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Calcium Modulates the Rapid Kinetics of the Odorant-induced Cyclic

AMP Signal in Rat Olfactory Cilia
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Although the cAMP and phosphoinositide (Pl) second mes-
senger systems are involved in olfactory signal transduction,
aspects of their roles remain unclear. We have further ex-
amined the rapid kinetics of cAMP fluctuations in response
to odorants in rat olfactory cilia isolated by calcium shock.
Odorants cause a rapid and transient subsecond elevation
of cAMP levels, as well as a more sustained signal lasting
5-10 sec. Basal cAMP levels demonstrate a biphasic cal-
cium dependence; calcium enhanced both adenylyl cyclase
(AC) and phosphodiesterase (PDE) activities. The odorant-
induced cAMP response also demonstrated a biphasic
dependence on calcium, with peak activity at 10 um free
calcium. All odorants tested were found to stimulate cAMP
accumulation, and the dose-response curves were multi-
phasic, with less stimulation seen at higher concentrations.
Dose-response curves performed for isovaleric acid at two
free calcium concentrations demonstrated that calcium can
influence cellular responsiveness to odorants and may be
involved with signal potentiation as well as desensitization.
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Olfactory signal transduction, which occurs in the cilia of ol-
factory receptor neurons (ORNs), appears to proceed through
the generation of cyclic adenosine 3'5’-monophosphate (CAMP)
and inositol 1,4,5-trisphosphate (InsP,) (Pace et al., 1985; Sklar
et al., 1986; Boekhoffet al., 1990; Breer et al., 1990; Lowe and
Gold, 1991; Ronnettetal., 1991b, 1993; Miyamoto et al., 1992).
The membrane receptors that transduce the odorant stimuli are
thought to be G-protein—coupled receptors that are members of
a large multigene family (Buck and Axel, 1991; Buck, 1992).
Recent evidence suggests that these two second messenger path-
ways are colocalized in sensory neurons (Cunningham et al.,
1992), allowing for possible interactions between these cascades
within a single cell. cCAMP initiates the electrophysiological re-
sponse by directly activating a nonspecific cation channel lo-
cated in the plasma membrane of the sensory cilia (Nakamura
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and Gold, 1987; Firestein and Werblin, 1989; Dhallan et al.,
1990; Ludwig et al., 1990; Lowe and Gold, 1991). Mechanisms
by which InsP, may contribute to the electrophysiological re-
sponse in this system are not well defined, but may be mediated
through InsP; receptors that have been localized to the ciliary
surface membrane (Cunningham et al., 1992; Restrepo et al.,
1990, 1992).

Although the participation of these two second messenger
cascades in olfaction is generally accepted, aspects of their in-
volvement remain unclear, and may be different across species.
Initial studies demonstrated a robust odorant-sensitive adenylyl
cyclase (AC) present in frog olfactory cilia isolated by calcium
(Ca?+) shock (Pace et al., 1985). More detailed characterization
of this enzyme in rat cilia (Sklar et al., 1986) demonstrated that
it was best stimulated by fruity, floral, and herbaceous odorants,
while putrid odorants could not be shown to stimulate AC ac-
tivity. Using rapid stop-flow techniques, Breer and collaborators
(Boekhoffet al., 1990) found extremely rapid increases in cAMP
levels by odorants in isolated rat olfactory cilia. Certain odorants
stimulated cAMP production at concentrations as low as 0.1
uM, while others had no effect. Calcium was found to inhibit
the cAMP response. These results collectively suggested that
cAMP mediates olfactory signaling for only a subset of odorants.
This was in contrast to a large amount of electrophysiological
data demonstrating that potentially all ORNSs depolarize in re-
sponse to cAMP (Menevse et al., 1977; Firestein and Werblin,
1987, 1989; Nakamura and Gold, 1987; Labarca and Baciga-
lupo, 1988; Firestein et al., 1991a,b; Zufall et al., 1991). To
evaluate signaling in intact cells, several primary culture systems
of rat ORNSs have been developed (Farbman, 1977; Hirsch and
Margolis, 1979; Hirsch and Margolis, 1981; Noble et al., 1984;
Gonzales et al., 1985; Maue and Dionne, 1987; Calof and Chi-
karaishi, 1989; Pixley and Pun, 1990; Pixley, 1992). Using intact
cells maintained in monolayer culture that were pretreated with
staphylococcal a-toxin (to introduce extremely small pores al-
lowing for the introduction of radioligand), all odorants ex-
amined were found to stimulate AC, with as little as 0.1 nm
odorant elevating enzyme activity (Ronnett et al., 1991a,b).
Responses for odorants were biphasic, with enhancement of AC
disappearing at elevated concentrations.

Odorant-induced enhancement of InsP, levels was similarly
demonstrated using a rapid stop-flow paradigm (Breer et al.,
1990). It was found that those odorants that stimulated cAMP
production appeared complementary to those that stimulated
InsP, accumulation. On the other hand, using metabolic labeling
of intact cells with *H-myo-inositol, all odorants were found to
stimulate phospholipase C (PLC) activity, as well as AC activity,
suggesting that these second messenger cascades may not be



complementary, but function simultaneously in odorant sig-
naling (Ronnett et al., 1993). An increase in intraciliary Ca?+
concentrations as a result of the action of the InsP, could mod-
ulate AC or PLC activities.

