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ABSTRACT Stimulation of isolated rat olfactory cilia in
the presence of [y-.32P]ATP leads to a sincany enhanced
incorporation of [32P]phosphate. Depending on the type of
odorants applied, the induced phosphorylation is completely
blocked by specific inhibitors of either protein kinase A or
protein kinase C. Time-course experiments indicate that the
odor-induced modification of ciliary proteins is transient; the
intensity of labeling decayed over time (1-10 sec). Separation
of ciliary proteins by SDS/polyacrylamide gel electrophoresis
followed by autoradiography demonstrated that upon stimu-
lation with lilial, a single polypeptide (50,000 Da) was phos-
phorylated; the size of the modified protein is in line with the
hypothesis that odorant receptors are phosphorylated subse-
quent to activation by specific odors.

The responses of olfactory systems and sensory cells to odor
stimulation attenuate very rapidly (< 1 sec) and change from
phasic to tonic during continuous stimulus application (1, 2).
This immediate desensitization is mimicked by the rapid
termination of odor-induced second messenger signals in
olfactory cilia, which can be monitored in "stopped flow"
experiments (3, 4). Recently, desensitization has also been
observed in primary olfactory neuronal cultures (5). The
transient responsiveness to adequate stimuli is a character-
istic feature of sensory cells, such as olfactory neurons, that
respond to repeated stimulation. In a previous study it was
demonstrated that the odorant-induced second messenger
responses are rapidly switched offby negative-feedback loop
reactions involving specific kinases; in the presence of in-
hibitors for the protein kinases desensitization was prevented
(6). Subsequent experiments have shown that odorant-
activated second messenger signaling pathways are turned
off by only those kinases that are stimulated by the second
messengers generated in the active cascade: cAMP formation
is affected by protein kinase A but not by protein kinase C;
inositol trisphosphate (IP3)/diacylglycerol (DAG) generation
is affected only by protein kinase C. These observations have
led to the concept that uncoupling of the transduction cas-
cade is brought about by phosphorylating key elements
within the transduction apparatus, thus implying that expo-
sure to odorants may lead to a stimulus-dependent phosphor-
ylation of specific proteins in olfactory receptor cells. The
existence of characteristic phosphoproteins in preparations
from the olfactory neuroepithelium has recently been re-
ported (7).

In the present study we provide evidence that the incor-
poration of [32P]phosphate into rat olfactory ciliary proteins
is significantly enhanced upon stimulation with odorants in a
dose-dependent manner. Autoradiographic identification of
the phosphorylated polypeptides supports the hypothesis
that odorant receptor proteins are modified by specific ki-
nases.

MATERIALS AND METHODS
Materials. Sprague-Dawley rats were obtained from the

Zentralinstitut fMr Versuchstierzucht (Hanover, F.R.G.). Ci-
tralva (3,7-dimethyl-2,6-octadienenitrile), ethylvanillin
(3-ethoxy4hydroxybenzaldehyde), eugenol [2-methoxy-4-
(2-propenyl)phenol], hedione (3-oxo-2-pentylcyclopentane-
acetic acid methyl ester), lilial [4-(1,1-dimethylethyl)-a-meth-
ylbenzene-l-propanol], and lyral [4-(4-hydroxy-4-meth-
ylpentyl)-3-cyclohexene] were kindly provided by W. Steiner
(Baierbrunn, F.R.G.). [y-32P]ATP was supplied by DuPont/
New England Nuclear. Protein kinase A inhibitor (Walsh
inhibitor) was purchased from Sigma (catalog no. P 0393).
Calphostin C was obtained from Calbiochem. Okadaic acid
was purchased from BioTrend (Cologne, F.R.G.). The purity
of all chemicals used in this study was >99%.
Methods. Isolation of olfactory cilia. Partially purified

