor
neurons (ORNs) into the mucus layer covering the ol-
factory epithelium. Figure 1 shows a schematic diagram
of possible odorant-receptor interactions resulting in G
protein-mediated activation of adenylate cyclase or phos-
pholipase C, leading to an elevation in the levels of the
second messengers, adenosine 38,58-cyclic monophos-
phate (cAMP) or inositol-1,4,5 trisphosphate (IP3) re-
spectively, as also reported by various groups (e.g., Hu-
que & Bruch, 1986; Breer, Boekhoff & Tareilus, 1990;
Balasubramanian, Lynch & Barry, 1996). Following the
elevation of cAMP or IP3, ion channels directly and in-
directly gated by these second messengers are opened in
the olfactory cilia membrane. The contribution of cAMP
to an odorant response has been much more clearly es-
tablished than that of IP3 and it has been suggested from
work in amphibia (Kurahashi & Yau, 1993) and rat
(Lowe & Gold, 1993a, b) that an increase in cAMP con-
centration elicited in olfactory neurons by some odorants
directly causes the opening of nonspecific cation chan-
nels. They suggested that the initial olfactory receptor
response is a mixture of two currents, Na+ and Ca2+

entering through the cAMP-gated channels, which would
tend to depolarize the ORNs. It has also been shown that
cAMP-gated channels are mainly localized in the olfac-
tory cilia (Kurahashi & Kaneko, 1991; 1993), although
channels are also found at a very high density on the
dendritic knobs and to a lesser extent on the soma of
mammalian ORNs (Balasubramanian, Lynch & Barry,
1995). The entering Ca2+ is then considered to go on and
activate a secondary Cl− current, which will further in-
crease depolarization and aid in the initiation of the ac-
tion potential (Kleene & Gestland, 1991; Kleene, 1993;
Kurahashi & Yau, 1993; Lowe & Gold, 1993a). Since
no Ca2+ stores are apparent in the outer dendrites of rat
ORNs, it is assumed that a second messenger-dependent
Ca2+-influx starts the olfactory transduction cascadeCorrespondence to:P.H. Barry
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(Breer et al., 1990). This channel activity can also elicit
changes in the frequency of firing of action potentials in
the receptor cell axons, thereby conveying further olfac-
tory information to the CNS (e.g., Lowe & Gold, 1993a;
Schild & Restrepo, 1998).

Restrepo et al. (1990) first postulated that IP3 also
mediated odorant-induced depolarization of the plasma
membrane of catfish olfactory cilia via the direct opening
of IP3-gated cation channels. At this time, Breer et al.
(1990) suggested that both second messengers were nec-
essary and that they mediated different odorant-specific
transduction pathways. For example, odorants that el-
evate IP3 in ciliary membrane preparations of rat ORNs
failed to elevate cAMP and vice-versa for cAMP odor-
ants and IP3 elevation (Breer et al., 1990). Since then,
considerable evidence that IP3 can also gate and modu-
late ion channels in the olfactory cilia membrane has
been reported in many other nonmammalian species such
as lobster (Fadool & Ache, 1992), salamander (Firestein,
Zufall & Shepherd, 1991), catfish (Goulding et al., 1992;
see alsoKalinoski et al., 1992),Xenopus laevis(Schild,
Lischka & Restrepo, 1995), bullfrog (Suzuki, 1994) and
frog (Kashiwayanagi, 1996). It was suggested that acti-

vation of these IP3-gated channels elicited depolarization
of the ORN membrane potential. More recently, both
IP3 and cAMP transduction pathways have been reported
in lobster and amphibian ORNs, where odorants have
been shown to suppress, as well as excite, the cells via
separate conductances (Miyamoto et al., 1992; Boekhoff
et al., 1994; Schild & Restrepo, 1998).

However, evidence for IP3-mediated olfactory trans-
duction even in non-mammalian species has not always
been consistent. For example, several laboratories have
failed to obtain responses upon dialysis of IP3 into the
cytoplasm of salamander olfactory receptor neurons
(Firestein et al., 1991; Lowe & Gold, 1993a). In addi-
tion, two laboratories have reported no effect with IP3 on
currents recorded in excised patches from frog olfactory
cilia membranes (Kleene, Gesteland & Bryant, 1994;
Nakamura et al., 1996).

On the other hand, in mammalian species, the role of
IP3 in olfactory signaling transduction has been very con-
troversial. Brunet, Gold & Ngai (1996) and Belluscio et
al. (1998) reported that in mice with a CNG channel
knockout or a Golf knockout mutation (with Golf linking
odorant-receptor binding to cAMP formation via stimu-

Fig. 1. A schematic diagram depicting olfactory transduction involving the cAMP and IP3 pathways. The upper part shows the cAMP pathway:
the binding of certain odorants to olfactory receptors activates G-protein-mediated formation of intracellular cAMP. The subsequent elevation of
the cAMP concentration directly causes the opening of cAMP-gated channels, which further mediates an influx of Ca2+, eliciting an increase in
[Ca2+]i, that causes an opening of Ca2+-activated Cl− channels. The lower half shows the IP3 pathways: some odorants stimulate G-protein-mediated
formation of IP3. The increase in intracellular IP3 causes the opening of a Ca2+-permeable conductance and a nonspecific cation conductance. The
influx in Ca2+ elicits an increase in [Ca2+]i, which also opens a nonspecific cation conductance and may also activate Ca2+-activated K+ channels.
Modified from Fig. 9 of Balasubramanian et al. (1996) and Fig. 1 (B&C) of Restrepo et al. (1996).
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lation of adenylate cyclase), the mice failed to respond to
a wide array of odorants known to activate either cAMP
or IP3 pathways, suggesting that the cAMP serves as the
sole second messenger mediating excitatory olfactory
signal transduction. Gold (1999) therefore concluded
that the cAMP mechanism is the sole excitatory trans-
duction mechanism in vertebrate olfactory receptor cells.
In spite of these experiments, Okada et al. (1994) and
Lischka et al. (1999) have now provided evidence for
IP3-gated channels in rat olfactory receptor neurons
(ORNs).

