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Calcium-Sensitive Particulate Guanylyl Cyclase as a Modulator of 
cAMP in Olfactory Receptor Neurons
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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 a l , 1985; Sklar et al., 1986; Breer et al., 1990; Ronnett et 
a l, 1993; Jaworsky et a l , 1995). cAM P levels increase and open 
a cyclic nucleotide-gated channel, resulting in an influx in Na  ̂
and C a 2f_ (Nakamura and Gold, 1987; Firestein and Werblin, 
1989). Odorants also cause an elevation of inositol-1,4,5- 
trisphosphate (IP 3); however, the role of IP 3 is uncertain and 
may vary between species (Boekhoff et a l , 1990,1994; Ronnett et 
a l, 1993).

cGM P is also implicated in the odorant response, although its 
generation is more complex. cGM P 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; Graser et a l, 
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 a l , 1990a,b;
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Verma et a l , 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 C a 2  ̂ 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 a l , 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 cGM P synthesis is regulated 
by C a 2F. During the light response, closure of cGMP-gated 
channels reduces C a 2  ̂ influx, decreasing intracellular C a 2 \  The 
fall in C a 2  ̂ stimulates guanylyl cyclase and promotes recovery of 
the light response (McNaughton, 1990). The stimulation of retinal 
guanylyl cyclase by low C a 2  ̂ is mediated intracellularly by gua­
nylyl cyclase-activating proteins (GCAPs), a 23 kDa C a 2F- 
binding protein (Dizhoor et a l , 1994; Gorczyca et a l , 1994; 
Palczewski et a l , 1994).

cGM P 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 cGM P 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 cGM P production by the 
activation of soluble guanylyl cyclase (Verma et a l, 1993). O lfac­
tory neurogenic/m aturation factors (M ahanthappa and Schwart- 
ing, 1993) cause a CO -dependent modulation of cG M P in pri­
mary cultures of ORNs (Ingi and Ronnett, 1995). cGM P is also 
reported to act at the cyclic nucleotide-gated channel to produce 
a form of adaptation (Leinders-Zufall et a l , 1995, 1996). R e­
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cently, an olfactory guanylyl cyclasc, GC-D, was cloncd (Fulle ct 
al., 1995), and its expression was localized to a subset of neurons 
(Fulle et al., 1995; Yu et al., 1997). Odorants also elevate cGM P 
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 cGM P 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 cGM P response. We demonstrate that there are at least 
two kinetically distinct cilial guanylyl cyclases. A n odorant- 
induced cGM P response is mediated by a low K m particulate 
guanylyl cyclase, which is regulated by C a 2h and a GCAP-like 
protein, and phosphorylation. In turn, cGM P activates adenylate 
cyclase in a PKG-dependent manner, creating a secondary cAM P 
response that may function in modulating signal regulation.

MATERIALS AND METHODS
Cilia preparation. Cilia were prepared as described previously (Anholl el 
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 R inger’s solution (112 mM NaCl, 3.4 mM KC1, 2.4 
mM N a llC O ,, 2 mM ED TA , 2 mM IIE PE S, pH  7.4) al 4°C. The tissue 
was centrifuged al 5,000 X g for 5 min. The pellet was resuspended in 100 
mM NaCl, 30 mM Tris, pH  7.4. The bathing medium was supplemented 
with C aC l2 to a final concentration of 10 mM, and agitated gently on an 
end-over-end shaker for 20 min al 4°C. The decilialed epithelium was 
removed by centrifugation for 5 min al 1500 X g .  The supernatant 
containing the detached cilia was centrifuged for 15 min at 12,000 X g, 
and the resulting pellet was washed twice in 3 mM M gCl2, 1 mM EDTA,
10 mM Tris, pH  7.4. The final cilia pellet was resuspended in a small 
volume of 3 mM M gCl2, 1 mM EDTA, 10 mM Tris, pH  7.4. The 
concentrated rat cilia were aliquoted and stored at — 70°C before use.

Primary culture o f  ORNs. Cultures were prepared as described previ­
ously (R onnett 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 
(M EM ) containing 4.8 gm/1 of IIE PE S buffer, pH  7.4, designated M EM - 
A IR . The suspension was transferred twice through fresh M E M -A IR  lo 
minimize contam ination and centrifuged at 700 X g for 7 min. A fter the 
supernatant was decanted, the tissue was minced to achieve fragments of 
— 1 mm in size, resuspended in M EM -A IR , and centrifuged at 700 X g 
for 7 min. Tissue was placed in 30 ml of M E M -A IR  containing 1% (w/v) 
BSA, R IA  grade (Sigma, St. Louis, MO), 1 mg/ml hyaluronidase (Sig­
ma), 50 /ig/m l dispase (Boehringer Mannheim, Indianapolis, IN ), and 
incubated with agitation for 1 hr at 37°C. Al the end of incubation, the 
cell suspension was centrifuged at 500 X g for 5 min. The supernatant 
was aspirated, and the cell pellet was resuspended in plating medium 
composed of M EM  containing D-valine (MDV; Life Technologies, 
Gaithersburg, M D ) containing 15% (v/v) dialyzed fetal calf serum 
(dFCS; Life Technologies), 5% (v/v) N U  serum (Collaborative R e­
search, Bedford, M A). A fter resuspension, cells were successively fil­
tered through 50 and 10 /aiii nylon mesh fillers (Small Paris) lo remove 
any remaining undigested clumps of cells and epithelial cells. Cells were 
plated al a density of 1 X 106 cells per cm 2 into tissue culture dishes 
(Falcon) or Lablek tissue culture slides (Nunc, Naperville, IL) coated 
with M DV containing laminin at 25 /ig/m l (Collaborative Research). 
Cultures were placed in a humidified 37°C incubator receiving 5% C 0 2. 
On day 2 and every day thereafter, cells were fed with M DV 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.

Bulhectomy. Adult Sprague Dawley rats were anesthetized with xylaket 
[25 ketam ine IIC1, 100 mg/ml; 2.5% xylazine, 100 mg/ml (Rom pun, A. I. 
Buck Inc.), and 14.2% etlianol 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. C are was taken lo avoid damage lo the contralateral 
(left) olfactory bulb. The ablation cavity was filled with gelfoam lo

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). A fter 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 o f  free Ca2+. To obtain the most accurate determination 
of free C a 2+, samples were measured against known commercially 
purchased solutions from Orion Instrum ents (Boston, M A) containing 
varying free Ca 21 concentrations (laworsky et al., 1995). These solutions 
were used to calibrate an Orion pC a meter. Standard curves were 
perform ed before each determ ination. Probably because of the extensive 
EDTA treatm ent during isolation, cilia do not alter the free C a 21 
concentration of the prepared buffers.