chemosensory cilia from rat olfactory epithelia were pre-
pared according to the procedures described previously (8,
9). Rat olfactory epithelia were dissected and collected in
Ringer solution (120mM NaCl/5 mM KCI/1.6mM K2HPO4/
1.2 mM MgSO4/25 mM NaHCO3/7.5 mM glucose, pH 8.0).
This and all subsequent operations were carried out at 4TC.
Cilia were detached from the epithelia by the calcium shock
procedure, replacing the medium by Ringer solution contain-
ing 10 mM CaCl2. After agitation in an end-over-end shaker
for 20 min, the deciliated epithelia were pelleted by centrif-
ugation at 7000 x g for 15 min and the supernatant was
collected. The pellet was resuspended in Ringer solution
containing 10 mM CaCl2 and then agitated and centrifuged.
The combined supernatants containing the detached cilia
were centrifuged at 27,000 x g for 15 min. The protein
concentration was determined by the Bradford procedure,
with bovine serum albumin as the standard.
Phosphorylation procedure. The phosphorylation experi-

ments were performed by following a modification of the
procedure described by Wilden and Kuhn (10). Isolated cilia
were resuspended in a small volume of buffer (10 mM
Tris HCl/3 mM MgCl2/2 mM EDTA, pH 8.0) giving a final
protein concentration of 1 mg/ml. The odorous compounds
were dissolved in dimethyl sulfoxide, giving a stock solution
of 100 mM. To obtain the appropriate odorant concentration,
different volumes of the stock solution were added to the
"stimulation buffer" (200 mM NaCI/10 mM EDTA/50 mM
Mops/2.5 mM MgCl2/1 mM dithiothreitol/0.05% sodium
cholate/1 mM ATP/1 ,uM GTP and a free Ca2+ concentration
of 20 nM, pH 7.4). Both solutions were thoroughly mixed in
an ultrasonic water bath at 250C and used immediately. The
reaction was started by adding 20 yd of the cilia preparation
to 80 of warm (250C) stimulation buffer containing odor-
ants at the appropriate concentrations and in addition 1 uCi
(37 kBq) of [y-32P]ATP. After incubation for the appropriate
time interval, usually 1 sec, the reaction was stopped by
adding 300 ,.l of an ice-cold mixture of 25% trichloroacetic
acid and 5 mM phosphoric acid. The samples were placed on

Abbreviations: IP3, inositol trisphosphate; DAG, diacylglycerol.
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ice for 30 min and then the precipitated proteins were

thoroughly mixed. Aliquots (100 pul) of each sample were
spotted onto Whatman 3 MM filter paper (4 x 4 cm) and
immersed in a solution of 10% trichloroacetic acid and 5 mM
phosphoric acid. After thorough washing, the filters were

dried at room temperature for 2 hr. The radioactivity ad-
sorbed to the filters was quantitated by scintillation counting.

Identification of phosphorylated polypeptides. The reac-
tion was started by adding 5 pul (30 ,4g) of cilia protein to 29.5
,41 of warm (250C) stimulation buffer containing 1 p.M lilial as

odorous compound and 2 p.Ci of [y-32P]ATP. The reaction
was stopped after 5 or 10 sec by adding 8 ,p1 of electrophoresis
buffer containing 3.5% SDS and 0.2% dithiothreitol. After the
samples had been boiled for 3 min 20-pJ aliquots were

subjected to SDS/polyacrylamide gel electrophoresis ac-
cording to the method of Laemmli (11), using homogeneous
12.5% slab gels. Gels were stained for 30 min in 0.2%
Coomassie blue R/7% (vol/vol) acetic acid/50% (vol/vol)
methanol and destained in 7% acetic acid/20% methanol
overnight. After the gels had dried, labeled polypeptides were
visualized by exposure to Fuji RX films at -80°C with
intensifying screens for 14 days.

RESULTS

Incubation of isolated olfactory cilia with [y-32P]ATP resulted
in an incorporation of [32P]phosphate into ciliary protein;
after an incubation time of 1 sec 102 ± 19 pmol of phosphate
per mg of ciliary protein was transferred. A similar level of
phosphorylation (125 pmol/mg of protein) was recently ob-
served in preparations of synaptic membranes (12). The basal
rate of phosphorylation in olfactory cilia was significantly
enhanced upon application of odorants. Challenging olfac-
tory cilia with 1 puM of the fruity odorant citralva, which
activates the cAMP pathway (3), led to a significantly en-
hanced labeling (Fig. 1); after a period of only 1 sec an
incorporation of 271 ± 20 pmol/mg of protein was deter-

0.4

003--
0

Q.