To examine these discrepancies, we have further studied the
rapid odorant-induced cAMP response in isolated rat cilia. We
demonstrate that all odorants tested affect cAAMP accumulation.
We have determined that Ca?* is important in this response
and can modulate the dose-response curve.

Materials and Methods

Materials. Tristhydroxymethyl)aminomethane (Tris), Tris hydrochlo-
ride (Tris-HCI), ethylene glycol-bis(3-aminoethyl ether)-N, N, N’, N'-tet-
raacetic acid (EGTA), prL-dithiothreitol (DTT), adenosine 5'-triphos-
phate, magnesium salt (Mg-ATP), guanosine 5'-triphosphate (GTP),
3a,7a,12a-trihydroxy-58-cholan-24-choleic acid, sodium salt (choleic
acid), calcium chloride, and 3’-isobutyl-1-methylxanthine (IBMX) were
purchased from Sigma Chemical Company (St. Louis, MO). NaCl, MgCl,,
ethylenediaminetetraacetic acid, disodium salt (EDTA), anhydrous ether,
and trichloroacetic acid (TCA) were purchased from J. T. Baker, In-
corporated (Phillipsburg, NJ). 4-Morpholinpropansulfonic acid (MOPS)
was obtained from Boehringer Mannheim (Germany). The chemical/
freeze quench apparatus, System 1000, was supplied by Update Instru-
ment, Incorporated (Madison, WI), and the calcium electrode was sup-
plied by Orion (Boston, MA). Adenosine 3',5'-cyclic phosphate ((AMP)
was assayed by the Amersham '»I-labeled cCAMP assay system (Amer-
sham Corporation, Arlington Heights, IL). Isovaleric acid (IVA), 3,7-
dimethyl-2,6-octadienenitrile (citralva), and 2-isobutyl-3-methoxypyr-
azine (IBMP) were obtained from International Flavors and Fragrances
(Union Beach, NJ).

Tissue preparation. Cilia were prepared from adult male rats (150-
200 gm) according to the procedure of Sklar et al. (1986). Briefly, male
Sprague-Dawley rats were killed by decapitation. Nasal turbinates were
dissected, pooled, and washed in Kreb’s Ringer’s solution (120 mm
NaCl, 5 mm KCl, 1.6 mm K,HPO,, 25 mm NaHCO,, 7.4 mm glucose,
pH 8.0) at 4°C. The tissue was centrifuged at 5,000 x g for 5 min. The
pellet was resuspended in 100 mm Tris HCL, pH 8.0. The bathing me-
dium was supplemented with CaCl, to a final concentration of 10 mm
and agitated gently on an end-over-end shaker for 20 min at 4°C. The
deciliated epithelium was removed by centrifugation for 5 min at 1500
x g. The supernatant containing the detached cilia was centrifuged for
10 min at 12,000 x g and the resulting pellet containing the isolated
cilia was washed twice in 10 mM Tris-HCl, 3 mm MgCl,, 1 mm EDTA,
pH 8.0. The final cilia pellet was resuspended in a small volume of 10
mw Tris-HCl, 3 mm MgCl,, 1 mm EDTA, pH 8.0.

The concentrated rat cilia were aliquoted and stored at —70°C. No
loss of activity was detected for up to 6 months. Protein concentrations
of the final cilia preparations were measured according to the method
of Lowry et al. (1951) using bovine serum albumin as standard.

Activation of olfactory cilia. The chemical/freeze quench apparatus
was used with three syringes to perform reactions in the millisecond
range from 20 msec to 500 msec. Longer time courses were performed
manually. The first syringe contained cilia suspended in buffer that
consisted of 10 mMm Tris-HCl, 3 mm MgCl,, and 10 mm EGTA. The
second syringe held reaction mix containing 50 mm MOPS, 2.5 mm
MgCl,, 1.0 mm DTT, 1.0 mm Mg-ATP, 1.0 um GTP, and 0.05% cholic
acid, pH 7.4, with or without odorant at appropriate concentrations.
Odorants were prepared from a stock in an ethanol solution and diluted
for use so that the final ethanol concentration was less than 0.1%. Control
samples were run at each time point and consisted of reaction mix
containing the same ethanol concentration and calcium concentration
without odorant. Data are presented relative to these controls, as en-
dogenous cAMP levels in isolated rat chemosensory cilia vary from
preparation to preparation. The final free Ca?* concentration was de-
termined by Ca?* electrode. The third syringe contained 13.5% trichlo-
roacetic acid (TCA) as a quench. The reaction was carried out by com-
bining 1 part cilia to 4 parts reaction mix to 4 parts quench. For
experiments requiring IBMX, cilia were preincubated with or without
0.5 mm IBMX, a phosphodiesterase inhibitor, for 30 min. The protein
concentration in the first syringe averaged 170 ug per milliliter of cilia
buffer, as determined by the method of Lowry et al. (1951). Cyclic AMP
assays were performed on 10 ug of protein. Quenched samples were
collected on ice and spun 10 min in a microfuge at 4°C. The supernatant
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was collected and then ether extracted four times with 3 ml of anhydrous
ether to remove TCA. Cyclic AMP was assayed with the Amersham
125]-labeled cAMP assay system.