The aim of our paper was therefore twofold. First,
to further confirm and investigate the presence and prop-
erties of the IP3 signalling pathway in mammalian
ORNs. Second, if their presence was confirmed, to es-
timate the relative densities of cAMP- and IP3-gated
channels in membrane patches from these ORNs, with a
view to being able to make some inferences about their
relative contributions to olfactory transduction in such
cells. The intention was to measure channel densities of
both second messenger-gated channels in patches from
both the dendritic knob and soma of acutely dissociated
rat ORNs. Some of the results have been published in
abstract form (Kaur, Moorhouse & Barry, 1999).

Materials and Methods

CELL PREPARATION

Enzymatically dissociated olfactory receptor neurons from adult female
Wistar rats were obtained from olfactory epithelial tissue lining the
septum and turbinates. Cell dissociation and isolation techniques were
basically the same as those described previously (e.g., Lynch & Barry,
1991). Olfactory receptor neurons were enzymatically dissociated by
incubating the olfactory epithelial tissue pieces in divalent cation-free
Dulbecco’s phosphate-buffered saline (DPBS) containing 0.2 mg/ml
trypsin (Calbiochem, La Jolla, CA) for 27 min at 37°C. The dissocia-
tion was terminated by removing the dissociation solution and replac-
ing it with 10 ml of General Mammalian Ringer’s solution (GMR) to
which 0.1 mg of trypsin inhibitor (Calbiochem, La Jolla, CA) had been
added. After trituration with a wide-bored pipette, 2 ml of the super-
natant fluid with isolated cells were transferred to the recording cham-
ber. The cells were allowed to settle down for about 30 min, after
which they were continuously superfused with GMR throughout the
experiment, which typically lasted for about 3–5 hr. ORNs were visu-
ally identified by their characteristic morphology and distinctive fea-
tures including a spherical or ovoid soma (5–8mm diameter) and a
single dendrite (∼3 mm in diameter) arising from the soma, which
terminated in a swelling (∼2–3 mm in diameter), the dendritic knob,
from which a number of fine cilia extend in vivo. The dissection and
the experiments were performed at room temperature (20–22°C).

SOLUTIONS AND PERFUSIONSYSTEM

A special multi-barrel perfusion system was set up to enable us to
change solutions very effectively and rapidly across the patch of mem-
brane (seeFig. 2). The system consists of a sylgard chamber glued
onto a standard microscope slide, which was divided into 2 compart-

ments connected by a narrow canal. One compartment served to store
the cells during the experiment, and in it cells were continuously su-
perfused by General Mammalian Ringer, containing (in mM): NaCl
140, KCl 5, CaCl2 2, MgCl2 1, glucose 10, 4-(2-hydroxy-ethyl)-1-
piperazineethanesulfonic acid (HEPES) 10 (titrated to pH 7.4 with
KOH). On-cell patches were obtained among the cilia on the dendritic
knobs or from the soma of olfactory receptor neurons, and excised in
inside-out patch configurations by a brief air exposure. The other com-
partment was equipped with perfusion outlets allowing exposure of
excised patches to different test solutions. After the formation and
excision of patches, the pipette with membrane patch was transferred
through the inter-compartmental canal and visually positioned in front
of the outflow of the perfusion tube array through which the control and
various test solutions flowed.

For the study of single cAMP-gated channels, the ionic compo-
sition of the solution filling the patch pipette and the extracellular
solution contained (in mM): NaCl 145, NaOH 5, HEPES 10, EGTA 11
(pH 7.4).

For the study of single IP3-gated channels, the ionic composition
of the solution filling the patch pipette and extracellular solution con-
tained (in mM): NaCl 140, KCl 5, CaCl2 2, MgCl2 1, glucose 10,
HEPES 10 (pH 7.4).

For the study of macroscopic cAMP and IP3-gated currents, a
symmetrical ionic solution with composition (in mM): NaCl 140, KCl
5, CaCl2 2, glucose 10, HEPES 10 (pH 7.4) was used for the IP3

currents. However, for the cAMP currents the cytoplasmic side had a
divalent ion free solution with composition the same as that used in the
single-channel study of cAMP-gated channels, since intracellular Ca2+

Fig. 2. The special multi-jet perfusion system used in our experiments
and used for changing solutions across the patch of membrane spanning
the tip of the patch-pipette. As already described in Methods, the sys-
tem consists of 2 compartments connected by a narrow canal. The
compartment, labelled as “Cells”, served to store dissociated olfactory
receptor neurons during the experiments, with the cells being continu-
ously superfused by General Mammalian Ringer’s solution (GMR).
On-cell patches were formed in this compartment. The figure in the
inset (on the right) shows how the membrane patches were obtained.
The patch-pipette was positioned against the knob membrane amidst
the cilia (not visible) and an inside-out patch was excised from it. The
second compartment was equipped with an array of perfusion tubes
through which different solutions flowed. These bathed the patch of
membrane spanning the tip of the patch pipette, visually positioned in
front of the outflow of one of the perfusion tubes. Solutions were
changed rapidly and effectively by moving the perfusion tubes with the
microscope stage on which the whole system was mounted.
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could significantly reduce the affinity of the channels for cAMP (Frings
et al., 1995; Balasubramanian et al., 1996).

ELECTROPHYSIOLOGICAL RECORDINGS

The recording setup consisted of an inverted microscope (Olympus
IX70) placed in a Faraday cage. Electrodes were pulled from thick-
walled borosilicate glass tubing (GC15 OF-15, Clark Electromedical
Instruments, Reading, UK) and fire-polished to a final resistance of
8–18 MV when filled with pipette solution. The pipettes were also
coated with Sylgard (Dow Corning, Midland, MI). The single channels
and macroscopic currents were studied in excised inside-out patches
from membranes of the dendritic knobs and soma of isolated olfactory
receptor neurons using standard patch-clamp techniques (Hamill et al.,
1981). For measuring macroscopic cAMP and IP3 current responses,
step-voltage pulses between −60 to +60 mV, from a holding potential
of 0 mV, were applied both in the presence and absence of cAMP or
IP3. The cAMP- and IP3-activated currents were obtained from the
difference between recordings in the presence and absence of each
agonist. In all the experiments, the currents and potentials are repre-
sented with the usual sign convention: currents flowing from the in-
tracellular side of the membrane patch (bath solution) to the extracel-
lular side (pipette solution) are positive and are plotted upwards and
membrane potentials are given as the potential of the internal (cyto-
plasmic) solution with respect to the external one. Liquid junction
potentials were calculated for each solution, using the Windows version
of the software program JPCalc (Barry, 1994) and the appropriate
corrections were applied to the membrane potential values. Currents
were measured using an Axopatch 1D amplifier (Axon Instruments,
Foster City, CA). The current signals were filtered at 2 kHz with the
4-pole bessel filter of the amplifier and digitized at 10 kHz via a
DigiData 1200 interface (Axon Instruments), monitored online and
stored in an IBM-compatible computer running pCLAMP 8 software
(Axon Instruments, Foster City, CA). This software was also used to
control the D/A converter for generation of voltage-clamp protocols
and to analyze the generated data.

