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The second messengers cAMP and inositol-1,4,5-triphosphate
have been implicated in olfaction in various species. The
odorant-induced cGMP response was investigated using cilia
preparations and olfactory primary cultures. Odorants cause a
delayed and sustained elevation of cGMP. A component of this
cGMP response is attributable to the activation of one of two
kinetically distinct cilial receptor guanylyl cyclases by calcium
and a guanylyl cyclase-activating protein (GCAP). cGMP thus
formed serves to augment the cAMP signal in a cGMP-
dependent protein kinase (PKG) manner by direct activation of

adenylate cyclase. cAMP, in turn, activates cAMP-dependent
protein kinase (PKA) to negatively regulate guanylyl cyclase,
limiting the cGMP signal. These data demonstrate the exis-
tence of a regulatory loop in which cGMP can augment a cAMP
signal, and in turn cAMP negatively regulates cGMP production
via PKA. Thus, a small, localized, odorant-induced cAMP re-
sponse may be amplified to modulate downstream transduc-
tion enzymes or transcriptional events.
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Olfactory signal transduction is initiated when odorants interact
with specific receptors on cilia (Rhein and Cagan, 1980). Recep-
tors couple to a G-protein, which activates adenylate cyclase
(Pace et al., 1985; Sklar et al., 1986; Breer et al., 1990; Ronnett et
al., 1993; Jaworsky et al., 1995). cAMP levels increase and open
a cyclic nucleotide-gated channel, resulting in an influx in Na1

and Ca21 (Nakamura and Gold, 1987; Firestein and Werblin,
1989). Odorants also cause an elevation of inositol-1,4,5-
trisphosphate (IP3); however, the role of IP3 is uncertain and
may vary between species (Boekhoff et al., 1990, 1994; Ronnett et
al., 1993).

cGMP is also implicated in the odorant response, although its
generation is more complex. cGMP is produced by two different
classes of enzymes (Garbers, 1991; Garbers et al., 1994). Cytoso-
lic (soluble) guanylyl cyclases are heterodimers activated by the
binding of a gaseous messenger, such as nitric oxide (NO) or
carbon monoxide (CO), to the heme moiety in the enzyme
(Furchgott and Zawadzki, 1980; Brune et al., 1990; Gräser et al.,
1990; Schmidt, 1992; Murad, 1994). CO is produced by heme
oxygenase (HO), which degrades heme into iron, CO, and biliv-
erdin (which is rapidly reduced to bilirubin) (Maines, 1988;
Schmidt, 1992). There are two known isoforms of HO (Maines,
1988), of which HO-2 is expressed in neurons (Sun et al., 1990a,b;

Verma et al., 1993). The second class is receptor (particulate)
guanylyl cyclases. They contain a transmembrane domain and are
activated by extracellular ligands (Sun and Reis, 1992; Wong and
Garbers, 1992; Yuen and Garbers, 1992; Drewett and Garbers,
1994; Garbers and Lowe, 1994) or by Ca 21 in the visual system
(Koch and Stryer, 1988). A group of particulate guanylyl cyclases
function in sensory transduction, and includes retina-specific
retGC-1 (GC-E) and retGC-2 (GC-F), in photoreceptor cells
(Dizhoor et al., 1994) and the pineal gland (Hayashi and
Yamazaki, 1991; Yang et al., 1995). Their ligands, if any, remain
unknown. In the retina, the rate of cGMP synthesis is regulated
by Ca21. During the light response, closure of cGMP-gated
channels reduces Ca21 influx, decreasing intracellular Ca21. The
fall in Ca21 stimulates guanylyl cyclase and promotes recovery of
the light response (McNaughton, 1990). The stimulation of retinal
guanylyl cyclase by low Ca21 is mediated intracellularly by gua-
nylyl cyclase-activating proteins (GCAPs), a 23 kDa Ca 21-
binding protein (Dizhoor et al., 1994; Gorczyca et al., 1994;
Palczewski et al., 1994).

cGMP and its effectors are implicated in several aspects of
olfaction. Although not found in mature olfactory receptor neu-
rons (ORNs), NO synthase is highly and transiently expressed in
developing and regenerating ORNs (Roskams et al., 1994). These
data argue against a role for NO-mediated cGMP in odor-
sensitive signaling, but they suggest a function for NO in the
activity-dependent establishment of connections in both develop-
ing and regenerating ORNs. HO-2, however, is highly expressed
in mature ORNs, where it mediates cGMP production by the
activation of soluble guanylyl cyclase (Verma et al., 1993). Olfac-
tory neurogenic/maturation factors (Mahanthappa and Schwart-
ing, 1993) cause a CO-dependent modulation of cGMP in pri-
mary cultures of ORNs (Ingi and Ronnett, 1995). cGMP is also
reported to act at the cyclic nucleotide-gated channel to produce
a form of adaptation (Leinders-Zufall et al., 1995, 1996). Re-
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cently, an olfactory guanylyl cyclase, GC-D, was cloned (Fulle et
al., 1995), and its expression was localized to a subset of neurons
(Fulle et al., 1995; Yu et al., 1997). Odorants also elevate cGMP
levels in a slow and sustained manner in primary cultures of rat
ORNs (Verma et al., 1993; Ingi and Ronnett, 1995) and in cilia
(Breer et al., 1992), although it is unclear which type of guanylyl
cyclase is responsible. These studies suggested that the odorant-
induced cGMP response is not involved in initial signaling events
but rather is involved in desensitization or in other longer term
responses.

In this study, we characterize the olfactory cilial odorant-
induced cGMP response. We demonstrate that there are at least
two kinetically distinct cilial guanylyl cyclases. An odorant-
induced cGMP response is mediated by a low Km particulate
guanylyl cyclase, which is regulated by Ca21 and a GCAP-like
protein, and phosphorylation. In turn, cGMP activates adenylate
cyclase in a PKG-dependent manner, creating a secondary cAMP
response that may function in modulating signal regulation.

MATERIALS AND METHODS
Cilia preparation. Cilia were prepared as described previously (Anholt et
al., 1986) with modification. Briefly, male Sprague Dawley rats (125–150
gm) were killed by decapitation. Nasal turbinates were dissected, pooled,
and washed in frog’s Ringer’s solution (112 mM NaCl, 3.4 mM KCl, 2.4
mM NaHCO3 , 2 mM EDTA, 2 mM HEPES, pH 7.4) at 4°C. The tissue
was centrifuged at 5,000 3 g for 5 min. The pellet was resuspended in 100
mM NaCl, 30 mM Tris, pH 7.4. The bathing medium was supplemented
with CaCl2 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 3 g. The supernatant
containing the detached cilia was centrifuged for 15 min at 12,000 3 g,
and the resulting pellet was washed twice in 3 mM MgCl2 , 1 mM EDTA,
10 mM Tris, pH 7.4. The final cilia pellet was resuspended in a small
volume of 3 mM MgCl2 , 1 mM EDTA, 10 mM Tris, pH 7.4. The
concentrated rat cilia were aliquoted and stored at 270°C before use.