Cilia stimulation. To measure the odorant-induced cG M P response, 
isolated cilia were exposed to reaction buffer containing 200 mM NaCl, 10 
mM EGTA, 2.5 mM M gC l,, 10 nM C a C l,, 1 mM Mg-ATP, 10 /j.m GTP,
1 mM DTT, 0.5 mM IBM X , 50 mM MOPS, pH  7.4, with or without 
odorant at appropriate concentrations. Cilia were incubated with 0.5 mM 
IBM X , a phosphodiesterase (PD E) inhibitor, for 15 min. The reaction 
was term inated by the addition of trichloroacetic acid (TCA) at the final 
concentration of 6%.

cGM P and cA M P determinations. Radioimmunoassay was perform ed 
as described previously (Ronnett et al., 1993; laworsky 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 
limes with anhydrous ether lo remove TCA. cA M P was assayed with the 
Am ersham  l25I-labeled cA M P assay system; cGM P was assayed with the 
Am ersham  l25I-labeled cGM P assay system acetylation method.

Adenylate cyclase assays. Adenylate cyclase was assayed as described by 
Salomon (1979) with modifications. The isolated olfactory cilia (20 
/ig/m l) were stimulated for 1 min in reaction m ixture containing 10 mM 
Tris acetate, pH  7.6, 5 mM magnesium acetate, 100 /j.m ATP, 100 /j.m 
GTP, 500 /am cAM P, creatinine phosphate (2 mg/ml), creatine phos- 
phokinase (185 U/ml), Tris-intracellular buffer (150 mM KC1, 1 mM 
MgC 12, 20 mM Tris-IIC  1, pH  7.4), and [n-,2P]ATP (10 /iC i/m l). 8- 
Br-cGM P (1 mM) and isobutylm ethoxypyrazine (IBM P; 0.1 /am) stim­
ulation solutions were prepared simply by adding appropriate concentra­
tions of these materials in reaction mixture. The reaction was term inated 
by adding quench solution containing 45 mM ATP, 2% SDS, 1.3 mM 
cAM P, and ’II  cAM P (0.2 /iC i/m l). 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) 11,0, and then the samples 
were eluted by adding 2 vol of dd 11,0. 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 o f  steady-state kinetics. Isolated rat olfactory cilia were 
incubated with various concentrations of G TP in the range of 0 to 10 mM 
for 8 min. The amount of produced cG M P was determined using a 
cG M P R IA  kit (Am ersham ), as described in M aterials and Methods.

To determ ine steady-state kinetics, Lineweaver-Burk analyses and 
Eadie-IIofstee analyses were perform ed. Because of curve fitting per­
formed by Best-set analysis and verified manually, apparent Km and 
values were determined. A ll these values were determined from at least 
three independent experiments.

Expression and purification o f  bovine GC.4P1 and GCAP2. GCAP1 was 
expressed in High Five cells (2-3 X 10s) 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 o f particulate guanylyl cyclase. O lfactory particulate 
guanylyl cyclase was solubilized and purified by a single chromatography 
step on a G T P-agarose column (Ilayashi and Yamazaki, 1991). Isolated 
olfactory cilia were incubated with solubilization buffer containing 30 mM 
Tris-IIC  1, pH  7.0, 1 mM DTT, 1 M KC1, 0.2% Nonidet P-40 (NP-40), and
0.1 mM phenylmethylsulfonylfluoride (PM SF) for 3 hr on ice. The sam­
ples were centrifuged at 100,000X 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 PM SF overnight at 4°C. The buffer was changed four limes
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during dialysis. The column was packed with G T P-agarose (Sigma) and 
prewashed three times with 30 mM Tris-HCl, pH 7.0, 3 mM M gCL, 1 mM 
DTT, and 0.1 mM PMSF. The dialyzed sample was poured to the column 
and allowed time to bind to G T P-agarose resin. The column was washed 
three times with 30 mM Tris-HCl, pH 7.0, 3 mM M gC lj, 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 M gCL, 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 MgCU, 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 cG M P R IA  as described earlier.

In vitro phosphorylation. Phosphorylation reactions were perform ed 
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 tem perature in a reaction 
buffer (200 /xl) containing 50 mM Tris-HCl, pH 7.5, 10 mM M gCL, 0.4 
mM EGTA, 1 mM ATP, and 0.5 jxCi [y-J>JP|A TP. Protein kinases were 
obtained from Promega (Madison, W I). 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-H C l at pH 6.8, 2% SDS, 10% 
/3-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 G C -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 Atfi-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 atiinity-purified anti- 
bovine lung type la  PKG IgG, and recognizes the type la  PKG and, in 
a limited manner, the type 1/3 PKG.

Anti-GCAP antibodies UW 14 were raised in New Zealand white 
rabbits, and the antibodies were atfinity-purified as described (Gorczyca 
et al., 1995). Rabbit anti-GCAP2 polyclonal antibodies (U W  50) were 
raised in New Zealand white rabbits and atiinity-purified (Otto-Bruc et 
al., 1997).

Immunohistochemistry. Im munohistochem istry was perform ed as de­
scribed previously (Roskams et al., 1994). Prim ary antibodies were de­
tected using an avid in-biotin-peroxidase kit (Elite kit, Vectastain) and 
visualized with diam inobenzidine (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, M A) was perform ed using a Hoeffer mini-gel system. For 
immunoblotting, membranes were blocked with a 3% (w/v) gelatin in 20 
mM Tris-H C l buffer, pH 8.0, containing 150 mM NaCl and 0.05% 
Tween-20, and incubated for 1-2 hr with prim ary 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 perform ed according to I.aemm li (1970) and 
Towbin et al. (1979) with modifications. Total hom ogenates of adult 
rat isolated olfactory cilia (200 /xg) were solubilized in 1% 
|3-mercaptoethanol and subjected to SDS-PAGE on a 10% gel. The 
separated proteins were transferred to nitrocellulose m embrane (BA-S 
83, 0.2 jxm), and the membrane was probed with prim ary antibody at the 
following concentrations: rabbit anti-guanylyl cyclase antibody 1139, 
1:1000; rabbit anti-G C A Pl, 1:10,000; rabbit anti-PKG, 1:5000. The sec­
ondary antibody was HRP-conjugated goat anti-rabbit immunoglobulin 
(Boehringer M annheim) used at 1:10,000 dilution. The immunoblot was 
detected by chemiluminescence reagent (DuPont NEN, W ilmington, 
DE). The molecular sizes are indicated on the left side. Bands were 
visualized using the enhanced chemiluminescence (ECI., Am ersham ) 
reagents and exposing the blot to x-ray film (X-OM AT X A R , Kodak), or 
by alkaline phosphatase.