Calcium. The free Ca?* in the reacting solution (cilia plus reaction
mix) was measured by a Ca®* electrode (Orion Instruments, Boston,
MA). Titrations were performed with Ca>+* and EGTA to obtain free
Ca?* concentrations ranging from 0.01 to 100 um.

Results

Odorant-induced changes in cAMP levels at subsecond and
longer times

Previous experiments which investigated the odorant-induced
cAMP response using a rapid stop-flow paradigm have dem-
onstrated that cAMP increases in response to odorants, with a
peak between 50 and 100 msec (Boekhoff et al., 1990; Breer et
al., 1990). A sustained signal that decays more slowly was seen,
but reportedly only at high odorant concentrations (Breer et al.,
1990). These results are in contrast to those obtained in whole
cells, where odorants may stimulate AC activity for up to 15~
20 sec, depending upon the odorant (Ronnett et al., 1991b). To
investigate these findings further, rapid stop-flow experiments
were performed using rat olfactory cilia isolated by Ca**+ shock
as described in Materials and Methods. Using a three syringe
configuration, cilia contained in the first syringe were mixed for
20-500 msec with AC reaction mix containing the appropriate
concentration of odorant, and the reaction was quenched with
TCA. RIA was performed on an aliquot of each reaction. Ex-
posure of cilia to the odorant citralva at a concentration of 0.1
uM resulted in increased cCAMP levels as early as 50 msec, with
peak levels at 100 msec reaching as high as eightfold stimulation
over basal levels, and declining rapidly thereafter (Fig. 14).
These results confirm those obtained by previous investigators
(Boekhoff et al., 1990; Breer et al., 1990), although it was of
interest that stimulation was seen at even lower odorant con-
centration, and the dose-response curves were multiphasic, not
linear.

To investigate whether this subsecond signal was temporally
the only fluctuation in cAMP levels in response to odorants, a
second set of experiments was performed manually from 0 to
20 sec of odorant exposure. As described in Materials and Meth-
ods, tubes containing cilia were mixed with reaction mix con-
taining citralva at 0.1 um and quenched manually with TCA. A
second peak of odorant-stimulated cAMP accumulation oc-
curred, peaking by 5 sec (Fig. 1B). Thus, in addition to the rapid
response potent at lower odorant concentrations, a second ro-
bust peak of CAMP accumulation in response to odorants is
seen in the seconds time range. These results appeared to concur
in general with those obtained using whole cells (Ronnett et al.,
1991b, 1993).

Effect of Ca’* on basal cAMP levels

To determine whether free Ca?* concentration may modulate
the odorant-induced cAMP response at rapid times, the effect
of varying Ca?* concentrations on basal cCAMP levels was ex-
amined. Previous studies (Boekhoff et al., 1990; Breer et al.,
1990) have reportedly maintained reaction conditions at low
free Ca’*. An olfactory AC has been cloned that is Ca?+ de-
pendent (Bakalyar and Reed, 1990), and biochemical analysis
reveals that AC activities in olfactory cilia are Ca?* dependent
(Choi et al., 1992). Additionally, several high-affinity phospho-
diesterase activities are found in olfactory epithelium and lo-
calized to the ORNs, including both Ca?*-dependent and Ca?+-
independent PDEs (Borisy et al., 1992).
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Effect of citralva on cAMP levels in rat olfactory cilia measured at subsecond and second times. Rat cilia isolated by Ca?* shock were

prepared as described in Materials and Methods. Cilia were incubated with reaction mix containing 0.1 uM citralva and a free Ca?+ concentration
of 10 uM, as determined by Ca?* electrode. At each time point, duplicate samples were quenched with TCA as described in Materials and Methods
and the concentration of CAMP determined by RIA. 4, Determination of cAMP concentration at millisecond time points, performed using rapid
stop-flow analysis. B, Determination of cAMP concentration at second time points, performed manually. Results are presented as percentage of
basal, and are averages of duplicates representative of three separate determinations.

To determine the effects of Ca?* on basal cAMP in levels in
cilia, the olfactory cilia were subjected to rapid stop-flow con-
ditions and mixed with reaction mix containing varying free
Ca2+ from 0.01 to 100 um. Cyclic AMP levels were measured
at 100 msec. Although no specific inhibitor exists for AC, the
relative contributions of AC or PDE activation by Ca?* may be
addressed by the use of IBMX, a potent phosphodiesterase in-
hibitor (Beavo, 1988). Cilia were preincubated for 30 min at
room temperature with or without 0.5 mm IBMX prior to the
rapid mixing experiments. Comparing results at 100 msec, there
is an overall increase in CAMP levels from 0.01 um Ca2+ to 100
uM Ca?*, from 12.2 pmol of cAMP per mg protein to 26 pmol
of cCAMP per mg protein (Fig. 24). From 10 um Ca?* to 100 um
Ca?*, cAMP levels decrease from 26 pmol of cAMP per mg
protein to 5.6 pmol/mg protein. This somewhat greater than
twofold stimulation of cAMP levels by Ca?* is consistent with
the stimulation seen biochemically and in cloned expressed AC
IIT (Bakalyar and Reed, 1990). Cilia preincubated with 0.5 mm
IBMX revealed a different dose-response curve (Fig. 24). Cyclic
AMP levels increased, as Ca?t concentrations were increased,
from 0.01 uM to 50 uM, going from 14.2 pmol of cAMP per mg
protein to 73.2 pmol of cCAMP per mg protein, with a slight
decrease at higher Ca?* concentrations. The disproportionate
augmentation of cAMP levels with increasing Ca?* seen when
cilia were preincubated with IBMX suggests that a Ca?+-depen-
dent phosphodiesterase is involved. When the PDEs are inhib-
ited, a robust Ca2*-dependent AC response is revealed (Fig.
2A4).