0)

E

0

E 0.2-

-c
(D

a)
CD)

CU
co

4-

cm 0.01

0

T
T

T

Control Citralva Lilial

FIG. 1. Odorant-induced phosphorylation of olfactory ciliary
proteins. Isolated olfactory cilia were incubated with [y-32P]ATP for
1 sec in the absence (control) or presence of odorants (citralva or
lilial, 1 p.M). The results are expressed as nmol of phosphate
transferred per mg of ciliary protein. Data are the mean + SD offour
experiments.

mined. A similar level of phosphorylation (306 + 21 pmol/mg
protein) was found 1 sec after stimulation with the floral
odorant lilial, which activates the IP3/DAG cascade (13).
To measure the sensitivity of the system, the relationship

between stimulus intensity and amount of [32P]phosphate
incorporation into isolated olfactory cilia was determined. In
Fig. 2 the dose-response curves for odorants inducing either
cAMP or IP3 are displayed. The data in Fig. 2A represent the
concentration-dependent incorporation of [32P]phosphate in-
duced by an equimolar mixture of citralva, hedione, and
eugenol; these odorants stimulate adenylate cyclase and
rapidly induce a cAMP signal (3, 14). In Fig. 2B the concen-
tration-dependent phosphorylation after application ofa mix-
ture of lyral, lilial, and ethylvanillin, odorants which all
activate the IP3 cascade (13), is demonstrated. In both cases
the reaction showed an apparent saturation at an odorant
concentration of about 1 A&M; a half-maximal activation was
observed at about 50 nM. These dose-response curves are
reminiscent of the results obtained in recent experiments
monitoring the odor-induced second messenger responses
(3).

In a previous study we have shown that the termination of
odorant-induced second messenger signals is mediated by
specific kinases, which are activated by the messenger gen-
erated in the primary reaction cascade (6). To analyze if the
odorant-induced phosphorylation of olfactory cilia protein is
catalyzed by the kinases that are under the control of the
generated second messenger, we employed specific kinase
inhibitors. The data in Fig. 3A demonstrate that the basal
level of [32P]phosphate incorporation was hardly affected by
the Walsh inhibitor, the specific blocker of protein kinase A
(15). However, the incorporation of labeled phosphate in-
duced by cAMP-generating odorants was almost completely
prevented by the inhibition of kinase A, indicating that the
odor-induced elevation ofcAMP leads to an activation of the
cAMP-dependent kinase A, which in turn catalyzes the
phosphorylation of olfactory cilia protein.
To determine if an analogous mechanism is realized in the

IP3/DAG pathway, the effect of calphostin C, a highly
specific inhibitor of protein kinase C (16, 17) was examined.
Fig. 3B shows that a cocktail of odorants that generate IP3
induced [32P]phosphate incorporation about 4 times higher
than under control conditions. In the presence of 1 ,M
calphostin C the odor-induced incorporation of phosphate
was almost completely inhibited; no effect of the Walsh
inhibitor was observed (data not shown). These results may
be considered as an indication that the odor-induced phos-
phorylation of olfactory cilia protein is controlled by kinases
which are activated by the second messenger generated in the
primary reaction cascade.
To approach the question of whether the dual pathways of

protein phosphorylation induced by the two odor classes and
mediated by two different kinases are independent or inter-
fere with and affect each other, the odor-induced incorpo-
ration of [32P]phosphate was examined by stimulating with a
cocktail of odorants that induces both cAMP and IP3. To
explore if the effects of the two classes of odorants are
additive, both mixtures were applied at saturating concen-
tration (each odorant at 1 AM). As is shown in Fig. 4,
application of a mixture containing citralva, hedione, eu-
genol, lilial, lyral, and ethylvanillin leads to a significantly
higher [32P]phosphate incorporation. In the presence of a
kinase A inhibitor, the odorant-induced phosphorylation rate
was reduced to the level that was reached by stimulating
solely with IP3-inducing odorants (see Fig. 3B). A similar
effect was observed when calphostin C was used to block
protein kinase C; the remaining [32P]phosphate incorporation
corresponds to the level induced by cAMP-inducing odorants
(Fig. 3A). The inactivation of both kinases completely
blocked the odor-induced phosphorylation. These results
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FIG. 2. Relationship between stimulus intensity and amount of phosphorylation. Cilia preparations were stimulated for 1 sec with different
concentrations of odorous compounds. The scale gives the concentration of each individual odorant. Data are the mean ± SD of three or four
experiments. Basal incorporation (250 cpm) has been subtracted. (A) Dose-response curves of a mixture ofcAMP-generating odorants (citralva,
hedione, and eugenol) inducing [32P]phosphate incorporation into an olfactory cilia preparation. (B) Amount of cilia phosphorylation depends
on the concentration of a mixture of IP3-generating odorants (lilial, lyral, and ethylvanillin).

