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m Abstract The olfactory system sits at the interface of the environment and the
nervous system and is responsible for correctly coding sensory information from
thousands of odorous stimuli. Many theories existed regarding the signal transduction
mechanism that mediates this difficult task. The discovery that odorant transduction
utilizes a unique variation (a novel family of G protein—coupled receptors) based upon a
very common theme (the G protein—coupled adenylyl cyclase cascade) to accomplish
its vital task emphasized the power and versatility of this motif. We now must un-
derstand the downstream consequences of this cascade that regulates multiple seconc
messengers and perhaps even gene transcription in response to the initial interaction
of ligand with G protein—coupled receptor.

INTRODUCTION

Cell signaling systems have developed to serve the diverse intracellular and in-
tercellular communications needs of complex organisms. Study of these signaling
pathways has revealed that cells employ variations of common transduction mo-
tifs to generate their responses. This is true even for sensory signaling, in which
environmental stimuli must be interpreted as the first step in sensory perception.
The correct analysis of sensory input is vital to an organism’s survival. The olfac-
tory system has challenged many researchers seeking to understand the molecular
aspects of sensory signal transduction and coding mechanisms (1-5).

The olfactory system must discriminate among thousands of odors comprised
of chemically divergent structures (odorants). As for other sensory modalities, a
combination of molecular, electrophysiological, and cell biological approaches
was required to delineate odorant transduction. What has emerged is that odor-
ant transduction combines unique receptive molecules with common G protein—
mediated transduction cascades to detect odorants. Many of these features are
conserved across phyla, as recently reviewed by Hildebrand & Shepherd (5). Al-
though G protein cascades are involved in the initial events of odor perception,
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what has emerged is that a variety of signal cascades are activated in addition to
a G protein cascade. The roles of these other signals are only beginning to be
understood, and many controversial issues remain (6).

CELLULAR COMPOSITION OF THE
OLFACTORY EPITHELIUM

The initial events of odor detection occur at the peripheral olfactory system, which
is well adapted structurally to perform its function. The primary olfactory sensory
receptor neurons are located in the olfactory epithelium, where they are in direct
contact with inhaled odorants. There are three principal cell types in the olfactory
epithelium: olfactory receptor neurons (ORNS), supporting sustentacular cells, and
several types of basal cells (7, 8).

ORNSs are bipolar, extending apical dendrites to the surface of the neuroep-
ithelium and sending unmyelinated axons through the basal lamina and cribi-
form plate (of the ethmoid bone) to terminate in the brain on dendrites of mitral
and tufted neurons in the glomeruli of the olfactory bulb. The apical dendrites
form dendritic knobs from which arise specialized, nonmotile cilia, where the ini-
tial events of olfactory transduction occur (2, 9, 10). Electrophysiological studies
indicate that odorant sensitivity and the odorant-induced current are uniformly
distributed along the cilia, suggesting that all the components of the immediate
responses to odorants are localized to the cilia. Imnmunoelectron microscopic stud-
ies have confirmed the cilial localization of many of these components (11, 12).
ORNs comprise 75-80% of the cells in the epithelium (13) and are function-
ally homogeneous: They all detect odorants. ORNs senesce and die through-
out life at a regular rate. They are replenished by the differentiation of globose
basal cells (14-16). As they mature, ORNs move apically in the epithelium, per-
mitting determination of neuronal age by position (17), with mature ORNs ex-
pressing olfactory marker protein (18, 19). Interestingly, this neurogenesis can be
hyperinduced by ablation of the olfactory bulb (termed bulbectomy) (20). Thus,
the understanding of the functions of signaling components in signal transduc-
tion can be facilitated by studies of the spatial organization and development of
ORNSs.