Figure I. Time course of the effect of I.Y83583 on cGM P levels in 
primary cultures of olfactory neurons. Cells were isolated and plated as 
described in Materials and Methods. A t zero time, 1 /xm I.Y83583 was 
added to cultures, and the amount of cGM P was determined by R IA  at 
times thereafter. cGM P levels dropped rapidly but did not fall below 8% 
of control despite prolonged incubation.

RESULTS 
Characterization of the odorant-induced 
cGMP response
To initially determine the contribution of each class of guanylyl 
cyclase to  the ambient cGM P pool in ORNs, primary cultures of 
ORNs were incubated in the absence or presence of I fiM 
LY83583, an inhibitor of soluble guanylyl cyclase (Kawada et al.,
1994). In the presence of LY83583, cG M P levels decreased rap­
idly but did not drop below 8% of control (Fig. I). This result 
suggested that although a majority of the cGM P 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 C a 2+ shock (Anholt et al., 1986). Odorant-induced second 
messenger responses, e.g., cA M P or IP 3, 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 cG M P response, rat olfactory cilia were incubated for 
varying times in a reaction buffer containing 0.5 mM isobutyl- 
methylxanthine (IBM X, a phosphodiesterase inhibitor) and ei­
ther a 0.1 jjuM solution of the odorant isobutylmethoxypyrazine 
(IBM P) or solvent control. IBM P treatm ent resulted in a 330 ± 
12% (mean ±  SEM) increase in cGM P (Fig. 2A ). The IBM P- 
induced cGM P 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. 2/4). O ther odorants showed similar cGM P re­
sponses (data not shown).

A  dose-response curve for the effect of IBM P on cGM P levels 
demonstrated that the IBM P-induced cGM P response was satu­
rable (Fig. 2B). This dose-response curve shares similarity to the 
odorant-induced cAM P 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 
IBM X  (Beavo et al., 1970) in these assays suggested that this 
increase in cGM P production resulted from activation of a gua- 
nvlvl cvclase. rather than inactivation of PDE.
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Figure 2. Time coursc for the cyclic G M P response to the odorant 
I BM P in rat olfactory cilia. A, The effect of I BMP on cGM P levels 
(presented as pmol/mg protein) in rat olfactory cilia measured over time. 
O, Basal activity: • ,  activity in the presence of 0.1 /um I BM P. I BMX 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 cGM P was determined by R IA . Results are averages of 
duplicates representative of five separate determinations. E rror bars for 
control overlap with data points and thus are not visualized. B, D ose- 
response curve for the effect of I BM P on cGM P levels in rat olfactory 
cilia. Isolated olfactory cilia were incubated with reaction mix containing 
various concentrations of I BM P for 2 min. The reactions were quenched 
with TCA, and RIA was perform ed to determine cGM P levels. Results 
are averages of duplicates representative of three separate experiments.

Identification of cilial guanylyl cyclase activities
Bccausc 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 /am) failed to augment cGM P levels, indicating 
that soluble guanylyl cyclase is not present in the olfactory cilia 
preparation and therefore cannot mediate this response. A l­
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 determ ine whether any ligands 
known to activate particulate guanylyl cyclases can activate the 
cilial enzyme, these ligands for particulate guanylyl cyclases were

Figure 3. Stimulation of guanylyl cyclase activity in rat olfactory cilia by 
known activators of guanylvl cyclases. Activators that were tested were 0.1 
UM IRMP, 100 um SNP, 'l mM AN P, 0.1 mM RNP, 0.1 him 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 cGM P was 
determined by R IA . Each ligand was dissolved in double-distilled I I20  
(d d ll20 ) ,  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 ±  SEM.

tested on cilia (Fig. 3). Atrial natriuretic peptide (ANP), brain 
natriuretic peptide (BNP), C-tvpe natriuretic peptide (CN P), 
and heat-stable enterotoxin (STa) all failed to induce a cGM P 
response. Only IB M P 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 A1F4_ , which binds to GDP to 
mimic the -y-phosphate of GTP (Bigav et al., 1987; Stadel and 
Crooke, 1989). A1F4_ treatm ent did not alter cGM P levels in cilia 
(data not shown); however, A1F4_ did augment cAM P 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 cGM P 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 
f3 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 4. Expression of components of the cGM P 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. A nti-G C A Pl 
antibody (UW 14) reacts with a band of 18 kDa in isolated olfactory 
epithelium. Anti-bovine lung type la  PKG IgG, which can also recognize 
the type Ifi PKG in a limited manner, reacts with a band of 76 kDa in both 
isolated olfactory cilia and olfactory epithelium (data not shown).

extracellular ligands, the olfactory form may be more similar to 
retinal guanylyl cyclases, which are regulated by GCAP (Dizhoor 
et al., 1994; Gorczvca 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. 
cGM P 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 cGM P-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, GCAPl-like protein, and PKG, and to confirm that 
GCAP2 is essentially absent from olfactory epithelium, immuno- 
histochemistrv was perform ed on adult rat olfactory epithelium 
(Fig. 5). Particulate guanylyl cyclase immunoreactivitv (IR ) was 
most intense in the olfactory sensory cilia layer, although mem­
branous staining was present along dendrites, cell bodies, and 
axons (Fig. 5/1). Immunoreactivitv is lost within 3 d of bulbec- 
tomv (Fig. 5B ), indicative of its localization to ORNs. PKG-IR is 
also visualized in the cilial layer (Fig. 5C) and is lost with 
bulbectomv (Fig. 5D ). In contrast, GCAP2-IR is absent from cilia 
(Fig. 5E )  and unchanged with bulbectomv (Fig. 5F). GCAP1-IR 
is localized to the cilial layer (Fig. 5G), and IR  is again lost after 
bulbectomv (Fig. 5H ). Preabsorption of anti-GC APl antibodies 
with GCAP1 results in loss of signal in olfactory tissue (Fig. 51). 
Thus, these components are correctly positioned in cilia to par­
ticipate in odorant transduction. Interestingly, guanylyl 
cvclase-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 
Ca2+ on activity
To define the number and regulation of olfactory particulate 
guanylyl cyclases, steady-state kinetic data were obtained. In 
nonstimulated cilia in low C a 2 " (10 n M ) buffer, Eadie-FIofstee 
analyses revealed two sets of apparent K m and Kmax values: 4.4 ±  
0.7 /am and 1.15 ±  0.35 pmol ■ m g- ' ■ m in- ' and 1700 ±  100 /am 
and 21.0 ±  4.0 pmol ■ m g-1 ■ m in-1 .