Single-channel conductances were measured both directly and by
fitting Gaussian distributions to amplitude histograms (bin widths var-
ied from 0.05 to 2 pA), before kinetic analysis. All single-channel
analyses used the pClamp 8 software. Only events longer than three
times the rise time of the filter (cutoff∼ 0.16 msec) were accepted for
further kinetic analysis. Open- and closed-time distributions were con-
structed from event lists generated with a 50% threshold criterion,
binned logarithmically with seven or eight bins per decade, and plotted
against the square root of their frequency. Time constants describing
the distribution of binned closed and open times were obtained by
fitting Gaussian functions to these distributions with a least-squares
optimization procedure.

All data are expressed as the mean ±SEM, with the number of
observations,n, in parentheses.

Results

THE PRESENCE OFIP3-GATED AND CNG CHANNELS IN

THE DENDRITIC KNOB AND SOMA OF RAT ORNS

In the absence of either IP3 or cAMP in the bath and
under symmetrical control conditions, no single-channel
activity was seen. The addition of IP3 (2–10 mM) or
cAMP (2–20mM in divalent cation-free solution) to the

solution superfusing the cytoplasmic side of the patch,
elicited clear single-channel currents and also bursts of
channel currents in membrane patches from both the
dendritic knob and soma of rat ORNs. Cyclic AMP-
activated currents were more frequently observed than
IP3-activated currents for both dendritic knob and soma
patches. In the dendritic knob, 83% of the patches (25
out of 30) responded to cAMP, whereas for the same
patches, only 36% (11 out of 30) responded to
IP3. Similarly in the soma, 38% patches (15 out of 40)
responded to cAMP, whereas for the same patches, only
15% (6 out of 40) responded to IP3.

CHARACTERIZATION OF IP3-GATED SINGLE CHANNELS IN

THE DENDRITIC KNOB

Figure 3A displays outward current fluctuations with
some clear single-channel openings in response to the
addition of 2mM IP3 to the cytoplasmic side of an inside-
out patch from the dendritic knob at a membrane poten-
tial of +40 mV. These IP3-activated currents could be
classified further into two groups (large or small conduc-
tances) on the basis of their single-channel conductance
(Fig. 3a; expanded scale). Figure 3B is an amplitude
histogram of a trace showing both large and small IP3-
activated channels. The histogram depicts three current
peaks: one at “0” pA, relating to the closed state, and the
other two at 0.52 and 1.37 pA, respectively. The average
conductances of the small and large channels were 14 ±
3 pS (n 4 4) and 40 ± 7 pS (n 4 9), respectively. In
addition, direct measurements of single-channel ampli-
tude gave values similar to those obtained from the am-
plitude histogram. In general, both conductance types
were observed in the same patch.

Large-Conductance IP3-Gated Channels

The average conductance of the large IP3-gated channel
was 40 ± 7 pS (n49). Figure 4A shows a recording
from a dendritic knob patch containing essentially only
large conductance channels at a membrane potential of
+40 mV. This channel, which displayed both single-
openings and bursts, was comprised of a series of open-
ings separated by brief closures. When the membrane
potential of the patch was changed to −40 mV, clear
single channel openings were still seen, and the burst
behavior seemed to be unaltered. Figure 4B shows the
corresponding amplitude histogram, the peak corre-
sponding to an open-channel amplitude of 1.46 pA (37
pS; n 4 5). The current-voltage relationship (Fig. 4C),
obtained by plotting mean current amplitude (n 4 4)
versus membrane potential, was almost linear and re-
versed near 0 mV under symmetrical ion concentration
conditions. In order to describe the channel kinetics,
dwell-time histograms were constructed (Fig. 4D & E).

94 R. Kaur et al.: IP3-Gated and CNG Channels



Both the open- and closed-states were significantly better
fitted with the sum of three exponentials having open
time-constants of 0.8 ± 0.2, 5.2 ± 1.1 and 108 ± 40 msec
(n 4 3), whereas the closed time-constants were 0.7 ±
0.4, 2.9 ± 1.3, 23.2 ± 17.6 msec (n 4 3). The mean open
time-constant of the channel was 32 ± 17 msec (n 4 5),
whereas the mean closed time-constant was 8.1 ± 6.8
msec (n 4 5). The mean open- and closed-times and
conductance of the large IP3-gated channel are given in
Table 1.

Small-Conductance IP3-Gated Channels

The average IP3-gated small-conductance channel was
14 ± 3 pS (n 4 4). Figure 5A shows a record of IP3-
induced current fluctuations occurring in a patch taken
from a dendritic knob membrane containing a small-
conductance channel at a membrane potential of −35
mV. The channel openings were small and brief and
seemed more flickery than the large-conductance chan-

nel. The corresponding amplitude histogram (Fig. 5B)
was, however, fitted significantly better with two Gaus-
sian functions than with just one. The small, not very
distinct open peak corresponds to an amplitude of −0.51
pA (14.5 pS). The mean current amplitude versus volt-
age relationship for this small-conductance channel (Fig.
5C) was essentially linear, with a reversal potential close
to zero under our symmetrical ion concentration condi-
tions. The open-state (Fig. 5D) was fitted with two ex-
ponentials with time constants of 1.0 ± 0.5 and 4.5 ± 1.2
msec (n 4 3), while the closed-state (Fig. 5E) required
a three-exponential fit, with time constants of 0.9 ± 0.4,
12.3 ± 6.9 and 120 ± 43 msec (n 4 3). The mean open-
time for the small conductance channel was 1.84 ± 0.54
msec (n 4 3) and the mean closed-time was 25.7 ± 15.4
msec (n 4 3). The mean open- and closed-times and
conductance of the small IP3-gated channel are given in
Table 1. A comparison of the mean open-times between
small and large IP3-gated channels in the dendritic knob
showed that the small-conductance IP3-gated channel