Sustentacular cells are in general considered to be supportive cells and share
features in common with glia. They stretch from the epithelial surface to the basal
lamina, where they maintain foot processes (2, 3). Sustentacular cells electrically
isolate ORNSs, secrete components into the mucus, and contain detoxifying en-
zymes (21). The sustentacular cells contain high concentrations of cytochrome
P450-like enzymes (22). Regarding odorant transduction, it is thought that these
enzymes may modify odorants to make them less membrane permeable or inacti-
vate them. Recent studies indicate that sustentacular cells may produce growth fac-
tors important to ORN development (23). Neuropeptide Y (NPY) is an amidated
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neuropeptide that performs many functions in mammalian physiology (24, 25).
NPY mRNA is upregulated following peripheral axotomy and in pheochromocy-
toma and ganglioneuroblastoma tissue (26). Whereas NPY is expressed in devel-
oping ORNSs during embryogenesis, it is expressed in sustentacular cells in the
adult olfactory epithelium, functioning as a neuroproliferative factor for olfactory
neuronal precursors in vivo and in vitro (23). Thus, NPY is the first of possibly
many growth factors that maintain ORN homeostasis.

The basal cells underlie the ORNs and serve as precursors for the generation of
new ORNSs throughout adulthood (7, 8, 16). Basal cells have been divided into two
general classes. Horizontal cells are morphologically flat and express cytokeratin
(7,27), and globose basal cells are rounded in shape and express several markers,
including GBC-1, GBC-3, and GBC-5 (28, 29). Compared with other neurons,
ORNSs have a shorter average lifetime, in the range of several months. This may
in part be due to the fact that ORNs are exposed to a variety of toxic or infec-
tious agents. Given the turnover of ORNs throughout life, the role of the globose
basal cells in providing new ORNSs is crucial to the maintenance of the sense of
smell.

GENERAL FEATURES OF ODORANT TRANSDUCTION

Odorant signal transduction is initiated when odorants interact with specific re-
ceptors on the cilia of ORNSs (1, 30-32) (Figure 1). Receptors subsequently couple
to a G protein to stimulate adenylyl cyclase (33-35). Electrophysiological and
biochemical studies confirm that cAMP is the key messenger in the initial phase
of odorant detection (33, 34, 36—41). The concentration of CAMP in the cilia rises,
gating open a cyclic nucleotide-gated channel, resulting in an influx ofadva
calcium (42, 43). The immediate response is the generation of a graded receptor
potential (44, 45).

In addition, several other second messenger cascades that are activated upon
odorant detection may regulate secondary events or odorant adaptation. These
include pathways activated downstream of the cyclic nucleotide-gated channel
and include the consequence of the channels’ substantial calcium permeability
(46, 47). Odorants also increase phosphoinositide hydrolysis and the production
of inositol-1,4,5-trisphosphate {P(35, 48-50). Cyclic GMP production is also
increased with odorant exposure (51, 52). Interestingly, the ORN’s response to
odorant-induced cGMP production is much slower than the cAMPwedponses,
which normally peak within 500 ms. Thus, the cGMP response does not appear to
function in the immediate detection phase of olfaction, such as modulating cyclic
nucleotide-gated cation channels og fBceptors, but rather in desensitization or
the modulation of the cellular response during longer exposures to odorants (53—
56). The relationship of these messengers to the G protein—coupled cascade is
discussed in subsequent sections.
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Figure 1 Model of odorant signal transduction. See text for details. There are sig-
naling cascades that mediate the initial phase of odorant detection and that medi-
ate potential long-term responses to odorant detection. Abbreviations: AC, adenylyl
cyclase; CO, carbon monoxide; CREB, cAMP-responsive element binding protein;
GCAP, guanylyl cyclase activating proteingGolfactory G protein; HO, heme oxy-
genase; MEK, MAP or ERK kinase; OBP, odorant binding protein; oCNC, olfactory
cyclic neucleotide-gated channel; OR, odorant receptor; pGC, particulate guanylyl cy-
clase; PGN, periglomerular neuron; PKA, cAMP-dependent protein kinase; Raf, MEK
kinase; sGC, soluble guanylyl cyclase.
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COMPONENTS OF THE ODORANT
TRANSDUCTION CASCADE

Odorant-Binding Proteins

The existence of carrier proteins for odorants resident in the nasal mucus was
predicted based upon the fact that hydrophobic odorants must travel through the
aqueous mucus barrier toward the cilia of ORNSs. In fact, odorant-binding proteins
(OBP) were discovered by several laboratories in early attempts to identify odorant
receptors using radioactive odorants such as 3-isobutyl-2-methyloxypyrazine (57—
59). Native OBP purified from olfactory mucus is a homodimer of two 19-kDa
subunits with an affinity for odorants in the micromolar range (60).