Primary culture of ORNs. Cultures were prepared as described previ-
ously (Ronnett et al., 1991) with modification. The 1- to 2-d-old rat pups
(100 per preparation) were killed by decapitation, and olfactory tissue
was dissected and immediately placed in modified Eagle’s medium
(MEM) containing 4.8 gm/l of HEPES buffer, pH 7.4, designated MEM-
AIR. The suspension was transferred twice through fresh MEM-AIR to
minimize contamination and centrifuged at 700 3 g for 7 min. After the
supernatant was decanted, the tissue was minced to achieve fragments of
;1 mm in size, resuspended in MEM-AIR, and centrifuged at 700 3 g
for 7 min. Tissue was placed in 30 ml of MEM-AIR containing 1% (w/v)
BSA, RIA grade (Sigma, St. Louis, MO), 1 mg/ml hyaluronidase (Sig-
ma), 50 mg/ml dispase (Boehringer Mannheim, Indianapolis, IN), and
incubated with agitation for 1 hr at 37°C. At the end of incubation, the
cell suspension was centrifuged at 500 3 g for 5 min. The supernatant
was aspirated, and the cell pellet was resuspended in plating medium
composed of MEM containing D-valine (MDV; Life Technologies,
Gaithersburg, MD) containing 15% (v/v) dialyzed fetal calf serum
(dFCS; Life Technologies), 5% (v/v) NU serum (Collaborative Re-
search, Bedford, MA). After resuspension, cells were successively fil-
tered through 50 and 10 mm nylon mesh filters (Small Parts) to remove
any remaining undigested clumps of cells and epithelial cells. Cells were
plated at a density of 1 3 10 6 cells per cm 2 into tissue culture dishes
(Falcon) or Labtek tissue culture slides (Nunc, Naperville, IL) coated
with MDV containing laminin at 25 mg/ml (Collaborative Research).
Cultures were placed in a humidified 37°C incubator receiving 5% CO2.
On day 2 and every day thereafter, cells were fed with MDV containing
15% dFCS, gentamycin, kanamycin, NGF, and cytosine arabinoside.
Two days before use, the medium was changed to a similar formulation
with one-tenth the amount of NGF.

Bulbectomy. Adult Sprague Dawley rats were anesthetized with xylaket
[25 ketamine HCl, 100 mg/ml; 2.5% xylazine, 100 mg/ml (Rompun, A. J.
Buck Inc.), and 14.2% ethanol in a solution of 0.9% saline] and fixed in
a stereotactic apparatus during surgery. For unilateral bulbectomies, the
right olfactory bulb was exposed via a partial dorsal craniotomy and was
ablated by suction. Care was taken to avoid damage to the contralateral
(left) olfactory bulb. The ablation cavity was filled with gelfoam to

prevent invasion of frontal cortex into this cavity, which could provide an
alternative target for regenerating olfactory axons. The skin above the
lesion was then sutured, and animals were allowed to recover from
anesthesia under a heat lamp. The degree of lesion was visually and
microscopically verified. In all cases reported it was complete or super-
complete (extending into the olfactory peduncle). After recovery from
anesthesia, rats were returned to the animal colony and maintained on a
normal diet until they were killed at 3 d, and 1, 2, and 3 weeks after
bulbectomy.

Measurement of f ree Ca 21. To obtain the most accurate determination
of free Ca 21, samples were measured against known commercially
purchased solutions from Orion Instruments (Boston, MA) containing
varying free Ca 21 concentrations (Jaworsky et al., 1995). These solutions
were used to calibrate an Orion pCa meter. Standard curves were
performed before each determination. Probably because of the extensive
EDTA treatment during isolation, cilia do not alter the free Ca 21

concentration of the prepared buffers.
Cilia stimulation. To measure the odorant-induced cGMP response,

isolated cilia were exposed to reaction buffer containing 200 mM NaCl, 10
mM EGTA, 2.5 mM MgCl2 , 10 nM CaCl2 , 1 mM Mg-ATP, 10 mM GTP,
1 mM DTT, 0.5 mM IBMX, 50 mM MOPS, pH 7.4, with or without
odorant at appropriate concentrations. Cilia were incubated with 0.5 mM
IBMX, a phosphodiesterase (PDE) inhibitor, for 15 min. The reaction
was terminated by the addition of trichloroacetic acid (TCA) at the final
concentration of 6%.

cGMP and cAMP determinations. Radioimmunoassay was performed
as described previously (Ronnett et al., 1993; Jaworsky et al., 1995) with
modifications. Incubations were quenched with 6% (w/v) TCA. The
quenched samples were collected on ice and spun for 5 min in a mi-
crofuge at 4°C. The supernatant was collected and ether-extracted four
times with anhydrous ether to remove TCA. cAMP was assayed with the
Amersham 125I-labeled cAMP assay system; cGMP was assayed with the
Amersham 125I-labeled cGMP assay system acetylation method.

Adenylate cyclase assays. Adenylate cyclase was assayed as described by
Salomon (1979) with modifications. The isolated olfactory cilia (20
mg/ml) were stimulated for 1 min in reaction mixture containing 10 mM
Tris acetate, pH 7.6, 5 mM magnesium acetate, 100 mM ATP, 100 mM
GTP, 500 mM cAMP, creatinine phosphate (2 mg/ml), creatine phos-
phokinase (185 U/ml), Tris-intracellular buffer (150 mM KCl, 1 mM
MgCl2 , 20 mM Tris-HCl, pH 7.4), and [a-32P]ATP (10 mCi/ml). 8-
Br-cGMP (1 mM) and isobutylmethoxypyrazine (IBMP; 0.1 mM) stim-
ulation solutions were prepared simply by adding appropriate concentra-
tions of these materials in reaction mixture. The reaction was terminated
by adding quench solution containing 45 mM ATP, 2% SDS, 1.3 mM
cAMP, and 3H cAMP (0.2 mCi/ml). The quenched samples were boiled
for 2 min at 100°C and cooled down on ice. The cooled samples were
applied to Dowex columns and drained fully. The Dowex columns were
washed once with double distilled (dd) H2O, and then the samples
were eluted by adding 2 vol of dd H2O. The collected samples were
applied to alumina columns and allowed to drain completely. The alu-
mina columns were eluted with 0.1 M imidazole. Samples were counted
on a Beckman LS6000SC scintillation counter.