Fig. 3. IP3-Evoked unitary currents in inside-out membrane patches from the dendritic knobs of rat olfactory receptor neurons. (A) Basal currents
prior to control and after IP3 perfusion of 2mM IP3 on the internal face of a patch. Most of the channel openings were not resolved due to the
compressed timescale. Membrane Potential4 +40 mV. Expanded timescale (a) shows clear channel openings, “c” denotes closed-state. (B)
Amplitude histogram from the membrane patch inA, fit by Gaussian distributions with mean peak values of 0.52 and 1.37 pA respectively. The
first peak (“0” pA) corresponds to the closed-state of the channel.
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had a shorter open-time (1.8 ± 0.5 msec;n 4 3) than the
large-conductance channel (32 ± 17 msec;n 4 5). Simi-
larly, the mean closed-time of the smaller channel (26 ±
15 msec;n 4 3) was greater than that of the large chan-
nel (8.1 ± 6.8 msec;n 4 3).

INHIBITION BY RUTHENIUM RED

Figure 5A also illustrates the effect of ruthenium red on
the IP3-gated channels in an inside-out patch from the

dendritic knob of an ORN. Consistent with the known
effects of ruthenium red on olfactory IP3-gated non-
specific cation channels (Restrepo et al., 1990, 1992;
Fadool & Ache, 1992; Suzuki, 1994; Honda et al., 1995;
Lischka et al., 1999), 10–20mM ruthenium red abolished
the channel activity. Ruthenium red (10–20mM) also
blocked the large-conductance channel (data not shown).

CHARACTERIZATION OF IP3-ACTIVATED

SINGLE-CHANNELS IN SOMA PATCHES

The percentage of inside-out patches from the soma
membrane responding to IP3 was very low (15%) and it
was very difficult to get single-channel IP3 records. Fig-
ure 6A shows a trace with IP3-gated channels from an
inside-out membrane patch of soma, depicting both
large- and small-conductance channels. Both channel
types are more clearly seen in the expanded section of the
trace (Fig. 6a). The corresponding amplitude histogram
(Fig. 6B) was fitted with three Gaussian functions with

Fig. 4. Large conductance (40 ± 7 pS) IP3-evoked, unitary currents across inside-out patches of membrane from the dendritic knob of a rat olfactory
receptor neuron. (A) Basal currents prior to (control) and after (IP3) perfusion of 4mM IP3 on the internal face of a patch.Vm is the membrane
potential and “c” denotes the closed-state. (B) Amplitude histogram from the membrane patch inA, fit by a Gaussian distribution with mean peak
value of 1.46 pA. The peak (“0” pA) corresponds to the baseline. (C) Plot of the macroscopic mean current-voltage relationship in symmetrical
solutions (n 4 4). Voltage is in mV on the abscissa and current in pA on the ordinate. (D) Open-time histogram distribution of the above IP3-gated
channel. The histogram had a three-exponential fit. (E) Closed-time histogram distribution of the IP3-gated channel also had a three-exponential fit.

Table 1. Single-channel conductance and kinetic parameters of IP3-
gated channels in the dendritic knob of ORNs.

Small–Conductance Channel
14 ± 3 pS (n 4 4)

Large–Conductance Channel
40 ± 7 pS (n 4 5)

Mean open-
time (msec)

Mean closed-
time (msec)

Mean open-
time (msec)

Mean closed-
time (msec)

1.8 ± 0.5 26 ± 15 32 ± 17 8.1 ± 6.8

Values are the mean ±SEM.
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single-channel amplitudes corresponding to 0.53 and
1.58 pA and giving similar conductances (13 and 40 pS)
to those found in knob patches.

AN ANALYSIS OF SINGLE CNG CHANNELS IN DENDRITIC

KNOB PATCHES

Single-channel activity activated by cAMP was studied
in divalent cation-free internal solution. Figure 7A
shows a trace recording of cAMP-induced current in a
patch from the dendritic knob of an ORN at a membrane
potential of −40 mV. The control trace showed no chan-
nel openings in the absence of cAMP. With the addition
of 15–20mM cAMP to the solution bathing the cytoplas-
mic side of the membrane patch, channel activity can be
readily seen. In this trace, discrete single-channel open-
ings are not discernible. However, more than one con-
ductance state, together with multiple-openings, were
present. The high channel activity with flickery behavior
and multiple openings is also seen in the expanded trace
(Fig. 7a). This activity is probably due to the gating of
many cAMP-gated channels contained in the patch.
Plotting this single-channel activity as an amplitude-
histogram (Fig. 7B) indicates that there are three con-

ductance states, which were consequently fitted with at
least three Gaussians. The first peak corresponds to the
closed-state, whereas the other peaks are fused with
single-channel current amplitudes ranging from −1.3 to
−2.5 pA to give conductances of 32–63 pS. In addition,
the tail of the amplitude histogram extends up to −3.5 to
−4 pA with conductances of 87–100 pS. Under our ex-
perimental conditions, the mean open- and closed-times
of the channel were 2.7 ± 0.5 msec and 19.7 ± 12.8 msec
(n 4 5) respectively.