Particulate guanylyl cyclases used in visual transduction are 
regulated by C a 2 ", which acts through GCAP class of C a 2 " 
binding proteins. To investigate the upstream regulation of olfac­
tory particulate guanylyl cyclase, cGM P was measured under 
several conditions (Table 1). Olfactory cilia were incubated at low 
(10 mvi) and high (10 /am) C a 2 " concentrations, at low GTP (10 
/am) and high GTP concentrations (1 mM) alone, with GCAP1 or 
IB M P (0.1 /am), or in the presence of both IB M P 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 C a 2 " and low GTP conditions, GCAP1 
has no effect on cGM P formation, although IB M P and GCAP1 
have modest effects. Interestingly, under high C a 2f and low GTP 
concentration conditions, basal cGM P formation is reduced. In ­
cubation with GCAP1 or IB M P alone has a significant effect on 
cGM P formation, whereas incubation with IB M P and GCAP1 
together shows a nearly a twofold enhancement over basal activ­
ity. In contrast, there was no effect of GCAP1, IBM P, or IB M P 
and GCAP1 in combination when assayed at high GTP concen­
tration (to examine the high K m isoform of particulate guanylyl 
cyclase). Thus, activity of the lowiCm particulate guanylyl cyclase 
is regulated bv C a 2 " and GCAP1.

To further examine regulation, steady-state kinetic analyses 
were perform ed at variable C a 2f concentrations in the presence 
or absence of GCAP1 (Table 2). Again, GCAP2 had no effect 
(data not shown). Neither C a 2f nor GCAP1 affected the K m or 
Kmax of the h igh ifm isoform. In contrast, GCAP1 had a significant 
effect on the Kmax of the low K m isoform. A t low C a 2 ", GCAP1 
had no effect on the K m or Kmax of the low K m species, as would 
be expected because GCAP is C a 2 "-dependent. Flowever, in the 
presence of high C a 2 ", the Kmax increased from 1.1 ±  0.5 to 1.7 ±
0.30 pmol ■ m g- ’ ■ m in- ’. Thus, the low K m isoform of particu­
late guanylyl cyclase is activated by C a 2 " in a G CA Pl-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 
dephosphorvlation (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 phosphorvlated (P K A  lane), and phosphoryla­
tion was further increased when cAM P was added with PKA 
(P K A  + cA M P  lane). In the presence of a specific PKA inhibitor,
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Figure 5. Immunolocalization of compo­
nents of cGM P in olfactory epithelium. 
Immunoreactivity was assessed in controls 
(Cti) (A. C  E. G. and I )  and in 3 d post- 
bulbectomy (Bx) (B. D. F. and H )  tissues 
for guanvlvl cvclase (GC) (A. B). PKG (C  
D ). GCAP2 (E. F ). and GCAP1 (G~I). 
A nti-G C A Pl 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; A x. axons.
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K T 5720, phosphorylation of olfactory particulatc guanylyl cy­
clase was inhibited. In contrast, when either PKG, PKC, or C a 2 7  
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- 
vlate known substrates (data not shown). Thus, olfactory partic­
ulate guanylyl cyclase appears to be most readily phosphorvlated 
bvPK A .

To determine the functional consequences of phosphorylation, 
the effect of PKA on olfactory particulate guanylyl cyclase activ­
ity was determined by measuring cG M P 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 K m form, but it significantly inhibited the activity of the low 
K m form.

Effect of odorant on phosphorylation of particulate 
guanylyl cyclase

A lthough we dem onstrated that PK A  can decrease cG M P 
synthesis and phosphorvlate cilial particulate guanylyl cyclase 
(Fig. 6), we wished to determ ine w hether odorant could di­
rectly affect phosphorylation of this enzyme. Cilia were incu­
bated w ith PK A , odorant, and PK A  inhibitor alone and in 
com bination before solubilization and SDS-PAGE and quan­
titation  (Fig. 7). The addition of PK A  alone produced modest



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

cGMP formation*
(% of control ± SEM)

Condition" Low calcium' High calcium''

Low (GTP)'‘
Control 100.04 ±  3.50 82.01 ±  7.80
GCAP1 98.66 ±  3.89 118.29 ±  13.20
IBM P 125.43 ±  9.60 137.81 ±  14.67
IBM P + GCAP1 116.19 ±  7.95 152.30 ±  18.53

High (G T P /
Control 100.01 ±  2.83 86.96 ±  9.67
GCAP1 88.38 ±  5.60 75.61 ±  5.56
IBM P 96.23 ±  5.67 72.68 ±  4.26
IBM P + GCAP1 92.67 ±  4.57 79.15 ±  9.39

"Olfactory cilia were preincubated in buffer containing IBMX for 15 min and 
incubated for 2 min in reaction buffer, as described in Materials and Methods. 
6cGMP formation was measured by RIA, as described in Materials and Methods, 
and is presented as the average of at least six determinations ± SEM.
‘Low calcium is 10 nw, as determined by pCa measurements, as described in 
Materials and Methods.
rfHigh calcium is 10 /xm, as determined by pCa measurements.
‘'Low GTP concentration is 10 (xm.
^High GTP concentration is 1  m M .