Similar experiments were performed manually at 5 sec (Fig.
2B). In the absence of IBMX, cAMP levels increased from 32
pmol/mg protein at 0.01 um free Ca?+* to 75 pmol of cAMP per
mg protein at 10 um free Ca?*. Thereafter, CAMP levels de-
creased from 75 to 53 pmol/mg protein. At longer time points,
therefore, there is a more robust stimulation of cCAMP levels in

the absence of IBMX than that seen at shorter time points. When
cilia were preincubated with IBMX and then reacted in the
presence of buffers containing varying Ca?+ levels, cAMP in-
creased from 48 pmol/mg protein at 0.01 um free Ca2+ to 87
pmol of cAMP per mg protein at 10 uMm free Ca2+, and subse-
quently declined. At these longer time points, the Ca?+ dose—
response curves in the presence and absence of IBMX are par-
allel. The disproportionate enhancement of cAMP levels by
IBMX at shorter time points (Fig. 24) when compared to longer
time points (Fig. 2B) suggests that a Ca?*-dependent PDE is
important in modulating the subsecond signal, whereas this is
not the case at longer time points. In both cases, however, the
contribution to ambient cAMP levels by AC appears to be Ca2+
dependent. Based upon these dose-response curves, subsequent
experiments were performed at 10 um free Ca?+, unless other-
wise indicated.

Effect of Ca** on odorant-stimulated cAMP levels

Although Ca?* can modulate basal cAMP levels, the effect of
Ca**+ during odorant stimulation may be quite different. To
study this, rapid stop-flow assays were performed on cilia ex-
posed to reaction mix containing 0.1 uM citralva at 0.1, 10, and
100 umM free Ca2+. A time course from O to 500 msec was per-
formed under each of these conditions (Fig. 3). As in the case
of basal cAMP levels, odorant-stimulated cCAMP responses are
affected by free Ca?+, with maximal response at 10 um free Ca2+,
Higher Ca?* concentrations result in a diminished odorant-
stimulated peak. Thus, the concentration of free Ca2* also ap-
pears to be important in determining basal as well as odorant-
stimulated cAMP levels.

Generality of the odorant-induced cAMP response

Although the second messenger systems cAMP and InsP, have
been implicated in olfaction, conclusions differ as to whether
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Figure 2. Effect of Ca’t on cAMP levels in the presence and absence of IBMX. Olfactory cilia were prepared as described in Materials and
Methods. Cilia were preincubated in the presence or absence of IBMX for 30 min prior to incubation with reaction mix containing varying Ca?+
concentrations. At zero time, cilia were mixed with reaction mix containing varying Ca2+ concentrations, from 0.01 to 100 uM Ca?*, and allowed
to incubate for the designated time, at which the reactions were quenched. RIA was performed to determine cAMP levels as described in Materials
and Methods. 4, cAMP concentrations in reactions performed for 100 msec. B, cCAMP concentrations from incubations performed for S sec. Results
are presented as pmol of cAMP per mg protein. Data are averages of duplicates representative of three independent determinations.

all odorants stimulate both second messenger pathways, or
whether odorants stimulate production of one or the other sec-
ond messenger (Boekhoffet al., 1990; Breer et al., 1990; Ronnett
etal., 1991b, 1993). To investigate this further, rapid stop-flow
analyses were performed on cilia exposed to three odorants,
citralva, isobutylmethoxypyrazine (IBMP), or isovaleric acid
(IVA), using 10 um free Ca?* in the reaction mix. These odorants
were used because citralva has been shown to stimulate cAMP
accumulation, whereas IBMP and IVA are not reported to act
through cAMP in cilia using a rapid stop-flow paradigm, al-
though they have been shown to stimulate AC in intact cells in
culture (Ronnett et al., 1993). For initial screening, citralva was
utilized at 10 um, IBMP at 0.1 uM, and IVA at 0.1 um, as these
concentrations had previously given robust AC activation as
measured in intact cells (Ronnett et al., 1991b, 1993). As shown
in Figure 4, all odorants augmented the accumulation of cAMP,
although the level of stimulation varied. Citralva, at this con-
centration, caused the greatest increase in CAMP levels, up to
510% of control (Fig. 44). IBMP was nearly as effective, in-
creasing CAMP levels to 482% of control (Fig. 4B). IVA was
somewhat less effective, increasing cAMP levels to 364% of
control (Fig. 4C), with a slightly earlier peak at 50 msec, as
compared to 100 msec for the other two odorants. Thus, those
odorants previously not thought to stimulate cAMP accumu-
lation indeed cause significant augmentation of CAMP levels.
Previous failure to demonstrate enhancement of cCAMP levels
in the presence of certain odorants may be due to several factors,
one of which could be that the dose-response curves for cCAMP
levels at different odorant concentrations are nonlinear. Screen-
ing at one odorant concentration may miss a significant acti-
vation at lower or higher odorant concentrations. To investigate
this, cilia were exposed to reaction mix containing odorants at