AN ANALYSIS OF SINGLE CNG CHANNELS IN

SOMA PATCHES

Figure 8A shows a record of cAMP-induced currents in
a patch from the soma of an ORN at a membrane poten-
tial of −40 mV. The control trace in divalent cation-free
solution showed no channel openings (not shown). The
addition of 50–60mM cAMP to the solution bathing the
cytoplasmic side of the membrane patch showed clear
channel activity. The trace depicts flickery behavior of
the channel with bursts of channel activity and single-
channel openings. The single-channel openings are
more clearly seen in the expanded section of the trace

Fig. 5. Small-conductance (14 ± 3 pS) IP3-evoked, unitary currents across inside-out patches of membrane from the dendritic knob of a rat olfactory
receptor neuron. (A) Basal currents prior to (control) and after IP3 perfusion of 4mM IP3 on the internal face of a patch. Membrane potential,Vm,
4 −35 mV. The effect of 20mM Ruthenium Red (bottom trace) was to inhibit the IP3-gated channel in the membrane patch. “c” denotes the
closed-state. (B) Amplitude histogram from the membrane patch in (A), fit by Gaussian distribution with a mean value of −0.51 pA. The peak (“0”
pA) corresponds to the baseline. (C ) The open-time histogram distribution of the IP3-gated channel shows a two-exponential fit. (D) The closed-time
histogram distribution of the IP3-gated channel shows a three-exponential fit. (E) Plot of the macroscopic mean current-voltage relationship for the
above membrane patch in symmetrical solutions.
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(Fig. 8a). The accompanying amplitude histogram (Fig.
8B) illustrates two identifiable peaks fitted with two
Gaussians. The first peak at “0” pA corresponds to the
closed-state, whereas the second clear peak (−1.42 pA)
represents the single-channel current amplitude and an
average single-channel conductance of 35 ± 3 pS (n 4
6). Under our experimental conditions, the mean open-
time of the channel was 1.9 ± 0.4 msec and the mean
closed-time 39 ± 30 msec (n 4 3).

THE RELATIVE DENSITIES OFCNG AND IP3-ACTIVATED

CHANNELS IN SOMA AND DENDRITIC KNOB MEMBRANES

To determine the relative contribution of the two second
messengers (cAMP and IP3) in olfactory transduction,
we measured the relative density of CNG and IP3-gated
channels in inside-out patches from both the dendritic
knob and soma in rat ORNs. In each case, the pipette
(extracellular) solution contained 2 mM [Ca2+], although
the cAMP cytoplasmic solution did not contain any Ca2+.
Inside-out excised membrane patches from the dendritic

knob of ORNs were exposed to 0.1, 2, 10 and 100mM

cAMP and IP3 was applied (separately) to the cytoplas-
mic side. Macroscopic current traces were recorded in
response to voltage steps, with control currents in the
absence of agonists being subtracted. Figure 9 (A & B)
shows examples of current traces recorded when 100 and
10mM cAMP and IP3 were applied to an inside-out patch
from the dendritic knob, while Fig. 9C shows the aver-
aged current-voltage relationship (n 4 3) for a dendritic
knob patch after an application of 100mM cAMP and
IP3. Both I-V plots showed linearity without any recti-
fication, with a zero reversal potential. However, the
magnitude of the current amplitude was much greater
with cAMP than with IP3. A preliminary dose-response
curve is shown for IP3 in Fig. 9D for dendritic knob
patches, in which the current amplitudes at 100mM IP3

were normalized to 1 (Vm 4 −60 mV,n 4 3). The data
were fitted by a curve using a Hill-type equation:

Inorm 4 Ch/[Ch + EC50
h] (1)

Fig. 6. IP3-evoked unitary currents across inside-out patches of membrane from soma of rat olfactory receptor neurons. (A) Single-channel currents
after perfusion of 10mM IP3 on the internal face of a patch, withVm 4 40 mV. Most of the channel openings are not resolved due to the compressed
time-scale. Expanded time-scale (a) shows clear channel openings. “c” denotes closed-state. (B) Amplitude histogram for the membrane patch in
(A), fit by Gaussian distributions with mean peak values of 0.53 and 1.52 pA respectively, the first peak corresponding to closed-state of the channel.
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WhereInorm is the normalized current,C is the IP3 con-
centration andh is the Hill coefficient. Fitting averaged
results for IP3 for 3 cells revealed anEC50 of 36 mM and
a Hill coefficient of 1.1, compared to anEC50 of 3 mM

with cAMP reported previously in our lab (with zero
pipette [Ca2+]; Balasubramanian et al., 1996). Figure
10A is an example of the current traces recorded when
100 mM cAMP and IP3 were applied to an inside-out
patch from the soma membrane. Figure 10B shows the
I-V relationship for averaged data (n 4 4) with 100mM

cAMP and IP3 for such patches. In this case, both the
current amplitudes were much smaller than they were in
the dendritic knob patches and again the IP3-activated
current was much smaller than the cAMP-activated one.

The relative densities of CNG and IP3-gated chan-
nels in the inside-out patches from the soma and den-
dritic knob membranes of ORNs were calculated by two

different methods. The first method involved the initial
calculation of the total number,N, of CNG and IP3-gated
channels and the unitary current amplitude,i, for the
patch. The values were determined from the following
equation (Hille, 1984) relating variance (s2) and mean
current amplitude (I ):

s2/I 4 i − I/N (2)

This equation indicates that plottings2/I againstI gives
a straight line with a slope of −1/N that crosses the or-
dinate at the unitary current amplitude,i. The variance
(s2) in this equation was calculated from the difference
in variance obtained in the presence and absence of ago-
nist. The mean agonist-induced current,I, was obtained
in the presence of 2, 10 and 100mM cAMP or IP3. Only
patches that had both cAMP- and IP3-gated channels

Fig. 7. Cyclic AMP-evoked unitary currents across inside-out patches of membrane from the dendritic knob of rat olfactory receptor neurons. (A)
Basal currents prior to (control) and after perfusion of 20mM cAMP on the internal face of a patch. Clear single-channel openings are not readily
resolved due to the compressed time-scale. Due to the amount of channel activity, even the expanded time-scale does not show clear single-channels.
“c” denotes closed-state. (B) Amplitude histogram from the membrane patch in (A), fit by gaussian distributions with mean peak values of −1.3 and
−2.5 pA. Also, the tail of the amplitude histogram extends up to −3.5 to −4 pA. The first peak (“0” pA) corresponds to the closed-state of the channel.
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were used for these measurements. For each patch,s2/I
was plotted againstI for that patch and the value ofN
determined. These values were averaged and theSEM

determined for the whole set of patches. The average
value ofs2/I was also plotted againstI for each channel
and the results are shown in Fig. 11. This method gave
an average number of CNG channels in dendritic knob
patches of 333 ± 19 (n 4 6) channels. This, in turn, gave
an estimate of average CNG channel density of∼1000
mm−2 (the membrane patch was assumed to be circular
with an average patch tip diameter of∼0.65 mm; based
on an estimate of the pipette tip diameter of∼0.6–0.7mm
and pipette resistance of∼12–15 MV). Similar measure-
ments for the same set of patches gave a mean number of
IP3-gated channels in an excised patch of 29 ± 5 (n 4 6),
with an estimated channel density of∼85 mm2.