indicate that the effects of the two kinases are additive,
suggesting that upon activation of the two second messenger
cascades different substrates are phosphorylated and that the
pathways are independent.
The concept that kinase-mediated modification of key

elements uncouples the primary reaction cascade and thus

terminates the second messenger signal (6) implies that the
odor-induced phosphorylation of ciliary proteins must be a
rapid and transient event. In fact, time course experiments
between 1 and 30 sec indicate that the odor-induced incor-
poration of [32P]phosphate does not increase over time, but
in contrast, that the highest level of labeling is detected
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FIG. 3. Odorant-induced phosphorylation is prevented by specific kinase inhibitors. Incorporation of [32P]phosphate under control conditions
was affected neither by the protein kinase A inhibitor (PkA-I) nor by the protein kinase C inhibitor (PkC-I). Data are the mean SD of three
or four experiments. (A) Incorporation of [32P]phosphate into ciliary proteins within 1 sec in the absence (control) or presence of
cAMP-generating odorants (citralva, hedione, and eugenol; 1 juM each). Protein kinase A was inhibited by Walsh inhibitor (3.8 ILM). (B)
Incorporation of [32P]phosphate into olfactory cilia preparation in the presence of IP3-generating odorants (lilial, lyral, and ethylvanillin; 1 gM
each). Protein kinase C was inhibited by the specific blocker calphostin C (1 gM).
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FIG. 4. Phosphorylation of olfactory ciliary proteins induced by
applying both cAMP- and IP3-generating odorants. Cilia preparations
were incubated with [y-32P]ATP and a mixture of six odorants that
produces both cAMP and IP3 responses; the incorporation of
[32P]phosphate was determined after 1 sec. Note the significantly
higher degree of labeling compared with Fig. 3. Application of either
one of the protein kinase inhibitors (Walsh inhibitor or calphostin C)
partially blocked the phosphorylation. In the presence ofboth kinase
inhibitors the odorant-induced incorporation of [32P]phosphate was
completely prevented. Data are the mean ± SD of three to five
experiments.

already after the shortest incubation period (1 sec); thereafter
the degree of phosphorylation decayed to the basal level
within 10 sec (Fig. 5). This observation suggests that the

FIG. 5. Time course of odorant-induced phosphorylation of ol-
factory cilia. Olfactory cilia preparations were incubated for the
indicated intervals with [y-32P]ATP and a mixture of citralva, hedi-
one, and eugenol, 1 uM each; the amount of [32P]phosphate incor-
porated was determined at various times between 1 and 30 sec and
was corrected for basal incorporation (250 cpm). In the presence of
the phosphatase inhibitor okadaic acid (1 ,uM) the decay of protein
labeling was significantly reduced, indicating that okadaic acid-
sensitive phosphatases are actively involved in the phosphorylation/
dephosphorylation cycle. Data are the mean + SD of three to five
experiments.
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FIG. 6. Autoradiographs of olfactory cilia proteins separated by
SDS/PAGE, illustrating odorant-induced phosphorylation. Isolated
cilia were incubated for 5 or 10 sec with [y-32P]ATP in the absence
(control) or presence of odorant (lilial, 1 gM). The samples were
solubilized and fractionated by SDS/PAGE, and the gels were
stained and dried. The incorporation of [32P]phosphate into poly-
peptides was visualized by autoradiography. The first two lanes show
an autoradiogram of a control sample exposed to the solvent used to
administer the odorants; lanes 3 and 4 show the autoradiography of
samples stimulated with lilial for 5 or 10 sec. Note the significant
labeling of a polypeptide band at about 50 kDa.