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

I'max (pmol • mg 1 . min-1 -+- QPlW'tCondition" Km (/am ± SEM) •min 1 ±  SEM)

High calcium*
(low Km)

Control 7.0 ±  2.0 1.15 ±  0.05
+ GCAP1 9.5 ±  1.5 1.70 ±  0.30'

(high K J
Control 1850 ±  550 17.2 ± 0 .3
+ GCAP1 2000 ±  400 19.7 ± 6 .4

Low calcium''
(low Km)

Control 4.4 ±  0.7 1.15 ±0 .35
+ GCAP1 4.9 ±  0.4 1.21 ±0 .20

(high K J
Control 1700 ±  100 21.0 ± 4 .0
+ GCAP1 2000 ±  500 25.1 ±  7.9

"Olfactory cilia were preincubated in buffer containing IBMX for 15 min and 
incubated for 2 min in reaction buffer, as described in Materials and Methods. 
AHigh calcium is 10 fiM, as determined by pCa measurements as described in 
Materials and Methods.
‘ Statistically significant difference (p  <  0.05).
rfLow calcium is 10 nw, as determined by pCa measurements.

phosphorylation of the 116 kDa band, the band that was 
im m unoreactive w ith anti-guanylyl cyclase antibodies. Phos­
phorylation was blocked by PK A  inhibitor. O dorant also 
caused minimal yet statistically significant increased phosphor­
ylation. However, sim ultaneous addition of PKA and odorant 
resulted in a dram atic increase in phosphorylation, which was 
blocked by PK A  inhibitor. These results suggest that odorants 
can directly increase the phosphorylation of particulate gua­
nylyl cyclase.

c Q- c Q-
8 8____
high Km low Km

Figure 6. Phosphorylation of olfactory particulate guanylyl cyclasc 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 G TP-agarose column and 
incubated with PKA (250 U/20 /Ag), PKG (300 U/1 /Ag), C a J ' /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-cAM P. The 
effect of PK A-specific inhibitor was also tested. PKG was stimulated in the 
presence of 1 mM 8-Br-cGMP. With Cam PK, pGC was incubated in 
the presence of 10 /am calmodulin and 10 mM C a : *. PKC was stimulated 
by adding 20 /Ag of phosphatidylserine and 250 nM 12-O-tctradccanoyl 
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 cGM P levels were determined. 
Guanylyl cyclase was assayed at high (1 mM) or low (10 /am) GTP 
concentrations to delineate high and low Km activities. The results shown 
are representative of six independent experiments and presented as 
percentage of control ±  SEM.

Effect of cGMP and PKG on cAMP levels and 
adenylate cyclase activity
The slower, delayed time course of odorant-induced cGM P re­
sponse, compared with the rapid and transient productions of 
cAM P and IP 3, suggests that cGM P 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 cAM P levels was determined in olfactory 
cilia in the presence of IBM X  (Fig. 8*-4). No exogenous cGM P 
was added because this could obscure the results of RIA : high 
levels of cGM P interfere with the R IA  (data not shown). Odor-
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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 [y-JJP]-ATP was perform ed for 30 min at room tem perature in the 
presence of PKA, PKA and PKA inhibitor (PKA-l PKA I),  odorant 
mixture [CTf^'OO)], PKA and odorant [PKA(OO)], or PKA, odorant, 
and PKA inhibitor \PK A J\ PKA 1(00)]. At the end of incubation, reac­
tions were quenched, solubilized, and run on SDS-PAGE. Quantitation of 
relative degree of phosphorylation was perform ed 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). D ata shown are averages of three 
separate determinations.

ant alone (IB M P) had a modest effect on cAM P levels measured 
at this longer time of 5 sec. cAM P production was increased in 
the presence of PKG and IBM P. The addition of PKG inhibitor 
significantly diminished this effect. In the presence of IBM P, the 
addition of increasing concentrations of PKG resulted in a dose- 
dependent increase in cAM P levels (Fig. 8B ).

These data suggest that PKG increased cAM P production. How­
ever, ambient cAM P levels are the result of synthetic and hydro­
lytic rates. To more specifically determine the mechanism by which 
PKG increased cAM P 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 kineticallv 
distinct isoforms of particulate guanylyl cyclase in olfactory cilia, 
of which the low K m species is regulated by C a 2 f and a GCAP1- 
like binding protein. The demonstration that this olfactory par-

Figure 8. Effect of I BM P and PKG on cA M P levels. A, Effect of PKG 
and PKG-specific inhibitor on odorant-induced cAM P production. 1 BMP 
(0.1 /xm) was applied for 2 min to cilia, with or without 60 /xm PKG and 
20 jxM PKG inhibitor, KT5823. The isolated olfactory cilia were incubated 
with PKG for 15 min before assay at room tem perature. Results are 
presented as percentage of control ±  SEM. B, Dose-dependency of 
cAM P production on PKG concentration in isolated rat olfactory cilia. 
PKG was incubated with the olfactory cilia at concentrations from 0 to 
250 jxM in the presence of 0.1 /xm 1 BM P applied for 2 sec. To inhibit PDE 
activity, 0.5 him  1BMX was added.

Figure 9. Effect of PKG on adenylate cyclase activity in rat olfactory 
cilia. IB M P (0.1 jam) or forskolin (1 jam) was applied for 1 min. Incuba­
tions included 1 him  8-Br-cGM P, 60 /xm PKG, or 20 /xm 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 tem pera­
ture. Results are presented as specific activity ±  SEM.

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 cAM P, which functions in an immediate 
response to gate a nonspecific cation channel (the olfactory cyclic 
nucleotide channel, OCNC), to depolarize the ORN (Nakamura



Moon et al. • Olfactory Calcium-Sensitive Particulate Guanylyl Cyclase J. Neurosci., May 1, 1998, 78(9):3195-3205 3203

Figure 10. Proposed model for the modulation of the 
cAM P pathway by particulate guanylyl cyclase in ORNs. 
The odorant receptor, when coupled to O-protein. can 
stimulate adenylate cyclase, leading to an increase in intra­
cellular cAM P and opening of the olfactory cyclic 
nucleotide-gated ion channels (O CN Cs). Longer exposure 
to odorants can stimulate particulate guanylyl cyclase in 
cilia to produce cGM P and activate PKG. leading to a 
further increase in amount and duration of intracellular 
cAM P levels, which may serve to convert inactive forms of 
protein kinase A  (P K A  ) to active forms (P K A 4'). A s part 
of a feedback loop. PK A  can inhibit the activation of 
particulate guanylyl cyclase.