Determinations of steady-state kinetics. Isolated rat olfactory cilia were
incubated with various concentrations of GTP in the range of 0 to 10 mM
for 8 min. The amount of produced cGMP was determined using a
cGMP RIA kit (Amersham), as described in Materials and Methods.

To determine steady-state kinetics, Lineweaver-Burk analyses and
Eadie-Hofstee analyses were performed. Because of curve fitting per-
formed by Best-set analysis and verified manually, apparent Km and Vmax
values were determined. All these values were determined from at least
three independent experiments.

Expression and purification of bovine GCAP1 and GCAP2. GCAP1 was
expressed in High Five cells (2–3 3 10 8) and purified using affinity chro-
matography on a G2 monoclonal antibody column (Gorczyca et al., 1995).
Native or bacterially expressed bovine GCAP2 was affinity-purified using
UW50 polyclonal antibody as described by Otto-Bruc et al. (1997).

Partial purification of particulate guanylyl cyclase. Olfactory particulate
guanylyl cyclase was solubilized and purified by a single chromatography
step on a GTP–agarose column (Hayashi and Yamazaki, 1991). Isolated
olfactory cilia were incubated with solubilization buffer containing 30 mM
Tris-HCl, pH 7.0, 1 mM DTT, 1 M KCl, 0.2% Nonidet P-40 (NP-40), and
0.1 mM phenylmethylsulfonylfluoride (PMSF) for 3 hr on ice. The sam-
ples were centrifuged at 100,0003 g for 1 hr. The supernatant was
carefully recovered and dialyzed in 30 mM Tris-HCl, pH 7.0, 1 mM DTT,
and 0.1 mM PMSF overnight at 4°C. The buffer was changed four times
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during dialysis. The column was packed with GTP–agarose (Sigma) and
prewashed three times with 30 mM Tris-HCl, pH 7.0, 3 mM MgCl2 , 1 mM

DTT, and 0.1 mM PMSF. The dialyzed sample was poured to the column
and allowed time to bind to GTP–agarose resin. The column was washed
three times with 30 mM Tris-HCl, pH 7.0, 3 mM MgCl2 , 1 mM DTT, and
0.1 mM PMSF. Particulate guanylyl cyclase was eluted by elusion buffer
containing 30 mM Tris-HCl, pH 7.0, 3 mM MgCl2 , 2 mM free GTP, 1 mM

DTT, and 0.1 mM PMSF. To remove free GTP, the collected samples
were dialyzed overnight in 30 mM Tris-HCl, pH 7.0, 3 mM MgCl2 , 1 mM

DTT, and 0.1 mM PMSF. The protein amount was determined spectro-
photometrically. The purity of purified pGC was examined by silver
staining using a commercial kit (Silver Stain Plus, Bio-Rad, Hercules,
CA). The pGC activity was tested by cGMP RIA as described earlier.

In vitro phosphorylation. Phosphorylation reactions were performed
according to the method of Steiner et al. (1992), with modifications.
Partially purified particulate guanylyl cyclase was incubated with one of
several protein kinases for 30 min at room temperature in a reaction
buffer (200 ml) containing 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2 , 0.4
mM EGTA, 1 mM ATP, and 0.5 mCi [g-32P]ATP. Protein kinases were
obtained from Promega (Madison, WI). For each protein kinase, appro-
priate stimulators were also added as described in figure legends. The
reaction was stopped by the addition of the same volume of SDS sample
buffer containing 100 mM Tris-HCl at pH 6.8, 2% SDS, 10%
b-mercaptoethanol, and 20% glycerol. The samples were boiled and
subjected to SDS-PAGE using a 10% acrylamide gel. The gels were
vacuum-dried and exposed to x-ray film. In all cases, the activity of the
kinases was verified by incubation with substrate known to be specific for
each kinase.

Antibodies. Anti-guanylyl cyclase antibody (1139) was produced
against a peptide based on amino acids 880–896 of GC-A (the sequence
that is from the catalytic site; thus it is anticipated that it will react with
most GCs) conjugated to bovine serum albumin, which was then injected
into rabbits. Antibody 1139 was purified and characterized as described
previously (Ingi et al., 1996) using a column packed with Affi-gel 10
linked to the peptide (Bio-Rad).

Anti-PKG antibody was a gift from Dr. J. D. Corbin (Vanderbilt
University, Nashville, TN). This antibody is the affinity-purified anti-
bovine lung type Ia PKG IgG, and recognizes the type Ia PKG and, in
a limited manner, the type Ib PKG.

Anti-GCAP antibodies UW14 were raised in New Zealand white
rabbits, and the antibodies were affinity-purified as described (Gorczyca
et al., 1995). Rabbit anti-GCAP2 polyclonal antibodies (UW 50) were
raised in New Zealand white rabbits and affinity-purified (Otto-Bruc et
al., 1997).

Immunohistochemistry. Immunohistochemistry was performed as de-
scribed previously (Roskams et al., 1994). Primary antibodies were de-
tected using an avidin–biotin–peroxidase kit (Elite kit, Vectastain) and
visualized with diaminobenzidine (DAB).

Gel electrophoresis and immunoblot analysis. SDS-PAGE was per-
formed according to the method of Laemmli (1970) using 12% polyacryl-
amide gels. The electrotransfer of proteins onto Immobilon-P (Millipore,
Bedford, MA) was performed using a Hoeffer mini-gel system. For
immunoblotting, membranes were blocked with a 3% (w/v) gelatin in 20
mM Tris-HCl buffer, pH 8.0, containing 150 mM NaCl and 0.05%
Tween-20, and incubated for 1–2 hr with primary antibody at a dilution
of 1:10,000. A secondary antibody conjugated with alkaline phosphatase
(Promega) was used at 1:5000 dilution. Antibody binding was detected
using 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium.

Immunoblots were performed according to Laemmli (1970) and
Towbin et al. (1979) with modifications. Total homogenates of adult
rat isolated olfactory cilia (200 mg) were solubilized in 1%
b-mercaptoethanol and subjected to SDS-PAGE on a 10% gel. The
separated proteins were transferred to nitrocellulose membrane (BA-S
83, 0.2 mm), and the membrane was probed with primary antibody at the
following concentrations: rabbit anti-guanylyl cyclase antibody 1139,
1:1000; rabbit anti-GCAP1, 1:10,000; rabbit anti-PKG, 1:5000. The sec-
ondary antibody was HRP-conjugated goat anti-rabbit immunoglobulin
(Boehringer Mannheim) used at 1:10,000 dilution. The immunoblot was
detected by chemiluminescence reagent (DuPont NEN, Wilmington,
DE). The molecular sizes are indicated on the left side. Bands were
visualized using the enhanced chemiluminescence (ECL, Amersham)
reagents and exposing the blot to x-ray film (X-OMAT XAR, Kodak), or
by alkaline phosphatase.