cAMP, pmol/mg protein

200 300 400

time, msec

Figure 3. Effect of free Ca?* concentration on citralva-induced ele-
vation of cCAMP levels measured in the subsecond time range. Rat cilia
were isolated and reaction mixtures prepared as described in Materials
and Methods. Using a rapid stop-flow device, cilia were incubated with
reaction mixture containing 10 uM citralva and free Ca?* concentration
from 0.1 to 100 um. Reactions were allowed to proceed from 0 to 500
msec, at which time reactions were quenched by mixing the samples
with TCA contained in a third syringe. Cyclic AMP levels were deter-
mined by RIA. Time courses are shown for citralva-induced changes
in cAMP concentrations at 100 nM free Ca2* (@), 10 um free Ca?+ (W),
and 100 um free Ca?+ (O). Data shown are averages of duplicates rep-
resentative of three determinations.
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Figure 4. Time course of the effect of different odorants on cAMP concentrations in rat olfactory cilia measured in subsecond time course. Rat
olfactory cilia were prepared as described in Materials and Methods. The reaction mix was maintained at 10 um free Ca2*, as determined by Ca?+
electrode. Cilia and reaction mix containing each odorant were mixed at zero time, and samples were quenched with TCA at the designated times.
RIA was performed to assess CAMP levels at each time point. Time courses shown are for 10 um citralva (4), 0.1 um IBMP (B), and 0.1 um IVA
(C). Control samples are run for each time point, consisting of duplicate samples except that reaction mix contained no odorant but buffer with
the same final ethanol concentration as the solvent control. Data are presented as a percentage of these controls. Data shown are averages of

duplicates representative of three experiments.

concentrations of 0.0001-100 um for 100 msec, at which time
reaction was quenched as described in Materials and Methods.
Samples were analyzed by RIA to determine cAMP levels. All
reactions were carried out at 0.1 um free Ca?* concentration.
As shown in Figure 5, none of the three odorants investigated,
citralva, IBMP, or IVA, demonstrated linear dose-response
curves. Rather, they showed complicated multiphasic profiles,
with significant peak activity occurring well below 1 um odorant
concentration. The dose-response curves for citralva were mul-
tiphasic, with peaks occurring at 0.01 uMm and 10 um citralva
(Fig. 54). At 0.01 um citralva, cAMP levels were elevated 447%
as compared to control, and at second peak were elevated to
264% of control (Fig. 54). The dose-response curve for IBMP
was also multiphasic, with peaks occurring at 0.1 and 10 um
IBMP (Fig. $B). Even at subnanomolar concentrations of IBMP,
there was significant stimulation of CAMP accumulation, and

the peak levels reached over 600% of control. Significant stim-
ulation was also seen at 10 um IBMP, up to 370% of control.
The dose-response curve for IVA (Fig. 5C) indicated a sharp
peak at 0.001 um IVA, with cAMP levels reaching 515% of
control. Higher concentrations maintained a significant eleva-
tion of cAMP accumulation, but there was no discrete secondary
peak.

As mentioned, all odorants demonstrate a second peak of
cAMP accumulation in the 5-15 sec time range. Cilia were
mixed manually with reaction mix containing citralva at con-
centrations from 10 pm to 100 umM, for 5 sec, at which time the
reactions were quenched with TCA. As can be seen in Figure
6, the odorant response at 5 sec at 0.1 uM citralva is consistent
with previous data obtained in whole-cell experiments measur-
ing AC activity (Ronnett et al,, 1991b, 1993). Again, dose-
response curves are multiphasic.
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Figure 5. Effect of odorant concentration on cAMP levels in isolated rat cilia. Olfactory cilia, isolated and treated as described in Materials and
Methods, were incubated with reaction mix containing varying concentrations of one of three different odorants for 100 msec utilizing a rapid
stop-flow device. The reactions were quenched with TCA and RIA was performed to determine cAMP levels. All odorants were used at concentrations
from 0.0001 to 100 uM, in log intervals. The three odorants tested were citralva (4), IBMP (B), and IVA (C). Duplicate samples were run as controls
and contained reaction mix with solvent minus odorant. Results are expressed as a percentage of this control value. Results shown are averages of
duplicates from three separate experiments.
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Figure 6. Effect of citralva concentration on cAMP levels in rat ol-
factory cilia measured at longer times. Rat olfactory cilia were prepared
as described in Materials and Methods. Reaction mix was prepared as:
described, and experiments were performed manually. At zero time,
cilia were mixed with reaction mix containing varying amounts of cit-
ralva, from 0.00001 to 100 um. The reaction was allowed to proceed
for 5 sec, at which time the reaction was quenched with TCA and RIA
was performed as described in Materials and Methods. Cyclic AMP
levels are presented as percentage of control. Controls represent dupli-
cate samples containing no odorant but rather buffer and the same
concentration of ethanol in which odorants are dissolved. The data are
averages of duplicates representative of three separate experiments.