For the second method, mainly used to confirm the
results of the first method and done on the same patches
as the first method, the following equation was used:

I 4 i ? N ? Po (3)

whereN is the number of channels that can be activated
in a patch,i is the unitary current [obtained using Eq.
(2)], Po is the open probability of the channel andI is the
total current. If the assumption can be made thatPo 4 1,
then N simply 4 I/i. In general, the value ofN then
gives the minimum number of channels that can be ac-
tivated in a patch, sincePo < 1 would imply a larger
value ofN. Balasubramanian et al. (1995) and Restrepo
(1992) reported that 100mM of cAMP and 30mM IP3,
respectively, were saturating doses and gave maximal
responses and presumablyPo ≈ 1. This was certainly
valid for cAMP (Fig. 7 of Bönigk et al., 1999, for their
experiments on rat ORNs, wherePo 4 1.0 above about
30 mM). It should also be noted that the examples of
current records given in this paper (e.g., Fig. 8) were
especially chosen to show clear single channel transi-
tions and therefore were likely to have had a lower open

Fig. 8. Cyclic AMP-evoked unitary currents across inside-out patches of membrane from the soma of rat olfactory receptor neurons. (A) Single-
channel currents after perfusion of 60mM cAMP on the internal face of a membrane patch, withVm 4 −40 mV. Clear single-channel openings are
not resolved due to the compressed time-scale. The expanded time-scale (a) does show distinct single-channel openings. “c” denotes closed-state.
(B) Amplitude histogram from the membrane patch inA, fit by Gaussian distribution with mean peak value of −1.42 pA. The first peak (“0” pA)
corresponds to the closed-state of the channel.
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probability than most of the other patches. Using this
second method for the response to 100mM of agonist, the
value of N for cAMP-gated channels in the dendritic
knob gave a rough estimate of∼300, implying a channel
density of∼900mm−2. Hence, the density of CNG chan-
nels estimated by each of the two different methods was
similar. Balasubramanian et al. (1995) also reported
similar numbers of CNG channels in membrane patches
from dendritic knobs. Using the second method, the
value ofN for the IP3-gated channels was calculated as
∼25, to give a channel density of∼75 mm−2. Indeed,
even if the maximumPo of IP3-gated channels was only
∼0.7, it is still clear that the CNG channel density would
be an order of magnitude greater than that of the IP3-
gated ones.

Comparable calculations indicated that the numbers
of CNG and IP3-gated channels were much less in
patches from the soma than from the knob. In the soma,
the mean number of channels in the excised patch in
response to cAMP was calculated to be 45 ± 3 (n 4 7),
to give a channel density of∼57 mm−2 (the patch mem-
brane was assumed to be circular, with tip diameter≈1

mM and pipette resistance≈6–10 MV). In contrast, the
number of IP3-gated channels in a soma patch was 10 ±
2, to give an IP3-gated channel density of only∼13
mm−2. Once again, the CNG and IP3-gated channel den-
sities obtained by the second method were somewhat
similar to those obtained using the first method.

Hence, there was a much smaller density of IP3-
gated channels compared to CNG channels in both the
knob and the soma. There was also a much lower den-
sity of both CNG and IP3-gated channels on the soma
than on the knob. These data, together with the fractions
of patches responding to either cAMP or IP3, are sum-
marised in Table 2.

Discussion

We have now further confirmed the presence of IP3-
gated channels in rat ORNs and shown that both IP3-
gated and CNG channels can co-exist in ORN membrane
patches. Using inside-out patches from fresh acutely-
dissociated rat ORNs, we found two types of IP3-gated

Fig. 9. Cyclic AMP- and IP3-evoked currents across membrane patches from the dendritic knob of rat olfactory receptor neurons. (A) Currents
activated by 100mM cAMP and IP3. Voltage pulses of 1.6 sec duration, from −60 (bottom trace) to +60 mV (top trace) in 20 mV steps, were
generated from a holding potential of 0 mV. Each trace was obtained as the difference between the currents measured in the presence and absence
of cAMP and IP3 in the perfusion solution. (B) Currents activated by 10mM cAMP and IP3. Voltage pulses of 1.6 sec duration, from −60 to +60
mV in 20 mV steps, were generated from a holding potential of 0 mV. Each trace was obtained as the difference between the currents measured
in the presence and absence of cAMP and IP3 in the solution. (C ) Averaged current-voltage relationship of CNG and IP3 channels activated by 100
mM cAMP and IP3 for the same patches (n 4 3). (D) A preliminary IP3 dose-response relationship. Data points are averaged values of current at
−60 mV, normalized (Inorm) to the maximum current obtained in the presence of 100mM IP3 (n 4 3). The curve was fitted by a Hill type equation,
using an EC50 of 36 mM for IP3 (Hill coefficient, h, 4 1.1).
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channels in the dendritic knob and soma membranes.
We have also shown that although both cAMP and IP3

can directly gate the activated channels and elicit unitary
membrane currents, the relative density of IP3 channels
is very much less than that of CNG ones in both mem-
branes, and the density of both is very much higher in the
dendritic knob.

It is of interest to note that Noe´ and Breer (1998),
using very different techniques, namely those of Ca2+

imaging and single-cell RT-PCR, have also demon-
strated that both second messenger systems can coexist
in a sub-population of olfactory sensory neurons, in sup-
port of the concept of dual transduction in olfaction.