RESULTS
Characterization of the odorant-induced
cGMP response
To initially determine the contribution of each class of guanylyl
cyclase to the ambient cGMP pool in ORNs, primary cultures of
ORNs were incubated in the absence or presence of 1 mM

LY83583, an inhibitor of soluble guanylyl cyclase (Kawada et al.,
1994). In the presence of LY83583, cGMP levels decreased rap-
idly but did not drop below 8% of control (Fig. 1). This result
suggested that although a majority of the cGMP pool was con-
tributed by soluble guanylyl cyclase activity, a consistent amount
was generated by particulate guanylyl cyclase. A likely site for this
activity is olfactory cilia.

Olfactory cilia can be separated from the olfactory epithelium
by Ca21 shock (Anholt et al., 1986). Odorant-induced second
messenger responses, e.g., cAMP or IP3 , are preserved in iso-
lated olfactory cilia (Breer et al., 1990; Borisy et al., 1991;
Boekhoff et al., 1994; Jaworsky et al., 1995). To investigate the
olfactory cGMP response, rat olfactory cilia were incubated for
varying times in a reaction buffer containing 0.5 mM isobutyl-
methylxanthine (IBMX, a phosphodiesterase inhibitor) and ei-
ther a 0.1 mM solution of the odorant isobutylmethoxypyrazine
(IBMP) or solvent control. IBMP treatment resulted in a 330 6
12% (mean 6 SEM) increase in cGMP (Fig. 2A). The IBMP-
induced cGMP response showed an initial delay of 15–30 sec and
was sustained, lasting at least 10 min. Cilia maintained in identi-
cal conditions but exposed to solvent control showed no such
response (Fig. 2A). Other odorants showed similar cGMP re-
sponses (data not shown).

A dose–response curve for the effect of IBMP on cGMP levels
demonstrated that the IBMP-induced cGMP response was satu-
rable (Fig. 2B). This dose–response curve shares similarity to the
odorant-induced cAMP responses obtained using olfactory cilia
(Ronnett et al., 1993; Jaworsky et al., 1995). Saturable dose–
response curves were obtained for three other odorants, citralva,
isovaleric acid, and D-carvone (data not shown). The use of
IBMX (Beavo et al., 1970) in these assays suggested that this
increase in cGMP production resulted from activation of a gua-
nylyl cyclase, rather than inactivation of PDE.

Figure 1. Time course of the effect of LY83583 on cGMP levels in
primary cultures of olfactory neurons. Cells were isolated and plated as
described in Materials and Methods. At zero time, 1 mM LY83583 was
added to cultures, and the amount of cGMP was determined by RIA at
times thereafter. cGMP levels dropped rapidly but did not fall below 8%
of control despite prolonged incubation.
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Identification of cilial guanylyl cyclase activities
Because odorants could affect either a particulate or soluble
guanylyl cyclase, cilia were incubated with reagents or ligands
known to specifically activate each of these two enzymes. To
determine whether a soluble guanylyl cyclase was activated, cilia
were incubated with sodium nitroprusside (SNP), a potent NO
donor that activates all guanylyl cyclases (Kowaluk et al., 1992)
(Fig. 3). SNP (100 mM) failed to augment cGMP levels, indicating
that soluble guanylyl cyclase is not present in the olfactory cilia
preparation and therefore cannot mediate this response. Al-
though soluble guanylyl cyclase does exist in olfactory receptor
neurons (Verma et al., 1993; Ingi and Ronnett, 1995), it is not
retained during cilia isolation. To determine whether any ligands
known to activate particulate guanylyl cyclases can activate the
cilial enzyme, these ligands for particulate guanylyl cyclases were

tested on cilia (Fig. 3). Atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), C-type natriuretic peptide (CNP),
and heat-stable enterotoxin (STa) all failed to induce a cGMP
response. Only IBMP elicited a response. These data suggested
that odorants specifically activate a particulate guanylyl cyclase in
olfactory cilia. To investigate whether cilial guanylyl cyclase acti-
vation was coupled to a G-protein, cilia were treated with the
nonspecific G-protein stimulator AlF4

2, which binds to GDP to
mimic the g-phosphate of GTP (Bigay et al., 1987; Stadel and
Crooke, 1989). AlF4

2 treatment did not alter cGMP levels in cilia
(data not shown); however, AlF4

2 did augment cAMP levels,
consistent with previous reports (Pace et al., 1985; Sklar et
al., 1986).

Immunolocalization of components of the cGMP
cascade to cilia
To be relevant to signal transduction, other components (media-
tors and effectors) of the cGMP pathway should be present in
cilia. For immunoblot analysis, cilia were solubilized, electropho-
resed, transferred, and probed with affinity-purified rabbit poly-
clonal antibody 1139, directed against a region conserved among
guanylyl cyclases (Ingi and Ronnett, 1995) (Fig. 4, lane 1). A band
was detected with relative mobility corresponding to a molecular
mass of 116 kDa, which is in the range of known particulate
guanylyl cyclases (114–180 kDa) (Drewett and Garbers, 1994;
Nakane and Murad, 1994; Fulle et al., 1995). This molecular mass
is quite different from that of the soluble guanylyl cyclase a and
b subunits, which are 73–82 and 68–70 kDa (Drewett and
Garbers, 1994; Nakane and Murad, 1994), respectively, and con-
firmed that cilia contain a particulate guanylyl cyclase, and the
absence of soluble guanylyl cyclase in this preparation (Fig. 3).

Although most particulate guanylyl cyclases are activated by

Figure 2. Time course for the cyclic GMP response to the odorant
IBMP in rat olfactory cilia. A, The effect of IBMP on cGMP levels
(presented as pmol/mg protein) in rat olfactory cilia measured over time.
E, Basal activity; F, activity in the presence of 0.1 mM IBMP. IBMX was
included in the incubations. At each time point, duplicate samples were
quenched with TCA as described in Materials and Methods, and the
concentration of cGMP was determined by RIA. Results are averages of
duplicates representative of five separate determinations. Error bars for
control overlap with data points and thus are not visualized. B, Dose–
response curve for the effect of IBMP on cGMP levels in rat olfactory
cilia. Isolated olfactory cilia were incubated with reaction mix containing
various concentrations of IBMP for 2 min. The reactions were quenched
with TCA, and RIA was performed to determine cGMP levels. Results
are averages of duplicates representative of three separate experiments.