Effect of Ca**+ on the dose-response curve for IVA

These data suggest that Ca’* may play an important role in
modulating the odorant dose~response curve. Basal and odor-
ant-stimulated cAMP levels are affected by free Ca*+ concen-
tration. We have additionally shown that the dose-response
curves for several odorants are nonlinear, having sharp multi-
phasic peaks. To assess whether the overall shape of the odorant
dose-response curve could be modulated by free Ca?+, isolated
cilia were exposed to reaction mix containing various concen-
trations of IVA, from 0.0001 to 100 uM, at Ca?* concentrations
of 0.1 uM and 10 uM free Ca2*. Several interesting differences
are seen in the dose-response curves at these two Ca?* concen-
trations (Fig. 7). First, the peak cAMP response shifts from 0.001
uM IVA at 0.1 uM free Ca2+ to 0.01 uMm IVA at 10 um free Ca?+.
This suggests that although at a certain odorant concentration,
0.01 uM IVA in this case, the overall cAMP response may be
heightened at elevated Ca?* concentrations, the overall dose—
response curve shifts to the right, or potentially desensitizes at
higher Ca?* concentrations as well. Additionally, the overall
responsiveness is higher at lower Ca?* at the other odorant
concentration. At higher free Ca?+, the peak is sharper, but the
cAMP response at other odorant concentrations is significantly
lower than at the lower concentration of free Ca?+.

Discussion

The principal findings of these experiments are that all odorants
examined stimulate rapid cAMP accumulation, suggesting that
cAMP is a final common messenger in signaling. The free Ca?+
concentration appears to be an important factor in modulating
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Figure7. Effect of varying free Ca?+ concentration upon the IVA dose~
response curve. Cilia, prepared as described in Materials and Methods,
were mixed with reaction mix containing 0.1 um Ca2+ (@) or 10 um free
Ca?* (0), and IVA concentrations ranged from 0.0001 to 100 um. Sam-
ples were allowed to react for 100 msec, using a rapid stop-flow device,
at which point samples were quenched with TCA and processed for
RIA as described in Materials and Methods. As a control, duplicate
samples were prepared for each calcium concentration without odorant
but with the same concentration of ethanol as used for the odorants.
Data are presented as percentage of control, and represent averages of
duplicates representative of three experiments.

this response. In whole-cell experiments, all odorants tested
appeared to act via both second messenger systems (Ronnett et
al., 1991, 1993), whereas previous experiments in isolated cilia
suggested that any individual odorant utilized one or the other
second messenger pathway (Boekhoff et al., 1990; Breer et al.,
1990).

To clarify whether or not all odorants could elicit a cAMP
signal, rapid stop-flow experiments were performed utilizing
isolated rat olfactory cilia. In initial screening using citralva, we
were able to corroborate the findings of other investigators
(Boekhoff et al., 1990), demonstrating a rapid and transient
elevation of c(AMP in response to this odorant. Previous studies
demonstrated a more sustained response only at extremely high
odorant concentrations. Here, we show that even at low con-
centrations of odorant, there is in addition a more sustained
accumulation of cAMP. These concentrations approach detec-
tion thresholds for aerosolized odorants, and are well within the
range of odorant concentrations that give electrophysiological
responses (Firestein and Werblin, 1987, 1989; Nakamura and
Gold, 1987; Firestein et al., 1991a,b). An exact correlation be-
tween concentrations used in biochemical assays and in elec-
trophysiological experiments is difficult due to procedural dif-
ferences. In an attempt to resolve the apparent discrepancy
between the time course of the sensory generator current in the
presence of sustained odorant exposure (which can last 7-10
sec) and the transient elevation of the cAMP response initially
reported (Boekhoff et al., 1990), Firestein and collaborators
studied the gating kinetics of the olfactory channel and dem-
onstrated that the overall slow channel-gating kinetics could
perhaps account for these differences, as channel activity out-
lasted a cyclic nucleotide pulse for several hundred milliseconds
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(Zufall et al., 1993). Using caged cAMP and rat olfactory re-
ceptor neurons, Lowe and Gold (1993) demonstrated that the
channel-gating kinetics do not determine the time course of the
transduction current. The current generated by odorant expo-
sure is much longer than that induced by flash photolysis of
caged cAMP, suggesting that in mammals the AC response is
more prolonged. A more prolonged cAMP response of 5--10
sec fits with electrophysiological data on the time course of the
sensory generator current and with data previously obtained by
directly assaying AC activity in ORN culture monolayers (Ron-
nett et al., 1993, 1991b).