The molecular cloning of OBP helped clarifiy its function. OBP is a member of
the lipophilic molecule carrier protein family; a well-characterized member of this
family is a retinol-binding protein of the retina. This protein conveys retinol from
retinal pigment epithelium to rods and cones where itis incorporated into rhodopsin
(61). In situ hybridization studies using probes to visualize OBP mRNA revealed
its selective concentration in the lateral nasal gland, the largest of 20 discrete nasal
glands in mammals (62). OBP thus appears to be secreted from this gland down a
long duct to the tip of the nose, where watery secretions are atomized to humidify
inspired air. OBP thus localized might trap odorants and carry them with inhalation
to ORNSs. Alternatively, OBP may function to remove odorants from the sensory
epithelium and cilia.

Further studies have revealed that more than one form of OBP is expressed
in the nasal epithelium. Rabbitts and colleagues (63) identified a second form
of OBP, OBPIIl. OBPII encodes a secretory protein with significant homology
to OBPI, and it is also expressed in the lateral nasal gland, which is the site of
OBP expression. Interestingly, the OBPII sequence shows significant homology
to the VEG protein, which is thought to be involved in taste transduction (64).
Breer and colleagues demonstrated that although OBP proteins appear to share
many structural features, recombinant rat OBPI and OBPII each interact with
distinct sets of odorants and therefore contain distinct ligand specificities (65).
OBPI binds specifically to a pyrazine derivative, 2-isobutyl-3-methoxypyrazine,
whereas OBPII binds to the chromophore, 1-anilinonaphthalene 8-sulfonic acid
(1,8-ANS), specifically. In other vertebrates multiple forms of OBP have been
identified. There are four OBPs in mice (66), three OBPs in rabbit (67), and two
OBPs in cow (68, 69). OBP has also been cloned from insects (70, 71).

Odorant Receptors

Mammals perceive a huge variety of environmental odors. The initial step in odor
recognition involves the interaction of odorous ligands with specific receptors
in the ciliary membrane of ORNs (1, 30-32). Based upon the assumption de-
rived from biochemical evidence that odorant signal transduction involves G pro-
teins and G protein—coupled receptors, a very large gene family of closely related
olfactory-specific seven-transmembrane spanning domain receptors was identified
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by polymerase chain reaction (1, 72, 73). In vertebrates the family of odorant re-
ceptors (ORs) encodes as many as 1000 genes, suggesting that some of the steps
following odorant recognition occur within the primary sensory neurons them-
selves. To date, OR genes have been isolated from 12 vertebrate species: rat,
mouse, human, catfish, zebrafish, dog, frog, chicken, pig, opossum, mudpuppy,
and lamprey (74). In humans estimates for the size of the receptor family range
from 500 to 1000 genes. Interestingly, compared with the other species, human
OR clones display a high frequency of pseudogenes (74).

The genes encoding ORs may be initially classified as Class | (fish-like) and
Class Il (tetrapod-specific) ORs. Class | ORs are specific for recognizing water-
soluble odorants, whereas Class Il ORs bind airborne odorants. All human Class
| ORs are localized in a single large cluster, and half of those ORs are apparently
functional (75). Expression of Class | ORs has already been reported in rats (76)
and in human (77). Class Il families are all present in more than one chromosome
each, except for a small family of 12 (75). The genes encoding ORs are devoid
of introns within their coding regions (72). Mammalian OR genes are typically
organized in clusters of 10 or more members and located on many chromosomes.
There is a strong correlation between the localization of an OR in a particular
chromosomal cluster and its position in a phylogenetic dendrogram derived from
comparison of full-length OR protein sequences (78). The repertoire of human OR
genes contains a large fraction of pseudogenes, suggesting that olfaction became
less important in the course of primate evolution.

Our knowledge of human ORs has been facilitated through the Human Genome
Project. The availability of this sequence information indicated that the overall
number of human ORs may be in excess of 1000, as previously predicted (79),
and that only one third of the human ORs appear to be functional, consistent
with previous reports showing a large proportion of pseudogenes (80). One group
predicts that 906 human OR genes are present in the human genome, of which
approximately 60% appear to be pseudogenes (81), compared with fewer than 5%
pseudogenes in rodents or lower primates.