Figure 3. Stimulation of guanylyl cyclase activity in rat olfactory cilia by
known activators of guanylyl cyclases. Activators that were tested were 0.1
mM IBMP, 100 mM SNP, 1 mM ANP, 0.1 mM BNP, 0.1 mM CNP, and 0.1
mg/ml STa. Olfactory cilia, isolated and treated as described in Materials
and Methods, were incubated with an odorant and various GC ligands for
2 min. Incubation was quenched with TCA, and the amount of cGMP was
determined by RIA. Each ligand was dissolved in double-distilled H2O
(ddH2O), kept as a stock, and diluted to the appropriate concentration
immediately before use. Results are averages of duplicates representative
of three separate experiments and are presented as percentage of con-
trol 6 SEM.
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extracellular ligands, the olfactory form may be more similar to
retinal guanylyl cyclases, which are regulated by GCAP (Dizhoor
et al., 1994; Gorczyca et al., 1994; Palczewski et al., 1994).
Affinity-purified antibody directed specifically against the
GCAP1 isoform identified a band of ;18 kDa in cilia (Fig. 4, lane
2), whereas anti-GCAP2 antibodies failed to detect a band (data
not shown). Native GCAP1 has a molecular mass of ;20 kDa,
suggesting that the olfactory species is closely related to GCAP1
but may contain sequence divergence. Specificity of antibodies
was verified by preabsorption with the appropriate antigen.
cGMP may interact with PKG to mediate signaling events
(Francis and Corbin, 1994; Yau, 1994), and immunoblot using a
characterized anti-PKG antibody (Francis and Corbin, 1994)
indicated that PKG is present as well (Fig. 4, lane 3). Cyclic
nucleotide-gated channels and cGMP-dependent phosphodies-
terases were not investigated; however, cilia contain these two
proteins (Dhallan et al., 1990; Juiles et al., 1997),

To determine the cellular distribution of particulate guanylyl
cyclase, GCAP1-like protein, and PKG, and to confirm that
GCAP2 is essentially absent from olfactory epithelium, immuno-
histochemistry was performed on adult rat olfactory epithelium
(Fig. 5). Particulate guanylyl cyclase immunoreactivity (IR) was
most intense in the olfactory sensory cilia layer, although mem-
branous staining was present along dendrites, cell bodies, and
axons (Fig. 5A). Immunoreactivity is lost within 3 d of bulbec-
tomy (Fig. 5B), indicative of its localization to ORNs. PKG-IR is
also visualized in the cilial layer (Fig. 5C) and is lost with
bulbectomy (Fig. 5D). In contrast, GCAP2-IR is absent from cilia
(Fig. 5E) and unchanged with bulbectomy (Fig. 5F). GCAP1-IR
is localized to the cilial layer (Fig. 5G), and IR is again lost after
bulbectomy (Fig. 5H). Preabsorption of anti-GCAP1 antibodies
with GCAP1 results in loss of signal in olfactory tissue (Fig. 5I).
Thus, these components are correctly positioned in cilia to par-
ticipate in odorant transduction. Interestingly, guanylyl
cyclase-IR in cilia was not restricted to a subset of cells, as seen
by in situ hybridization for GC-D (Fulle et al., 1995), but was

uniform, suggesting that multiple particulate guanylyl cyclases
may be found in ORNs.

Steady-state kinetic analyses of particulate guanylyl
cyclases and of the effects of GCAPs and
Ca21 on activity
To define the number and regulation of olfactory particulate
guanylyl cyclases, steady-state kinetic data were obtained. In
nonstimulated cilia in low Ca 21 (10 nM) buffer, Eadie-Hofstee
analyses revealed two sets of apparent Km and Vmax values: 4.4 6
0.7 mM and 1.15 6 0.35 pmol z mg21 z min21 and 1700 6 100 mM

and 21.0 6 4.0 pmol z mg21 z min21.
Particulate guanylyl cyclases used in visual transduction are

regulated by Ca21, which acts through GCAP class of Ca21

binding proteins. To investigate the upstream regulation of olfac-
tory particulate guanylyl cyclase, cGMP was measured under
several conditions (Table 1). Olfactory cilia were incubated at low
(10 nM) and high (10 mM) Ca21 concentrations, at low GTP (10
mM) and high GTP concentrations (1 mM) alone, with GCAP1 or
IBMP (0.1 mM), or in the presence of both IBMP or GCAP1. A
similar set of experimental samples tested GCAP2 in place of
GCAP1, but no significant changes were seen using GCAP2 (data
not shown). Under low Ca21 and low GTP conditions, GCAP1
has no effect on cGMP formation, although IBMP and GCAP1
have modest effects. Interestingly, under high Ca21 and low GTP
concentration conditions, basal cGMP formation is reduced. In-
cubation with GCAP1 or IBMP alone has a significant effect on
cGMP formation, whereas incubation with IBMP and GCAP1
together shows a nearly a twofold enhancement over basal activ-
ity. In contrast, there was no effect of GCAP1, IBMP, or IBMP
and GCAP1 in combination when assayed at high GTP concen-
tration (to examine the high Km isoform of particulate guanylyl
cyclase). Thus, activity of the low Km particulate guanylyl cyclase
is regulated by Ca21 and GCAP1.

To further examine regulation, steady-state kinetic analyses
were performed at variable Ca21 concentrations in the presence
or absence of GCAP1 (Table 2). Again, GCAP2 had no effect
(data not shown). Neither Ca21 nor GCAP1 affected the Km or
Vmax of the high Km isoform. In contrast, GCAP1 had a significant
effect on the Vmax of the low Km isoform. At low Ca21, GCAP1
had no effect on the Km or Vmax of the low Km species, as would
be expected because GCAP is Ca 21-dependent. However, in the
presence of high Ca 21, the Vmax increased from 1.1 6 0.5 to 1.7 6
0.30 pmol z mg21 z min21. Thus, the low Km isoform of particu-
late guanylyl cyclase is activated by Ca21 in a GCAP1-dependent
manner.

PKA-dependent phosphorylation of olfactory
particulate guanylyl cyclase
Phosphorylation also regulates membrane forms of guanylyl cy-
clase. Several studies demonstrated that desensitization of other
guanylyl cyclases occurred as a result of either phosphorylation or
dephosphorylation (Garbers, 1989; Potter and Garbers, 1992,
1994; Chinkers, 1994; Garbers and Lowe, 1994). To examine this
in the olfactory system, partially purified cilial particulate guany-
lyl cyclase was incubated with several protein kinases in the
presence or absence of activators (Fig. 6A). In the absence of
exogenous kinases or activators, no endogenous phosphorylation
of olfactory particulate guanylyl cyclase was seen (Fig. 6, control
lane). In the presence of exogenous PKA, olfactory particulate
guanylyl cyclase is phosphorylated (PK A lane), and phosphoryla-
tion was further increased when cAMP was added with PKA
(PK A1cAMP lane). In the presence of a specific PKA inhibitor,