SECOND MESSENGER CAMP- AND

IP3-GATED CONDUCTANCES

A single-channel analysis of CNG and IP3-gated channel
properties of the ORNs (dendritic knob and soma)
showed that characteristic features distinguished these
two second-messenger-activated ion channels from each
other. The high activity of CNG channels in the den-
dritic knob patches suggested the presence of more than
one cAMP channel in each patch, as previously observed
by others (Hatt & Ache, 1994). For the IP3-gated chan-
nels, two channel types with different conductances were
also observed in the dendritic knob patches: one large

(40 ± 7 pS) and one small (14 ± 3 pS). IP3-gated chan-
nels with similar conductance properties were also ob-
served in soma membrane patches. The dwell-time
(open and closed) histograms of the large-conductance
IP3-gated channel indicated that they have three kineti-
cally distinguishable open and closed states. However,
the dwell-time histograms of the small-conductance IP3-
gated channel suggested only two open states and three
closed states. Whether these two IP3-gated conductances
represented two distinct types of IP3 receptors or two
different subconductance states of the same receptor, is
not known.

Fig. 10. Cyclic AMP- and IP3-evoked currents across membrane
patches from the soma of olfactory receptor neurons. (A) Currents
activated by 100mM cAMP and IP3. Voltage pulses of 2 sec duration,
from −60 to +60 mV in 20 mV steps, were generated from a holding
potential of 0 mV. Each trace was obtained as the difference between
the currents measured in the presence and absence of cAMP and IP3 in
the perfusion solution. (B) Averaged current-voltage relations of CNG
and IP3-gated channels, activated by 100mM cAMP and IP3 for the
same patches (n 4 4). Note that the scales are very different from those
used for the dendritic knob patches in Fig. 9.

Fig. 11. The relationship between variance/I and I for the current re-
sponse induced by cAMP and IP3, for the same set of dendritic knob
patches. Data were obtained by applying cAMP and IP3 at various
doses to the cytoplasmic side of a patch membrane excised from den-
dritic knob, and errors areSEM. (A) Relationship between variance/I and
I for the membrane patch from the dendritic knob induced by cAMP
(A) and that induced by IP3 (B). It should be noted that the value ofN,
the number of channels per patch, and itsSEM in the text, were deter-
mined by averaging the values determined from similar individual plots
for each patch.

102 R. Kaur et al.: IP3-Gated and CNG Channels



Fadool & Ache (1992) reported two IP3-gated con-
ductances (30 and 74 pS), which were similar in the
dendrite and soma of cultured lobster ORNs. Both the
small- and large-conductance IP3-gated channels dis-
played channel bursts, but differed in their single-
channel conductances and kinetics. Honda et al. (1995)
observed in rat olfactory cilia membranes fused onto
lipid bilayers, that ion channels opened by IP3 could be
classified into two groups (37 and 103–184 pS) that dif-
fered in terms of both conductance and kinetics. Hatt &
Ache (1994) also reported two different IP3-gated con-
ductances (27 and 64 pS) in lobster dendritic membranes.
As in our experiments, they observed briefer openings of
the smaller conductance channel. Lischka et al. (1999)
also observed two IP3-gated conductances (64 ± 4 pS and
14 ± 1.7 pS) in the soma membrane of rat ORNs. IP3-
gated channels in some other cells display openings to
multiple conductance levels (ER in cerebellum and SR in
aortic smooth muscle; Ehrlich & Watras, 1988). Lischka
et al. (1999) reported similar magnitudes of conductance
levels for olfactory, cerebellar, ER and smooth muscle
SR IP3 receptors, suggesting that IP3 receptor proteins in
cerebellum and olfactory neurons may be identical.

Finally, we observed that ruthenium red (RR) de-
creased the amplitude of IP3-induced current fluctuations
from the rat olfactory dendritic knob and soma, as pre-
viously observed in lobster, catfish and rat (Restrepo et
al., 1990; Fadool & Ache, 1992; Lischka et al., 1999).
It should be noted that RR varies in its action on IP3-
activated channels in nonolfactory cells (e.g., it inhibits
such channels in skeletal muscle SR but not in aortic
smooth muscle; Ehrlich & Watras, 1988).

THE RELATIVE DENSITIES AND CONTRIBUTION OF CAMP
AND IP3 PATHWAYS IN OLFACTORY TRANSDUCTION

Following the observation of distinct CNG and IP3-
activated ion channels in the rat ORNs, we have now
estimated the relative densities of CNG and IP3-gated
channels in both the soma and dendritic knob mem-
branes. As far as the two channel types were concerned,
in the dendritic knob membranes we observed a much
higher density of CNG channels (∼1000mm−2) than IP3-
gated channels (∼85 mm−2). With the fraction of patches

at the knob responding to cAMP and IP3 being 0.83 and
0.36 respectively, this gives an effective ratio of 27 for
CNG/IP3-gated channels at the knob. For the soma
membrane, the channel density was much lower, being
∼57 mm−2 and ∼13 mm−2 for the CNG and IP3-gated
channels respectively. With the fraction of patches at the
soma responding to cAMP and IP3 being 0.38 and 0.15
respectively, this gives an effective ratio of 11 for CNG/
IP3-gated channels at the soma. For an order of magni-
tude calculation, a density of∼1000 cAMP-gated chan-
nelsmm−2 on the dendritic knob membrane, a cylindrical
dendritic knob of 2.5mm diameter and 5mm length,
would imply a total of∼39,000 channels for the whole
knob. For the IP3-gated channels with a density of∼85
mm−2 on the dendritic knob membrane, a similar-sized
knob would give an estimated total of∼3,300 channels.
The precise value obviously depends very much on the
size and shape of such knobs which vary considerably
from one cell to another. However, what is clear here is
that the relative density of CNG channels in the dendritic
knob is at least an order of magnitude greater than that of
IP3-gated channels. Our findings on CNG channel den-
sity are in agreement with previous studies that reported
a higher density in the dendritic knob membrane than in
the soma membrane for rat ORNs (Kurahashi & Kaneko,
1991, 1993; Balasubramanian et al., 1995). Our esti-
mates of the number of cAMP-gated channels in inside-
out patches from the dendritic knob of rat olfactory re-
ceptor neurons are also in agreement with the data of
Balasubramanian et al. (1995).