The locations of human ORs have been elucidated in the past several years.
Human ORs contain large genomic segments that have been duplicated to many
locations in the genome (82), particularly near telomeres (83). The overall local-
ization of human ORs on all chromosomes except 20 and Y is in agreement with
previous work based on fluorescence in situ hybridization (80). Human ORs are
predominantly localized to the middle of the g arms with several additional genes
located near the p telomere. Human chromosome 11 appears to be the origin of
the human OR repertoire. This chromosome contains 42% of all human ORs and
is the only one containing Class | receptors. Moreover, this chromosome contains
the most diverse collection of OR families, 9 out of the 13 Class Il families. It
also has the two largest clusters in the genome, each with more than 100 ORs.
Interestingly, this chromosome shows contiguous conserved synteny in species
from humans to the earliest mammals (84).

The expression pattern of ORs in ORNs shows an unusual spatial distribution
(85, 86). In situ hybridization studies showed that OR mRNAs are expressed within
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one of several broad, nonoverlapping zones. Within a zone ORs are expressed in
a random manner. Each zone occupies about a quarter of the olfactory epithelium
(85) and is represented on the turbinates and on the septum (87). However, the
physiological relevance of zonal expression remains unclear.

Although a number of studies have been done on the expression and distribution
of ORs at the message level, relatively little is known about the expression of OR
proteins. Polyclonal antibodies have been raised against some ORs, permitting
visualization of OR proteins. Inrats, an OR is expressed as early as E14 in a zonally
restricted pattern (88). The expression of ORs appears restricted to the cilia and
dendritic knobs of ORNSs. The cilia-specific expression of ORs supported a role
for ORs in olfactory transduction (12,89, 90). A concern with studies utilizing
antibodies to identify discrete members of the OR family is the specificity of the
antibodies, given the large numbers of receptors. Thus, despite the general utility
of antisera for immunohistochemical and biochemical studies, the enormous size
of the OR repertoire limits the feasibility of proving the specificity of an antibody
for a specific receptor.

Significant difficulties with the heterologous expression of ORs have severely
limited studies designed to provide functional confirmation of the role of ORs. The
most convincing data concerning function have been provided by four approaches.
One approach utilized genetic studiesdaenorhabditis elegansvhich demon-
strated that the ODR-10 mutant lacked a seven-transmembrane receptor and was
deficient in its ability to detect acetyl (91). Krautwurst et al. (92) achieved similar
functional heterologous expression of rodent ORs also using HEK-293 cells. This
group generated an expression library of mouse ORs and identified three ORs
responding to carvone citronellal, and limonene using micromolar concen-
trations of these odorants. Firestein and colleagues also demonstrated functional
expression of a cloned OR in rat nasal epithelium by using a recombinant adeno-
virus containing a putative OR to infect rat nasal epithelium in vivo (93). They
demonstrated that this specific OR was overexpressed in the rat olfactory epithe-
lium and, by electro-olfactogram recording, that the expressed OR conferred a
response to a small subset of odorants. Malnic et al. (31) performed single-cell
polymerase chain reaction on ORNs whose odorant responses had been determinec
as isolated cells in culture, to demonstrate that a combinatorial code of receptor
gene expression exists for odorant perception. These approaches of developing
functional expression systems to study ORs may prove to be extremely useful for
the screening of ORs on a large scale, as well as understanding the molecular
mechanism of odorant recognition.

Besides functioning in odorant transduction at the dendritic end of the bipolar
ORN, ORs may be involved in determining or guiding ORN axonal projections
to the olfactory bulb and possibly to specific glomeruli (94, 95). In rodents the
axons of ORNSs that express the same OR message converge to defined glomeruli
in the olfactory bulb, suggesting that the rodent olfactory bulb is topographically
organized and that an ORN expressing a specific OR projects to and synapses
with the representing glomeruli in the olfactory bulb. This type of organizational
“wiring” prompts an interesting hypothesis. It suggests that the signals from ORNs
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expressing a single OR gene (out of the approximately 2000 alleles of the rat OR
repertoire) are represented in glomeruli as a topographical map in the olfactory
bulb; as a consequence an environmental odor is encoded by activation of a specific
set of glomeruli.