Figure 4. Expression of components of the cGMP cascade in cilia. An
immunoblot of olfactory cilial proteins demonstrates the presence of
particulate guanylyl cyclase, GCAP1, and PKG. Antibody 1139, which
recognizes the guanylyl cyclase active site, reacts specifically with a band
of relative mobility of 116 kDa in isolated olfactory cilia. Anti-GCAP1
antibody (UW14) reacts with a band of 18 kDa in isolated olfactory
epithelium. Anti-bovine lung type Ia PKG IgG, which can also recognize
the type Ib PKG in a limited manner, reacts with a band of 76 kDa in both
isolated olfactory cilia and olfactory epithelium (data not shown).
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KT 5720, phosphorylation of olfactory particulate guanylyl cy-
clase was inhibited. In contrast, when either PKG, PKC, or Ca21/
calmodulin-dependent protein kinase was used in the presence of
their activators, no phosphorylation of particulate guanylyl cy-
clase was obtained (last three lanes). These kinases were shown to
be active at the concentrations used by their ability to phosphor-
ylate known substrates (data not shown). Thus, olfactory partic-
ulate guanylyl cyclase appears to be most readily phosphorylated
by PKA.

To determine the functional consequences of phosphorylation,
the effect of PKA on olfactory particulate guanylyl cyclase activ-
ity was determined by measuring cGMP levels (Fig. 6B). Both
high and low GTP concentrations were used to determine which

isoform was affected. PKA had no effect on the activity of the
high Km form, but it significantly inhibited the activity of the low
Km form.

Effect of odorant on phosphorylation of particulate
guanylyl cyclase

Although we demonstrated that PKA can decrease cGMP
synthesis and phosphorylate cilial particulate guanylyl cyclase
(Fig. 6), we wished to determine whether odorant could di-
rectly affect phosphorylation of this enzyme. Cilia were incu-
bated with PKA, odorant, and PKA inhibitor alone and in
combination before solubilization and SDS-PAGE and quan-
titation (Fig. 7). The addition of PKA alone produced modest

Figure 5. Immunolocalization of compo-
nents of cGMP in olfactory epithelium.
Immunoreactivity was assessed in controls
(Ctl ) (A, C, E, G, and I ) and in 3 d post-
bulbectomy (Bx) (B, D, F, and H ) tissues
for guanylyl cyclase (GC) (A, B), PKG (C,
D), GCAP2 (E, F ), and GCAP1 (G–I).
Anti-GCAP1 antibodies were preincubated
with GCAP1 in I. GC, GCAP1, and PKG
expression localizes to cilia, whereas
GCAP2 cannot be detected. In addition,
GC is also found in cell bodies and axonal
regions. CL, Cilial layer; ORN, olfactory
receptor neurons; Ax, axons.
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phosphorylation of the 116 kDa band, the band that was
immunoreactive with anti-guanylyl cyclase antibodies. Phos-
phorylation was blocked by PKA inhibitor. Odorant also
caused minimal yet statistically significant increased phosphor-
ylation. However, simultaneous addition of PKA and odorant
resulted in a dramatic increase in phosphorylation, which was
blocked by PKA inhibitor. These results suggest that odorants
can directly increase the phosphorylation of particulate gua-
nylyl cyclase.

Effect of cGMP and PKG on cAMP levels and
adenylate cyclase activity
The slower, delayed time course of odorant-induced cGMP re-
sponse, compared with the rapid and transient productions of
cAMP and IP3 , suggests that cGMP is not involved in odorant
detection but is involved in desensitization or activity-driven
responses. Adenylate cyclase is a likely target for such regulation.
The effect of PKG on cAMP levels was determined in olfactory
cilia in the presence of IBMX (Fig. 8A). No exogenous cGMP
was added because this could obscure the results of RIA: high
levels of cGMP interfere with the RIA (data not shown). Odor-

Figure 6. Phosphorylation of olfactory particulate guanylyl cyclase by
protein kinases. A, In vitro phosphorylation of guanylyl cyclase by various
protein kinases. Olfactory particulate guanylyl cyclase was solubilized and
purified by a single chromatography step on a GTP–agarose column and
incubated with PKA (250 U/20 mg), PKG (300 U/1 mg), Ca 21/calmodulin
PK (CamPK, 300 U/500 ng), or PKC (300 U/50 ng) for 30 min (Promega)
at 30°C. One unit is the amount of each kinase required to incorporate 1
pmol of phosphate into the substrates of each kinase per minute. PKA
was incubated in either the absence or presence of 1 mM 8-Br-cAMP. The
effect of PKA-specific inhibitor was also tested. PKG was stimulated in the
presence of 1 mM 8-Br-cGMP. With CamPK, pGC was incubated in
the presence of 10 mM calmodulin and 10 mM Ca 21. PKC was stimulated
by adding 20 mg of phosphatidylserine and 250 nM 12-O-tetradecanoyl
phorbol 13-acetate. B, Effect of PKA on particulate guanylyl cyclase
activity. Purified pGC was phosphorylated by the catalytic subunit of
protein kinase A for 30 min, after which cGMP levels were determined.
Guanylyl cyclase was assayed at high (1 mM) or low (10 mM) GTP
concentrations to delineate high and low Km activities. The results shown
are representative of six independent experiments and presented as
percentage of control 6 SEM.

Table 1. Effect of calcium and GCAP1 on odorant-induced
cGMP response

Conditiona

cGMP formationb

(% of control 6 SEM)

Low calciumc High calciumd

Low (GTP)e

Control 100.04 6 3.50 82.01 6 7.80
GCAP1 98.66 6 3.89 118.29 6 13.20
IBMP 125.43 6 9.60 137.81 6 14.67
IBMP 1 GCAP1 116.19 6 7.95 152.30 6 18.53

High (GTP)f

Control 100.01 6 2.83 86.96 6 9.67
GCAP1 88.38 6 5.60 75.61 6 5.56
IBMP 96.23 6 5.67 72.68 6 4.26
IBMP 1 GCAP1 92.67 6 4.57 79.15 6 9.39

aOlfactory cilia were preincubated in buffer containing IBMX for 15 min and
incubated for 2 min in reaction buffer, as described in Materials and Methods.
bcGMP formation was measured by RIA, as described in Materials and Methods,
and is presented as the average of at least six determinations 6 SEM.
cLow calcium is 10 nM, as determined by pCa measurements, as described in
Materials and Methods.
dHigh calcium is 10 mM, as determined by pCa measurements.
eLow GTP concentration is 10 mM.
fHigh GTP concentration is 1 mM.