and Gold, 1987). With a delayed time course, odorants also 
activate particulate guanylyl cyclase in cilia, through a C a 2 
dependent mechanism involving a GCAPl-like protein. cGM P 
subsequently stimulates adenylate cyclase in a PKG-dependent 
manner. In turn, PK A  can negatively regulate particulate guany­
lyl cyclase, limiting cGM P 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 C O  (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 Cuenorhubditis degems, 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 cGM P levels, 
not during binding of extracellular ligand but during activation by 
guanylyl cyclase activating protein (GCAP) at low C a 2 " 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 cGM P in a stimulus-dependent manner 
to regulate downstream responses. This is suggested by the strik­
ing differences in steady-state kinetic param eters 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 ^ M )K m and a novel low (7 /am) K m species. The 
Vmax values in the olfactory cilia are much lower than those 
attributed to retinal forms of particulate guanylyl cyclases (rct- 
GCs). The Vmax of rctGC expressed in 293 cells is 85 
pmol ■ m g-1 ■ m in-1 , and those of GC-E and GC-F transfected 
into COS cells are 193 and 120 pmol ■ m g-1 ■ m in-1 , 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 K m values 
support this hypothesis. It is the low K m form that is activated by 
C a 2 " and GCAP1; the role of the other isoform is unclear, but it 
may function in other cellular processes thus far suggested for 
cGM P, such as channel adaptation (Leinders-Zufall et al., 1996). 
The low K m guanylyl cyclase does contribute to the values gen­
erated for the high K m form; however, because the Kmax for the 
high K m guanylyl cyclase is much higher, the contribution of the 
low K m species is quite small, explaining why one does not see an 
effect of odorant or GCAP1 on the high K m iso form.

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 C a 2 "-free form (Gorczyca et al., 1995). In olfac­
tion, GCAP1 activates particulate guanylyl cyclase when bound to 
C a 2 \  However, retGC can also be stimulated by S-lOOb protein 
in the presence of C a 2 f (Pozdnyakov et al., 1995; D uda et al.,
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1996; Margulis ct al., 1996), suggesting that the stimulation of 
guanylyl cyclase by C a 2  ̂ in the olfactory system is not without 
precedent. O ther C a 2F-binding proteins, such as calmodulin, 
appear to have no effect on the olfactory particulate guanylyl 
cyclase (C. Moon and G. V. Ronnett, unpublished observations).

Ca 2  ̂ may be made available to the GCAP-l-like binding pro­
tein or recoverin in olfactory cilia by a number of mechanisms, 
including the olfactory cyclic nucleotide-gated channel, the IP 3 
receptor, or other cilial C a 2f channels. Odorants have been shown 
to stimulate IP 3 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 IP 3 
response (Boekhoff et al., 1990), whereas we have shown a more 
general and slower (several seconds) IP 3 signal (Ronnett et al., 
1993). IP 3 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 
(Bakalvar and Reed, 1990), but it need not be the isoform that 
mediates this delayed and longer cAM P 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 phosphor via tes 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 cGM P inhibited adenylate cyclase in a PKG- 
dependent manner. These experiments were performed using 
RIA , and because there can be interference in the cAM P RIA  
when exogenous cGM P (or an analog) is added, we performed 
R IA  and also assayed adenvlvl cyclase directly. These results con­
firmed our findings that cGM P activated adenylate cyclase.

The data presented herein indicate that cGM P 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. 
O ther 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 cA M P response by 
cGM P 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, cAM P 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 cAM P signal. Many 
studies document the importance of cA M P in neuronal differen­
tiation and maintenance (Nagamine and Reich, 1985). As 
opposed to the initial odorant-dependent cAM P response, 
the cGM P-dependent cAM P signal may not be involved in gating 
ion channels but may be involved in gene expression via a

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

REFERENCES
A nholt R R II. Aebi U. Snyder SII (1986) A  partially purified preparation 

of isolated chemosensory cilia from the olfactory epithelium of the 
bullfrog. Rana castesbeiana. J Neurosci 6:1962-1969.

Bakalyar IIA . Reed R R  (1990) Identification of a specialized adenylate 
cyclase that may mediate odorant detection. Science 250:1403-1406.

Beavo JA . Rogers NL. Crofford OB. Hardm an JO. Sutherland EW. 
Newman EV (1970) Effects of xanthine derivatives on lipolysis and on 
adenosine 3 '.5 '-m onophosphate phosphodiesterase activity. Mol Phar­
macol 6:597-603.

Bigay J. D eterre P. Pfister C. Chabre M (1987) Fluoride complexes of 
aluminum or beryllium act on O-proteins as reversibly bound analogues 
of the g phosphate of GTP. EM B O  J 6:2907-2913.'

Boekhoff I. Tareilus E. Strotmann J. Breer I I  (1990) Rapid activation of 
alternative second messenger pathways in olfactory cilia from rats by 
different odorants. EM BO J 9:2453-2458.

Boekhoff I. Michel WC. Breer II. Ache BW (1994) Single odors differ­
entially stimulate dual second messenger pathways in lobster olfactory 
receptor cells. J Neurosci 14:3304-3309.

Borisy FF. Ronnett OV. Cunningham AM . Juilfs D. Beavo J. Snyder SII 
(1991) Calcium/calmodulin activated phosphodiesterase selectively 
expressed in olfactory receptor neurons. J Neurosci 12:915-923.

Breer II. Boekhoff I. Tareilus E  (1990) Rapid kinetics of second mes­
senger formation in olfactory transduction. Nature 345:65-68.

Breer II. Klemm T. Boekhoff I (1992) Nitric oxide mediated formation 
of cyclic O M P in the olfactory system. NeuroReport 3:1030-1031.

Brune B. Schmidt K. Ullrich V (1990) Activation of soluble guanylyl 
cyclase by carbon monoxide and inhibition by superoxide anion. Eur 
JB iochem  192:683-688.

Chinkers M (1994) Targeting of a distinctive protein-serine phosphatase 
to the protein kinase-like domain of the atrial natriuretic peptide 
receptor. Proc Natl Acad Sci USA 91:11075-11079.

Choi E-J. X ia Z. Villacres EC. Storm D R  (1993) The regulatory diver­
sity of mammalian adenylyl cyclase. C urr Opin Cell Biol 5:269-273.

Dawson TM. Snyder SII (1994) Oases as biological messengers: nitric 
oxide and carbon monoxide in the brain. J Neurosci 14:5147-5159.

Dhallan RS. Yau KW. Schrader K A. Reed R A  (1990) Primary structure 
and functional expression of a cyclic nucleotide-activated channel from 
olfactory neurons. Nature 347:184-187.

Dittman A ll,  Quinn TP. Nevitt OA. Hacker B. Storm D R  (1997) Sen­
sitization of olfactory guanylyl cyclase to a specific imprinted odorant 
in coho salmon. Neuron 19:381-389.

D izhoor AM . Lowe DO. Olshevskaya EV. Laura RP. Hurley JB (1994) 
The human photoreceptor membrane guanylyl cyclase. RetOC. is 
present in outer segments and is regulated by calcium and a soluble 
activator. Neuron 12:1345-1352.