Some studies indicate that receptors closely related to OR genes may be ex-
pressed in tissues other than the olfactory epithelium. This finding suggests that
there may be alternative biological roles for this family of chemosensory receptors.
Expression of various ORs was reported in human and murine erythroid cells (77),
developing rat heart (96), avian notochord (97), and lingual epithelium (98). The
best case for the existence of ORs is the finding that genes related to mammalian
ORs are transcribed in testes and expressed on the surface of mature spermatozoa,
suggesting a possible role for ORs in sperm chemotaxis (99, 100).

G Proteins

The first evidence for the involvement of G proteins in odorant transduction was
obtained through biochemical experiments in which investigators demonstrated
that the odorant-induced stimulation of olfactory sensory cilia was dependent upon
the presence of GTP (101). Subsequetl@ protein was cloned from an olfactory
cDNAlibrary. This clone, termed &, was highly and almost exclusively expressed

in ORNs (102). Gy was able to stimulate adenylyl cyclase in heterologous systems.
Aside from its expression in ORNs of the olfactory epitheliurg; ®as expressed

in basal ganglia (103). As mentioned, odorants also increasggré@uction,
causing many to postulate that cilia might contain olfactory-specifiprGteins.

To date, an olfactory-specific class of froteins has not been reported.

Mice with targeted disruption of the gene fog@lisplayed a striking reduction
inthe electrophysiological response of ORNs to a wide variety of odors, supporting
the hypothesis that &, and thus this G protein—-mediated cascade, is required for
odorant signal transduction (104). Despite this intense attenuation in response to
odors, the topographic map of ORN projections to the olfactory bulb was unaltered
in Gy-deficient mice. Thus, odorant stimulation may or may not be an essential
process in determining the targets of ORN axonal projections to the olfactory bulb.
However, for a conclusive answer, these studies may need to be done at higher
resolution.

SIGNALING CASCADES AND THEIR COMPONENTS
IN ODORANT DETECTION

cAMP

The first direct biochemical studies reported an odorant-induced cAMP response
in olfactory sensory cilia isolated from both frog and rat (33, 34). The olfactory
sensory cilia were prepared by subcellular fractionation after calcium shock of the
olfactory epithelium (101). The odorant-stimulated production of cCAMP was tissue
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specific and occurred only in the presence of GTP, suggesting the involvement of
receptors coupled to G proteins.

Electrophysiological studies provided further evidence for the central role of
cAMP in odorant detection. Recordings from excised membrane patches of cilia
demonstrated a cAMP-gated conductance (42). Investigators proposed that an
odorant would increase intracellular cyclic nucleotide concentration to gate a
cationic conductance, initiating a depolarizing response. Kinetic studies of odorant-
induced currents recorded in the whole-cell configuration (43, 105) suggested that
the latency of the odorant response (several hundred milliseconds) indeed sup-
ported a role for a second messenger such as cAMP. Further biochemical charac-
terization using isolated rat olfactory sensory cilia showed that cAMP was best
produced by fruity, floral, and herbaceous odors (34, 42). Screening many odor-
ants at a single concentration revealed only minimal cAMP production by some,
generating the hypothesis that those odorants with small or no cAMP responses
employed another cascade, perhaps inositol phosphates (34, 42). These initial mea-
surements were made 15 minutes after the exposure of isolated cilia to odorants.

To demonstrate thatthe production of cCAMP occurs on arelevanttime scale, sub-
second kinetics of odorant-induced changes were analyzed using a rapid quench-
flow device (39, 106). In this device cilia membranes and odorant solutions were
reacted together using computer-controlled mixing, with subsequent quenching of
samples at intervals from 8-500 ms. cCAMP was produced rapidly and transiently
in response to odorants, with increases evident as early as 25 ms. Certain odorants,
such as fruity odors, were able to stimulate CAMP production at concentrations as
low as 10 nM, whereas others, such as putrid odors, had no effect, even at higher
concentrations. Those odorants that did not stimulate cAMP production were hy-
pothesized to act through the phosphoinositide cycle. High (millimolar) levels of
calcium inhibited the response; intermediate concentration ranges, however, were
not tested.