Table 2. Steady-state kinetic analysis of the effect of calcium and
GCAP1 on cGMP production

Conditiona Km (mM 6 SEM)
Vmax (pmol z mg21

z min21 6 SEM)

High calciumb

(low Km)
Control 7.0 6 2.0 1.15 6 0.05
1 GCAP1 9.5 6 1.5 1.70 6 0.30c

(high Km)
Control 1850 6 550 17.2 6 0.3
1 GCAP1 2000 6 400 19.7 6 6.4

Low calciumd

(low Km)
Control 4.4 6 0.7 1.15 6 0.35
1 GCAP1 4.9 6 0.4 1.21 6 0.20

(high Km)
Control 1700 6 100 21.0 6 4.0
1 GCAP1 2000 6 500 25.1 6 7.9

aOlfactory cilia were preincubated in buffer containing IBMX for 15 min and
incubated for 2 min in reaction buffer, as described in Materials and Methods.
bHigh calcium is 10 mM, as determined by pCa measurements as described in
Materials and Methods.
cStatistically significant difference ( p , 0.05).
dLow calcium is 10 nM, as determined by pCa measurements.
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ant alone (IBMP) had a modest effect on cAMP levels measured
at this longer time of 5 sec. cAMP production was increased in
the presence of PKG and IBMP. The addition of PKG inhibitor
significantly diminished this effect. In the presence of IBMP, the
addition of increasing concentrations of PKG resulted in a dose-
dependent increase in cAMP levels (Fig. 8B).

These data suggest that PKG increased cAMP production. How-
ever, ambient cAMP levels are the result of synthetic and hydro-
lytic rates. To more specifically determine the mechanism by which
PKG increased cAMP levels, the effect of PKG on cilial adenylate
cyclase activity was measured directly (Fig. 9). The addition of
8-Br-cGMP alone increased adenylate cyclase activity, probably
because of residual protein kinases present in cilia, as demon-
strated by immunoblot (Fig. 4). Odorant produced a small increase
in adenylate cyclase activity, which was increased by the addition of
exogenous PKG. The addition of PKG inhibitor to this mixture
decreased activity. In the presence of forskolin, PKG was still able
to augment adenylate cyclase activity, suggesting that adenylate
cyclase was directly affected by PKG. This effect appears specific
for PKG, because even high concentrations of 8-Br-cGMP (1 mM)
could not substitute for PKG. These data demonstrate that cGMP
can activate adenylate cyclase in a PKG-dependent manner.

DISCUSSION
These studies demonstrate the existence of at least two kinetically
distinct isoforms of particulate guanylyl cyclase in olfactory cilia,
of which the low Km species is regulated by Ca21 and a GCAP1-
like binding protein. The demonstration that this olfactory par-

ticulate guanylyl cyclase is odorant-responsive over a longer time
course and modulated by PKA phosphorylation provides evi-
dence for the involvement of this enzyme in secondary events of
odorant signal transduction (Fig. 10). Odorants activate adenylate
cyclase to generate cAMP, which functions in an immediate
response to gate a nonspecific cation channel (the olfactory cyclic
nucleotide channel, OCNC), to depolarize the ORN (Nakamura

Figure 7. Effect of odorants on phosphorylation of olfactory particulate
guanylyl cyclase. Cilia were preincubated in phosphorylation buffer as
described in Materials and Methods. Incubation of cilia in buffer contain-
ing [g-32P]-ATP was performed for 30 min at room temperature in the
presence of PKA, PKA and PKA inhibitor (PK A1PK AI ), odorant
mixture [CTL(OD)], PKA and odorant [PK A(OD)], or PKA, odorant,
and PKA inhibitor [PK A1PK AI(OD)]. At the end of incubation, reac-
tions were quenched, solubilized, and run on SDS-PAGE. Quantitation of
relative degree of phosphorylation was performed using a Personal Den-
sitometer SI (Molecular Dynamics). Both PKA and odorant mixture
alone gave a small increase in phosphate incorporation. When incubated
with PKA and odorant mix together, the level of phosphorylation in-
creased significantly ( p , 0.05). Data shown are averages of three
separate determinations.

Figure 8. Effect of IBMP and PKG on cAMP levels. A, Effect of PKG
and PKG-specific inhibitor on odorant-induced cAMP production. IBMP
(0.1 mM) was applied for 2 min to cilia, with or without 60 mM PKG and
20 mM PKG inhibitor, KT5823. The isolated olfactory cilia were incubated
with PKG for 15 min before assay at room temperature. Results are
presented as percentage of control 6 SEM. B, Dose-dependency of
cAMP production on PKG concentration in isolated rat olfactory cilia.
PKG was incubated with the olfactory cilia at concentrations from 0 to
250 mM in the presence of 0.1 mM IBMP applied for 2 sec. To inhibit PDE
activity, 0.5 mM IBMX was added.

Figure 9. Effect of PKG on adenylate cyclase activity in rat olfactory
cilia. IBMP (0.1 mM) or forskolin (1 mM) was applied for 1 min. Incuba-
tions included 1 mM 8-Br-cGMP, 60 mM PKG, or 20 mM PKG inhibitor as
indicated. The isolated olfactory cilia were incubated with PKG and
8-Br-cGMP for 15 min before adenylate cyclase assay at room tempera-
ture. Results are presented as specific activity 6 SEM.
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and Gold, 1987). With a delayed time course, odorants also
activate particulate guanylyl cyclase in cilia, through a Ca 21-
dependent mechanism involving a GCAP1-like protein. cGMP
subsequently stimulates adenylate cyclase in a PKG-dependent
manner. In turn, PKA can negatively regulate particulate guany-
lyl cyclase, limiting cGMP production, as has been seen in other
systems (Potter and Garbers, 1992, 1994).

The role and regulation of particulate guanylyl cyclase have been
more elusive than those of cAMP, in part because of the fact that
two vastly different forms of guanylyl cyclases exist (Yuen and
Garbers, 1992). Significant insight was made in our understanding
of the regulation of soluble guanylyl cyclase with the identification
of its activators NO and CO (Verma et al., 1993; Dawson and
Snyder, 1994). Particulate guanylyl cyclases, activated by extracel-
lular ligands, play central roles in invertebrate fertilization (Gar-
bers, 1991) and water regulation (Vaandrager and De Jonge, 1994),
but identification of other functions and ligands has been slow.
Ligand (odorant) activation of a class of particulate guanylyl cycla-
ses has been suggested by Garbers and collaborators (Juiles et al.,
1997; Yu et al., 1997). In Caenorhabditis elegans, a family of at least
29 receptors has been identified (Yu et al., 1997), whereas the
number in rat is quite low (Fulle et al., 1995; Juiles et al., 1997). A
limited number of particulate guanylyl cyclases have also been
found to exist in ORNs on the basis of RT-PCR (Matsuoka et al.,
1995). This suggests that in mammals, the binding of odorant
directly to particulate guanylyl cyclase is less likely, because unre-
lated odorants would have the same effect.