Drewett JO. Garbers DL (1994) The family of guanylyl cyclase receptors 
and their ligands. Endocr Rev 15:135-162.

Duda T. Goraczniak RM. Sharma RK (1996) Molecular characteriza­
tion of S100A-S100B protein in retina and its activation mechanism of 
bovine photoreceptor guanylyl cyclase. Biochemistry 35:6263-6266.

Edelm an A. Blumenthal DK. Krebs EG (1987) Protein serine/threonine 
kinases. Annu Rev Biochem 56:577-613.

Firestein S. Werblin FS (1989) Odor-induced membrane currents in 
vertebrate olfactory receptor neurons. Science 244:79-82.

Francis SII. Corbin JD (1994) Structure and function of cyclic 
nucleotide-dependent protein kinases. Annu Rev Physiol 56:237-272.

Frank DA. Greenberg M E  (1994) CREB: a mediator of long-term mem­
ory from mollusks to mammals. Cell 79:5-8.

Fulle II-J. Vassar R. Foster DC. Yang R-B. Axel R. Garbers DL (1995) 
A  receptor guanylyl cyclase expressed specifically in olfactory sensory 
neurons. Proc Nad Acad Sci USA 92:3571-3575.

Furchgott RF. Zaw adzki JV (1980) The obligatory role of endothelial 
cells in the relaxation of arterial smooth muscle by acetylcholine. 
Nature 288:373-376.

Garbers DL (1989) Guanylyl cyclase, a cell surface receptor. J Biol 
Chem 264:9103-9106.

Garbers DL (1991) Guanylyl cyclase-linked receptors. Pharmacol Ther 
50:337-345.



Garbers DL. Lowe DG (1994) Guanylyl cyclase receptors. J Biol Chem 
269:30741-30744.

Garbers DL. Koesling D. Schultz G (1994) Guanylyl cyclase receptors. 
Mol Biol Cell 5:1-5.

Gorczyca WA. Gray-Keller MP. Detwiller PB. Palczewski K (1994) Pu­
rification and physiological evaluation of a guanylyl cyclase activating 
protein from retinal rods. Proc Natl Acad Sci USA 91:4014-4018.

Gorczyca WA. Polans AS. Surgucheva IG. Subbaraya I. Baehr W. 
Palczewski K (1995) Guanylyl cyclase activating protein. J Biol Chem 
270:22029-22036.

Graser T. Vedernikov YP. Li DS (1990) Study on the mechanism of 
carbon monoxide induced endothelium -independent relaxation in por­
cine coronary artery and vein. Biomed Biochim Acta 49:293-296.

Ilayashi F. Yam azaki A  (1991) Polymorphism in purified guanylyl cy­
clase from vertebrate rod photoreceptors. Proc Natl Acad Sci USA 
88:4746-4750.

Ingi T. Ronnett GV (1995) Direct demonstration of a physiological role for 
carbon monoxide in olfactory receptor neurons. J Neurosci 15:8214-8222.

Ingi T. Cheng J. Ronnett GV (1996) Carbon monoxide: an endogenous 
modulator of the nitric oxide-cyclic G M P signaling system. Neuron 
16:835-842.

Jaworsky DE. Matsuzaki O. Borisy FF. Ronnett GV (1995) Calcium 
modulates the rapid kinetics of the odorant-induced cyclic A M P signal 
in rat olfactory cilia. J Neurosci 15:310-318.

Juiles DM. Fulle H-J. Z hao AZ. Ilouslay MD. Garbers DL (1997) A  subset 
of olfactory neurons that selectively express cGMP-stimulated phosphod­
iesterase (PDE2) and guanylyl cyclase-D define a unique olfactory signal 
transduction pathway. Proc Natl Acad Sci USA 94:3388-3395.

Kawada T. Ishibash T. Sasage II. Kato K. Imai S (1994) Modification by 
LY83583 and methylene blue of relaxation induced by nitric oxide, 
glyceryl trinitrate, sodium nitroprusside and atriopeptin in aortae of the 
rat. guinea-pig and rabbit. Gen Pharmacol 25:1361-1371.

Koch K-W. Stryer L (1988) Highly cooperative feedback control of ret­
inal rod guanylyl cyclase by calcium ions. Nature 334:64-66.

Kowaluk EA. Seth P. Fung IIL  (1992) Metabolic activation of sodium 
nitroprusside to nitric oxide in vascular smooth muscle. J Pharmacol 
Exp T her 262:916-922.

Kroner C. Bowkhoff I. Lohm ann SM. Genieser II-G . B reer II (1996) 
Regulation of olfactory signalling via cGM P-dependent protein kinase. 
Eur J Biochem 236:632-637.

Laemmli UK (1970) Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature 227:680-685.

Leinders-Zufall T. Shepherd GM. Zufall F (1995) Regulation of cyclic 
nucleotide-gated channels and membrane excitability in olfactory re­
ceptor cells by carbon monoxide. J Neurophysiol 74:1498-1508.

Leinders-Zufall T. Shepherd GM. Zufall F (1996) Modulation by cyclic 
G M P of the odour sensitivity of vertebrate olfactory receptor cells. 
Proc R Soc B Biol Sci 263:803-811.

M ahanthappa N K . Schwarting GA (1993) Peptide growth factor control 
of olfactory neurogenesis and neuron survival in vitro: roles of EG F 
and TGF-Bs. Neuron 10:293-305.

Maines M D (1988) Ilem e oxygenase: function, multiplicity, regulatory 
mechanisms, and clinical applications. FASEB J 2:2557-2568.

Margulis A. Pozdnyakov N. Sitaramayya A  (1996) Activation of bovine 
photoreceptor guanylyl cyclase by S100 proteins. Biochem Biophys Res 
Commun 218:243-247.

Matsuoka I. Mori T. Sto T. Sakai M. Kurihara K (1995) Identification of 
novel guanylyl cyclases from chemosensory tissues of rat and cattle. 
Biochem Biophys Res Commun 216:242-248.

McNaughton PA (1990) Light response of vertebrate photoreceptors. 
Physiol Rev 70:847-883.

Murad F (1994) Regulation of cytosolic guanylyl cyclase by nitric oxide: 
the NO-cyclic G M P signal transduction system. Adv Pharmacol 26:1933.

Nagamine Y. Reich E  (1985) Gene expression and cAM P. Proc Natl 
Acad Sci USA 82:4606-4610.

Nakamura T. Gold G II (1987) A  cyclic-nucleotide gated conductance in 
olfactory receptor cilia. Nature 325:442-444.