A number of differences in experimental variables may ac-
count for the discrepancies with previous investigations, that is,
whether all odorants can stimulate cAMP production or whether
different odorants use different second messenger systems. A
factor that could be important is the ambient Ca?* concentration
used. To clarify the role of Ca2* in this response, initial studies
were done on basal cCAMP levels subjected to rapid stop-flow
analysis at varying Ca?* concentrations in the presence or ab-
sence of IBMX. At both subsecond and S sec time points, Ca?+
stimulated the accumulation of cAMP. In the subsecond time
range, this accumulation was disproportionately enhanced in
the presence of IBMX at higher concentrations of Ca?*, sug-
gesting that a Ca**-dependent PDE is quite active at the sub-
second time range, much more so than at longer time points.
In addition, these results demonstrate that the AC activity ap-
pears to be Ca?* dependent. A similar dependency on Ca?* was
found for the odorant-dependent cCAMP response, with a peak
effect seen at 10 um free Ca?*. Previous studies (Sklar et al.,
1986) used only millimolar Ca?* concentrations. At these high
concentrations, inhibition is indeed seen in both intact cells
(Ronnett ¢t al.,, 1991b) and in isolated cilia, as shown here.
Previous stop-flow experiments utilized extremely low Ca2+ (10—
20 nm); failure to see enhanced accumulation of cCAMP with
some odorants could be because intermediate Ca®* concentra-
tions were not used. At longer time points, other investigators
have demonstrated a Ca?+ dependence using intermediate Ca?*
concentrations (Anholt and Rivers, 1990). Postulating that the
presence of Ca?+ may be crucial in demonstrating the odorant-
induced cAMP response for a number of odorants, dose-re-
sponse curves were performed for citralva, as well as odorants
previously thought to activate the InsP; but not the cAMP sec-
ond messenger pathways, such as IVA. Utilizing 10 um Ca?* in
the reaction mix, all odorants were found to stimulate cAMP
accumulation with multiphasic dose-response curves similar to,
but not identical to, those observed in primary cultures of ORNs
(Ronnett et al., 1991b, 1993). When compared to data obtained
in primary cultures of ORNs using a-toxin treatment to per-
meabilize cells to permit in situ assay of AC activities, similar
multiphasic dose-response curves were obtained. However, the
peaks of these curves differ by up to an order of magnitude from
the curves obtained using the rapid stop-flow analysis. This may
be due in part to the fact that in previous studies AC was assayed,
whereas in this case CAMP levels are measured. However, in
both cases, dose-response curves are nonlinear and multiphasic,
with peak responses occurring at relatively low odorant con-
centrations. A similar multiphasic dose-response curve was seen
when reactions were performed for 5 sec, indicating that both
the subsecond and the second cAMP peaks demonstrate dose
dependency and may be physiologically relevant.

A role for Ca** in olfaction is suggested by many studies
(Getchell, 1986; Nakamura and Gold, 1987; Winegar et al.,

1988; Suzuki, 1989; Anholt and Rivers, 1990; Kurahashi and
Shibuya, 1990; Restrepo et al., 1992; Kurahashi and Yau, 1993).
Conflicts regarding the exact nature of Ca?* involvement may
be due to methodologic or interspecies differences. Most infor-
mation available is from electrophysiological studies. In the
lamprey, Suzuki showed that Ca?* channel blockers inhibited
spike responses (Suzuki, 1989). However, Nakamura and Gold
demonstrated that rectification is abolished in the absence of
divalent cations, suggesting a voltage-dependent channel block-
ing effect (Nakamura and Gold, 1987). Using whole-cell patch-
clamp techniques, Kurahashi and Shibuya observed an activation
of the odorant-induced conductance only when the external me-
dium contained Ca?* (Kurahashi and Shibuya, 1990). However,
single-channel recordings performed on isolated salamander
ORNs showed no voltage dependence in divalent cation—free
buffer (Leveteau et al., 1989). Kramer and Sigelbaum (1992)
have demonstrated that Ca?* inhibits the cyclic nucleotide—
gated channels by shifting the dose-response curves via cAMP
levels without altering the maximum response. As they have no
evidence for direct interaction of Ca?* on the channel, they
postulate that a regulatory Ca?+ binding protein is involved.
Ca?* has also been shown to induce the opening of the Ca2+-
activated potassium channel. In a recent study by Chen and
Yau (1994), Ca*>*+ reduced the apparent affinity of the cyclic
nucleotide—gated channel for cAMP by up to 20-fold in the
presence of calmodulin. In several systems, Ca2+ has been found
to activate a chloride channel (Kurahashi and Yau, 1993).

Relatively fewer experiments addressing these questions bio-
chemically have been performed. The cloned expressed type III
AC appears to have a Ca?* dependence (Bakalyar and Reed,
1990). These observations fit with biochemical determinations,
using isolated olfactory epithelium, that there exists at least one
AC activity that is Ca?* dependent (Choi et al., 1992). In ad-
dition, a novel high-affinity Ca?*/calmodulin-dependent PDE
activity has been described in olfactory epithelium and localized
to the ORNs (Borisy et al., 1992). Additionally, high levels of
calmodulin have been demonstrated in olfactory tissues (Anholt
and Rivers, 1990; Borisy et al., 1992). Initial observations on
the odorant-induced cCAMP response suggested that Ca** may
inhibit the response (Sklar et al., 1986), although these experi-
ments were performed in isolated cilia at longer time points,
which may have reflected interactions with desensitized recep-
tors. In e-toxin—permeabilized monolayer cultures on ORNSs,
Ca?*+ augmented the odorant-induced activation of AC (Ronnett
etal., 1991b, 1993). Utilizing the rapid stop-flow paradigm, we
now demonstrate that this effect is similar at both subsecond
and second time intervals.