The present data provide evidence for another mechanism of
activation. Insight into the function of particulate guanylyl cycla-
ses in sensory neurons emerged in visual transduction, where
particulate guanylyl cyclase restores outer segment cGMP levels,
not during binding of extracellular ligand but during activation by
guanylyl cyclase activating protein (GCAP) at low Ca21 concen-

trations (Dizhoor et al., 1994; Gorczyca et al., 1994). A similar
mechanism may exist for olfaction, not to restore second messen-
ger levels but to increase cGMP in a stimulus-dependent manner
to regulate downstream responses. This is suggested by the strik-
ing differences in steady-state kinetic parameters for the retinal
and olfactory particulate guanylyl cyclases. In this study, we have
identified at least two kinetically distinct isoforms expressed in
cilia, a high (1700 mM) Km and a novel low (7 mM) Km species. The
Vmax values in the olfactory cilia are much lower than those
attributed to retinal forms of particulate guanylyl cyclases (ret-
GCs). The Vmax of retGC expressed in 293 cells is 85
pmol z mg21 z min21, and those of GC-E and GC-F transfected
into COS cells are 193 and 120 pmol z mg21 z min21, respectively
(Yang et al., 1995). This suggests that the olfactory enzyme is not
constitutively active, as in the case of retina, but instead may be
activated in response to odorants. In addition, the Km values
support this hypothesis. It is the low Km form that is activated by
Ca21 and GCAP1; the role of the other isoform is unclear, but it
may function in other cellular processes thus far suggested for
cGMP, such as channel adaptation (Leinders-Zufall et al., 1996).
The low Km guanylyl cyclase does contribute to the values gen-
erated for the high Km form; however, because the Vmax for the
high Km guanylyl cyclase is much higher, the contribution of the
low Km species is quite small, explaining why one does not see an
effect of odorant or GCAP1 on the high Km isoform.

The olfactory GCAP either is identical to GCAP1 or is closely
related in sequence. Although the olfactory GCAP isoform is
quite similar (if not identical) to GCAP1, its mechanism of action
is different from that in vision. In vision, retGC is activated by
GCAP1 in its Ca21-free form (Gorczyca et al., 1995). In olfac-
tion, GCAP1 activates particulate guanylyl cyclase when bound to
Ca21. However, retGC can also be stimulated by S-100b protein
in the presence of Ca 21 (Pozdnyakov et al., 1995; Duda et al.,

Figure 10. Proposed model for the modulation of the
cAMP pathway by particulate guanylyl cyclase in ORNs.
The odorant receptor, when coupled to G-protein, can
stimulate adenylate cyclase, leading to an increase in intra-
cellular cAMP and opening of the olfactory cyclic
nucleotide-gated ion channels (OCNCs). Longer exposure
to odorants can stimulate particulate guanylyl cyclase in
cilia to produce cGMP and activate PKG, leading to a
further increase in amount and duration of intracellular
cAMP levels, which may serve to convert inactive forms of
protein kinase A (PK A 2) to active forms (PK A *). As part
of a feedback loop, PKA can inhibit the activation of
particulate guanylyl cyclase.
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1996; Margulis et al., 1996), suggesting that the stimulation of
guanylyl cyclase by Ca21 in the olfactory system is not without
precedent. Other Ca21-binding proteins, such as calmodulin,
appear to have no effect on the olfactory particulate guanylyl
cyclase (C. Moon and G. V. Ronnett, unpublished observations).

Ca21 may be made available to the GCAP-1-like binding pro-
tein or recoverin in olfactory cilia by a number of mechanisms,
including the olfactory cyclic nucleotide-gated channel, the IP3

receptor, or other cilial Ca21 channels. Odorants have been shown
to stimulate IP3 production in cilia (Boekhoff et al., 1990, 1994;
Ronnett et al., 1993), although the generality and time course of
this signal remain to be established. Breer and collaborators found
that a subset of odorants cause a rapid (sub-second) and limited IP3

response (Boekhoff et al., 1990), whereas we have shown a more
general and slower (several seconds) IP3 signal (Ronnett et al.,
1993). IP3 may not play a major role in initial odorant signaling but
may play a role in secondary cellular responses.

Although adenylate cyclases are known to be regulated by a
number of protein kinases (Edelman et al., 1987; Choi et al., 1993),
these results indicate that PKG can also affect activity. Adenylate
cyclase III is implicated in the immediate odorant response, be-
cause of its cilial localization and enriched expression in ORNs
(Bakalyar and Reed, 1990), but it need not be the isoform that
mediates this delayed and longer cAMP elevation. A number of
other adenylate cyclases may be associated with the olfactory
neuroepithelium, such as adenylate cyclase I (Xia et al., 1992;
Villacres et al., 1995), which Storm and collaborators have shown to
function in LTP using a knock-out model (Wu et al., 1995). A
similar function for adenylate cyclase I could exist in the ORN.
Although the exact site of phosphorylation by PKG is unknown, it
is safe to say that PKG phosphorylates adenylate cyclase at a
different site than PKA, because PKA has a different effect (inhib-
itory) on adenylate cyclase. In contrast to our results, Kroner et al.
(1996) reported that cGMP inhibited adenylate cyclase in a PKG-
dependent manner. These experiments were performed using
RIA, and because there can be interference in the cAMP RIA
when exogenous cGMP (or an analog) is added, we performed
RIA and also assayed adenylyl cyclase directly. These results con-
firmed our findings that cGMP activated adenylate cyclase.

The data presented herein indicate that cGMP does not par-
ticipate in the initial phase of odorant transduction but does
participate in secondary events. ORNs are topologically re-
strained, because they can perceive stimulation by odorants only
at their distal sensory cilia, quite removed from the cell body.
Other second messenger pathways may be recruited or involved
with propagation of a small, discrete localized signal to the level
of the cell body. The present study demonstrates the existence of
an odorant-dependent particulate guanylyl cyclase and investi-
gates one of the possible physiological functions it may mediate.
The potentiation of the odorant-induced cAMP response by
cGMP via PKG may be viewed as a secondary modulation to the
initial response. Such a role is suggested by Storm and colleagues
(Dittman et al., 1997). Given the highly specialized geometry of
the olfactory neuron, cAMP is elevated transiently in response to
odors, and only in a limited area of the olfactory cilia. Secondary
cellular effects in response to odorant activation may require
spatial and temporal amplification of the cAMP signal. Many
studies document the importance of cAMP in neuronal differen-
tiation and maintenance (Nagamine and Reich, 1985). As
opposed to the initial odorant-dependent cAMP response,
the cGMP-dependent cAMP signal may not be involved in gating
ion channels but may be involved in gene expression via a

cAMP response element binding protein (CREB) (Frank and
Greenberg, 1994; Sassone-Corsi, 1995). Our results suggest a
novel mechanism by which to achieve this goal.
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