Nakane M. Murad F (1994) Cloning of guanylyl cyclase isoforms. Adv 
Pharmacol 25:7-18.

Otto-Bruc A. Farris RN. Ilaeseleer F. Huang J. Buczylko J. Suggucheva
I. Baehr W. Milam A II. Palczewski K (1997) Localization of guanylyl 
cyclase-activating protein 2 in mammalian retinas. Proc Natl Acad Sci 
USA 94:4727-4732.

Pace U. Ilanski E. Salomon Y. Lancet D (1985) Odorant-sensitive ade­
nylate cyclase may mediate olfactory reception. Nature 316:255-258.

J. Neurosci., May 1, 1998, 78(9):3195-3205 3205

Palczewski K. Subbaraya I. Gorczyca WA. Ilelekar BS. Ruiz CC. Ohguro
II. Huang J. Z hao  X  Crabb JW . Johnson RS. W alsh KA. Gray-Keller 
MP. Detwiler PB. Baehr W  (1994) Molecular cloning and character­
ization of retinal photoreceptor guanylyl cyclase-activating protein. 
Neuron 13:395-404.

Potter LR. Garbers DL (1992) Dephosphorylation of the guanylyl 
cyclase-A receptor causes desensitization. J Biol Chem 267:14531-14534.

Potter LR. Garbers DL (1994) Protein kinase C -dependent desensitiza­
tion of the atrial natriuretic peptide receptor is mediated by dephos­
phorylation. J Biol Chem  269:14636-14642.

Pozdnyakov N. Yoshida A. Cooper NG. Margulis A. Duda T. Sharma 
RK. Sitaramayya A  (1995) A  novel calcium-dependent activator of 
retinal rod outer segment membrane guanylyl cyclase. Biochemistry 
34:14279-14283.

Rhein LD. Cagan R II (1980) Biochemical studies of olfaction: isolation, 
characterization and odorant binding activity of cilia from rainbow 
trout olfactory rosettes. Proc Natl Acad Sci USA 77:4412-4416.

Ronnett GV. Hester LD. Snyder SII (1991) Primary culture of neonatal 
rat olfactory neurons. J Neurosci 11:1243-1255.

Ronnett GV. Cho II. Hester LD. W ood SF. Snyder SII (1993) Odorants 
differentially enhance phosphoinositide turnover and adenylate cyclase 
in olfactory receptor neuronal cultures. J Neurosci 13:1751-1758.

Roskams AJ.' Bredt DS. Dawson TM. Ronnett GV (1994) Nitric oxide 
mediates the formation of synaptic connections in developing and 
regenerating olfactory receptor neurons. Neuron 13:289-299.

Salomon Y (1979) Adenylate cyclase assay. Adv Cyclic Nucleotide Res 
10:31-54.

Sassone-Corsi P (1995) Transcription factors responsive to cAMP. 
Annu Rev Cell Biol 11:355-377.

Schmidt I I I I I IW  (1992) NO. C O  and O II endogenous soluble guanylyl 
cyclase-activating factors. FEBS Lett 307:102-107.

Sklar PB. Anholt RRII. Snyder SII (1986) The odorant-sensitive adenyl­
ate cyclase of olfactory receptor neurons. J Biol Chem 261:15538-15543.

Stadel JM . Crooke ST (1989) Aluminofluoride action on G-proteins of 
the adenylate cyclase system is not different from that on transducin. 
J Biochem 258:931-933.

Steiner JP . Dawson TM. Fotuhi M. Glatt CE. Snowman AM. Cohen N. 
Snyder SII (1992) High brain densities of the immunophilin FK BP 
colocalized with calcineurin. Nature 358:584-587.

Sun M K . Reis DJ (1992) Evidence nitric oxide mediates the vasodepres­
sor response to hypoxia in sino-denervated rats. Life Sci 50:555-565.

Sun Y. Rotenberg MO. Maines M D (1990a) Developmental expression 
of heme oxygenase isozymes in rat brain. Two II0 -2  m RNAs are 
detected. J Biol Chem 265:8212-8217.

Sun Y. Rotenberg MO. Maines MD (1990b) Developmental expression 
of heme oxygenase isozymes in rat brain. J Biol Chem  265:8212-8217.

Towbin II. Staehelin T. Gorden J (1979) Electrophoretic transfer of 
proteins from polyacrylamide gels to nitrocellulose sheets: procedure 
and some applications. Proc Natl Acad Sci USA 76:4350-4354.

Vaandrager AB. De Jonge IIR  (1994) Effect of cyclic G M P on intestinal 
transport. Adv Pharmacol 26:253-283.

Verma A. Ilirsch DJ. Glatt CE. Ronnett GV. Snyder SII (1993) Carbon 
monoxide: a putative neural messenger. Science 259:381-384.

Villacres EC. Wu Z. Ilua  W. Nielsen MD. W atters JJ. Yan C. Beavo J. 
Storm DR (1995) Developmentally expressed C a 2 ' -sensitive adenyl­
ate cyclase activity is disrupted in the brains of type I adenylate cyclase 
mutant mice. J Biol Chem  270:14352-14357.

Wong SKF. Garbers DL (1992) Receptor guanylyl cyclases. J Clin Invest 
90:299-305.

Wu Z-L. Thomas SA. Villacres EC. X ia A. Simmons ML. Chavkin C. 
Palmiter RD. Storm DR (1995) A ltered behavior and long-term po­
tentiation in type I adenylate cyclase m utant mice. Proc Natl Acad Sci 
USA 92:220-224.

X ia Z. Choi E-J. W ang F. Storm DR (1992) The type III calcium/ 
calmodulin-sensitive adenylate cyclase is not specific to olfactory sen­
sory neurons. Neuroscience 144:169-173.

Yang R-B. Foster DC. Garbers DL. Fulle II-J (1995) Two membrane forms 
of guanylyl cyclase found in the eye. Proc Natl Acad Sci USA 92:602-606.

Yau K-W (1994) Cyclic nucleotide-gated channels: an expanding new 
family of ion channels. Proc Natl Acad Sci USA 91:3481-3483.

Yu S. Avery L. Baude E. Garbers DL (1997) Guanylyl cyclase expression 
in specific sensory neurons: a new family of chemosensory receptors. 
Proc Natl Acad Sci USA 94:3384-3387. '

Yuen PST. Garbers DL (1992) Guanylyl cyclase-linked receptors. Annu 
Rev Neurosci 15:193-225.