Additionally, the dose-response curves, shown here for IVA,
are modulated by free Ca2* concentration. At higher Ca?+ con-
centrations the dose-response curve is shifted to the right, sug-
gesting an element of desensitization decreases in a biological
response over time despite the continued presence of a stimulus
(Sibley et al., 1987). However, the effect of Ca2* does not appear
to involve only an element of desensitization. At the higher
Ca?* concentration, the peak cCAMP response to IVA is actually
higher in absolute magnitude at the higher Ca?* concentration;
this suggests a feedforward mechanism, or an increase in bio-
logical response due to increasing Ca?*. The complex changes
seen in cAMP levels in response to odorants at two different
Ca?* concentrations may be due to differential effects of Ca2+
on AC and PDE activities, such that the ambient cAMP con-
centration may be quite dynamically regulated. Although there



is no evidence for a direct effect of odorants on PDE activities,
odorants may indirectly modulate PDE by causing a change in
free Ca2* levels, which can therefore indirectly modulate PDE
activity.

The free Ca2* concentration in cilia may be elevated during
odorant exposure by one of several mechanisms. A cell surface
InsP, receptor may allow the influx of Ca?* from extracellular
sources (Cunningham et al., 1992). On the other hand, Ca?*
may enter through the cyclic nucleotide-gated channel or via
other mechanisms. Free Ca?* concentration has been reported
to increase in isolated ORNs after odorant exposure (Restrepo
and Boyle, 1991; Hirono et al., 1992). In these studies using the
fura-2, free calcium (measured over an approximately 100 um?
area) changes from an average concentration of 20-50 nM to
150-250 nm with odorants. This gives rise to the possibility of
quite robust elevations in free calcium in the micromolar range
when considering extremely small areas such as the olfactory
cilia. An additional limiting factor in detecting higher-than-
micromolar increases in free Ca?+ is that the K|, of fura-2 limits
its sensitivity at higher calcium concentrations. Using fluo-3,
Dulon and collaborators (Dulon et al., 1990) have shown that
micromolar free calcium levels are achieved in isolated cochlear
outer hair cells. Thus, the cCAMP response may be augmented
at certain concentrations of odorant as intracellular free Ca?* is
elevated. At other odorant concentrations, Ca?* may cause the
odorant-induced cAMP signal to desensitize. Shown here for
IVA, for example, cilia may initially be quite responsive t0 0.001
uM IVA, whereas at higher Ca?* concentration, responsiveness
at this odorant concentration is dampened. Calcium may have
an affect on olfactory signal transduction at multiple levels.
Thus, Ca2+* may affect the cyclic nucleotide-gated channel, as
well as AC and PDE activities, ultimately to modulate ambient
cAMP levels in the ORNS.

In the present study, all odorants tested significantly augment
cAMP levels with complicated dose-response curves. Previous
inability to detect a cAMP response for such odorants as IBMP
and IVA may in fact be due to an underestimation of the im-
portance of Caz* in eliciting the reaction. The results presented
in this article support those results previously found in the assay
of AC in intact ORNSs, that all odorants stimulate cAMP pro-
duction (Ronnett et al., 1991b, 1993). The ability of the same
odorant to modulate cAMP as well as InsP, levels suggests in-
triguing possibilities for fine tuning of the olfactory response,
depending upon the relative activation of these two pathways.
In the lobster, amino acids differentially affect both pathways,
with excitatory currents carried by InsP,, whereas inhibitory
currents involve cAMP, thus providing a mechanism for fine
tuning of the response (Ache et al., 1993). Frings (1993) has
demonstrated an augmentation of the odorant response in frogs
in the presence of phorbol dibutyrate, an activator of protein
kinase C. In this system, Ca?* caused sensitization of AC to
stimulation by forskolin, suggesting possible cross talk of the
cAMP and InsP, pathways. In primary cultures of ORNs, en-
hancement of InsP, levels has been shown to enhance AC ac-
tivity (G. V. Ronnett, unpublished observations). Thus, the pre-
cise mechanism as to how these two signal pathways interact
may vary, depending on species.

Although olfactory cilia do not contain organelles known to
act as repositories for Ca2+ (Menco, 1984, 1985a,b), abundant
free Ca?* exists in the extracellular milieu (Joshi et al., 1987),
which may be made available to modulate ciliary enzyme func-
tion. Results in several species suggest that olfactory cilia may
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contain surface membrane InsP, receptors capable of allowing
entry of Ca?* into the cilium (Cunningham et al., 1992; Fadool
and Ache, 1992; Restrepo et al., 1992). Recent immunohisto-
chemical and immunoelectron microscopic studies demonstrate
the presence of an InsP, receptor on the ciliary surface (Ronnett
et al., 1993). This receptor has many of the characteristics of
the cerebellar receptor, including relative mobility on polyacryl-
amide gels consistent with the molecular weight of 240,000 Da
and a binding affinity for InsP; in the range of cerebellar InsP,
receptor. Thus, Ca?* could be made readily available to ciliary
AC and PDE, suggesting that Ca?* may be physiologically rel-
evant in modulating these enzyme activities in an odorant-de-
pendent manner.
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