In amphibian ORNs, the highest density of CNG
channels has been shown to be on the cilia, with esti-
mates of channel density varying from about 450–7000
mm−2 (Nakamura & Gold, 1987; Kurahashi & Kaneko,
1991, 1993; Kleene et al., 1994), compared to values on
the dendrite or cell body of about 2mm−2 (Kurahashi and
Kaneko, 1991). Although the values for the soma mem-
branes of the rat ORN are very much larger than those of
the amphibian, the CNG channel density value for the rat
dendritic knob is tending towards the high values ob-
tained for amphibian cilia. Unfortunately, we cannot di-
rectly investigate the properties of the cilia membrane in
our preparation, but can merely use the dendritic knob
values to approximate, and presumably underestimate,

Table 2. Relative densities of, and fraction of patches with channels responding to, CNG and IP3-gated
channels in membrane patches from the dendritic knob and soma of ORNs.

2nd Messenger Dendritic knob
(Channels? mm−2)

Fraction of
knob patches
with channels

Soma
(Channels? mm−2)

Fraction of
soma patches
with channels

CNG 1000 0.83 57 0.38
IP3 85 0.36 13 0.15

Channel densities were calculated using the variance method (Eq. 2).
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the actual receptor density. On the basis of our data, it
seems likely that the density of the CNG channels on the
dendritic knob is at least an order of magnitude greater
than that of the IP3-gated channels. If the ratio increases
with the absolute density of channels, as it does with the
difference between soma and dendritic knob membranes,
then the CNG to IP3-gated channel ratio could be even
greater in the cilia. However, two factors still need to be
taken into account before any conclusions may be drawn
about the relative contributions of the two second mes-
senger pathways.

First, under physiological conditions, with the pres-
ence of a few mM Ca2+ in the extracellular fluid sur-
rounding the cilia, the currents generated by the opening
of each of the channels may be different. Even though
olfactory CNG channels are very permeable to Ca2+

(e.g., bovine channels,PCa/PK ≈ 5; Frings et al., 1995),
the channels are also blocked by Ca2+, for which the
channel has a high affinity. For example, in about 1 mM
[Ca2+]o, the current drops to much less than 0.1 of its
value in the absence of Ca2+ and about 50% of the cur-
rent is carried by Ca2+ (Frings et al., 1995). These au-
thors also showed that as [Ca2+]o was increased up to
about 3 mM, the current dropped even further and was
almost exclusively carried by Ca2+. It should be noted
that the Ca-activated Cl− channel is then able to amplify
the depolarizing response to Ca2+ entering through these
CNG channels. Measurements of IP3-gated channels
from olfactory cilia in bilayers have indicated that they
have a lower calcium permeability withPCa/PK ≈ 0.8
(Restrepo 1992). However, a comparison of the aver-
aged responses in the same patches responsive to satu-
rating concentrations of both cAMP and IP3 with equal
extracellular (pipette) concentrations of [Ca2+] of 2 M can
be seen in Figs. 9 and 10, where the magnitude of the
macroscopic cAMP-induced current is almost an order of
magnitude greater than that induced by IP3 for membrane
patches from both the dendritic knob and soma.

Second, the relative fraction of odorant receptors
sensitive to cAMP and IP3 on a particular ORN may be
quite different and may depend heavily on the type of
odorant, so that the proportion of cAMP- and IP3-
generated second messengers may be very different. It
should also be noted that these currents do not have to be
very large since olfactory ORNs possess a high mem-
brane impedance (Firestein & Werblin, 1987), so that the
cells are electronically compact and require only a few
pA of injected current to elicit an action potential (Lynch
& Barry, 1989; Kleene et al., 1994).

Nevertheless, in spite of some uncertainties relating
to a precise evaluation of the relative contributions of the
two second messenger pathways in response to odorant
stimulation, we have demonstrated that CNG and IP3-
gated ion channels can occur in the same ORNs and the
fact that the density of CNG channels is so much greater

than the density of IP3-gated ones, is, at the very least,
consistent with the cAMP pathway being the predomi-
nant one.

Finally, one might ask what is the value of having
two second messenger systems? In addition, to allowing
for further options by having subsets of odorants that
activate one or the other of the two signaling systems, it
has been suggested by Vogl et al. (2000), that there can
be cross-talk between the two pathways to fine-tune and
modulate olfactory responses, with an increase in one
second messenger tending to suppress the response of the
other one.
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Noé, J., Breer, H. 1998. Functional and molecular characterization of
individual olfactory neurons.J. Neurochem.71:2286–2293

Okada, Y., Teetet, J.H., Restrepo, D. 1994. Inositol 1,4,5-trisphos-
phate-gated conductance in isolated rat olfactory neurons.J. Neu-
rophysiol.71:595–602

Restrepo, D. 1992. Characterization of a novel inositol 1,4,5-
trisphosphate receptor in isolated olfactory cilia.Biochem. J.
281:449–456

Restrepo, D., Miyamoto, T., Bryant, B.P., Teeter, J.H. 1990. Odor
stimuli trigger influx of calcium into olfactory neurons of the chan-
nel catfish.Science249:1166–1168

Restrepo, D., Teeter, J.H., Honda, E., Boyle, A.G., Mareck, J.F.,
Prestwich, G.D., Kalinoski, D.L. 1992. Evidence for an IP3-gated
channel protein in isolated rat olfactory cilia.Am. J. Phys.
263:C667–C673

Restrepo, D., Teeter, J.H., Schild, D. 1996. Second messenger signal-
ing in olfactory transduction.J. Neurobiol.30:37–48

Schild, D., Lischka, F.W., Restrepo, D. 1995. InsIP3 causes an increase
in apical [Ca2+]i by activating two distinct components in vertebrate
olfactory receptor cells.J. Neurophysiol.73:862–866

Schild, D., Restrepo, D. 1998. Transduction mechanisms in vertebrate
olfactory receptor cells.Physiol. Rev.78:429–466

Suzuki, N. 1994. IP3-activated ion channel activities in olfactory re-
ceptor neurons from different vertebrate species.In Olfaction and
Taste X1. K. Kurihara, N. Suzuki, and H. Ogawa, eds. Springer-
Verlag, Tokyo. 173–177
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