modified proteins are very rapidly dephosphorylated. To
verify that active phosphatases are involved, okadaic acid, a
specific phosphatase inhibitor (18), was employed. The data
in Fig. 5 indicate that in the presence of okadaic acid (1 AuM)
the level of phosphorylation remained stable over a long
period of time. This observation indicates that the transient
labeling is due to active, okadaic acid-sensitive phos-
phatases. Thus, a rapid cycle ofphosphorylation and dephos-
phorylation may underly the desensitization and reactivation
of the transduction pathways in olfactory cilia.
Toward an identification of the proteins which are phos-

phorylated upon stimulation of olfactory cilia with odorants,
labeled ciliary proteins were separated by SDS/polyacryl-
amide gel electrophoresis and visualized by autoradiography.
After a few seconds, labeled polypeptides could not be
detected in unstimulated controls; however, upon stimula-
tion with 1 uM lilial a single labeled polypeptide band in the
range of about 50,000 Da was detectable after 5 sec (Fig. 6).
The degree of labeling in this band was significantly reduced
after 10 sec, a feature expected from the time-course exper-
iments (Fig. 5). Considering the key elements of the phos-
phatidylinositol pathway, which is activated by lilial, the
labeled polypeptide band is too small for a phospholipase C
and too large to be a G protein; however, it corresponds to
the predicted molecular mass of the putative odorant recep-
tors (19). On the basis of size, the phosphorylated proteins
may in fact represent odorant receptor proteins.

DISCUSSION
The rapid disappearance of odorant-induced signals in olfac-
tory receptor cells is apparently due to an uncoupling of the
olfactory reaction cascades mediated by specific kinases (6).
In this study we have presented evidence indicating that upon
odorant stimulation of olfactory cilia specific proteins un-
dergo a rapid modification by covalent incorporation of
phosphate groups. This reaction is catalyzed by either protein
kinase A or protein kinase C, depending on the type of
odorant applied. On the basis of analogy to other signal
transduction cascades, such as the visual system (10) or the
P-adrenergic system (20, 21), it has been suggested that
uncoupling of the olfactory reaction cascade may be due to
phosphorylation of the receptors for odors. A multigene
family that is thought to encode odorant receptors has
recently been discovered; the receptor proteins have several
putative sites for phosphorylation and a molecular mass of
about 50,000 Da (19). Interestingly, this corresponds to the
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size of the ciliary polypeptides that are labeled upon odorant
stimulation (Fig. 6). Experiments using receptor-specific
antibodies to immunoprecipitate the phosphorylated proteins
may solve the issue. If in fact odorant receptors are phos-
phorylated upon stimulation, this process is reminiscent of
the homologous or agonist-specific desensitization described
for the ,-adrenergic receptor-coupled adenylate cyclase sys-
tem (22). It will be of interest to evaluate if mechanisms of
heterologous desensitization also exist in olfactory receptor
cells.
Time-course experiments have indicated that the odorant-

induced incorporation of phosphate groups into olfactory
ciliary proteins is apparently very rapid and transient; the
degree of labeling decreases over the time period (1-10 sec)
investigated; for technical reasons, these experiments could
not yet be performed in the apparently relevant subsecond
time range. Nevertheless, the short incubation time (seconds)
is probably one of the reasons why only a single polypeptide
band was labeled when olfactory cilia were incubated with
[y-32P]ATP and stimulated with odorants. In a previous study
a variety of phosphoproteins in olfactory cilia that undergo
phosphorylation in a cyclic nucleotide dependent manner
have been identified (7). However, in this investigation the
labeled polypeptides have been analyzed after an incorpo-
ration period of 10 min. Furthermore, modulation of protein
phosphorylation by odorants has not been reported before, to
our knowledge.
The cycle of phosphorylation and dephosphorylation of

ciliary proteins upon odorant stimulation indicates that the
modified proteins are reactivated by a fast removal of the
covalently bound phosphate groups. These observations
imply that not only specific kinases but probably also specific
phosphatases are active in olfactory receptor cells. A coor-
dinated interplay of phosphorylation and dephosphorylation
governed by specific kinases and phosphatases is proposed to
control the proportion ofmodified and thus inactivated ciliary
proteins. A functional role of specific phosphatases has
recently also been suggested for the regeneration of phos-
phorylated metarhodopsin (23). Studies exploring the types
of phosphatases and the regulation of their activity in olfac-
tory receptor neurons may contribute to understanding the

molecular mechanisms underlying the phasic-tonic responses
of olfactory systems to odor stimulation.
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