The odorant-induced cAMP response was investigated further using isolated rat
olfactory cilia determining the generality of the odorant-induced cAMP response
and the calcium dependence of this response (38). Odorants indeed cause rapid
and transient elevations of CAMP, as well as the more sustained signal, as seen by
Pace et al. (33) and Sklar et al. (34). Different from the observation from Breer’s
group (39, 106), all odorants stimulated cCAMP production. Interestingly, responses
were nonlinear. Thus, there was an initial dose-dependent cAMP response with
increasing odorant concentration that decreased at higher odorant concentrations,
and for some odorants increased at even greater concentrations. Basal and odorant-
induced cAMP levels in cilia demonstrated a biphasic calcium dependence, with
peak cAMP stimulation in the range of 1-1M free calcium. Dose-response
curves done at two calcium levels showed that the influence of calcium on odor
responses was complex, suggesting the possible involvement of calcium in both
signal generation and termination.

To evaluate odorant signal transduction in intact cells, a primary culture system
of olfactory epithelium enriched in ORNs was developed (35, 36, 107). Using this
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primary culture system, cCAMP responses to odorant stimulation were monitored
in intact ORNs. Odorants were quite potent at producing cAMP, with as little as
0.1 nM isobutylmethoxypyrazine (IBMP) generating a response (35, 36). Re-
sponses were multiphasic; cAMP production increased with increasing odorant
concentration, decreased at even higher odorant concentrations, and sometimes
reappeared at still higher (1-36M) concentrations. Signals were calcium de-
pendent, with maximal adenylyl cyclase activity atd®l free calcium and inhi-
bition at higher calcium concentrations. Odorant induction of CAMP production
was rapid, with peak effects observed at 10-15 sec, but signals continued well
above baseline for minutes, confirming results from Sklar et al. (34) and Pace &
Lancet (108). The duration of the cAMP response observed in whole cells was
significantly longer than that measured using isolated cilia. This may be because
of differences between the preparations, or because cAMP functions in more than
the initial rapid phase of odor detection. This latter possibility is considered in later
sections.

Adenylyl Cyclases

Cyclic AMP is generated by adenylyl cyclases. There are at least nine known iso-
forms of adenylyl cyclases (109). Bakalyar & Reed (110) cloned a novel adenylyl
cyclase, AC3. Northern blot analysis revealed that AC3 mRNA was enriched in the
olfactory epithelium and that AC3 message disappeared after bulbectomy. When
expressed in HEK293 cells, AC3 had almost no basal activity. In contrast, two
other isoforms of adenylyl cyclase, AC1 and AC2, have high basal activities. The
low basal activity of AC3 may be relevant to its role in sensory transductign. G
and AC3 have been ultrastructurally localized to olfactory cilia, indicating that G
may mediate the activation of AC3 (111).

To evaluate the role of AC3 in the olfactory transduction, the AC3 gene has
been disrupted in mice (41). Odorant-induced responses measured by electro-
olfactogram were completely eliminated in AC3-null mice. Moreover, odor-depen-
dent learning was impaired in these mice. Interestingly, both fruity odors
(transduced by cAMP) and putrid odors (transduced by fildled to evoke any
response in these animals. This observation was mimicked by a pharmacological
study that showed that adenylyl cyclase antagonists reversibly inhibit electro-
olfactogram responses, even to putrid odors (formerly thought to act throggh IP
(112). Taken together, these results confirmed earlier biochemical studies that im-
plicated cAMP as essential for the initial phases of odorant transductigwa®
therefore postulated to play more of a modulatory role in the odorant transduction
in mammals.

Certain adenylyl cyclases are rather broadly expressed, whereas others are re-
stricted in their distribution (113). Although AC3 is highly enriched in ORNSs,
especially in cilia, other adenylyl cyclases, such as AC2 or AC4, have also been
associated with olfactory neuroepithelium, raising the issue that other adenylyl
cyclases may be important in different aspects of olfactory signal transduction.
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Adenylyl cyclases are regulated by different mechanisms. Studies by Storm
and colleagues (114-116) indicated that the mechanisms of regulation of adenylyl
cyclases may not only be dependent upon the specific kind of adenylyl cyclase
expressed in a tissue, but by local influences and the expression of regulatory
molecules in that specific cell. Thus, whereas ectopically expressed AC3 may be
stimulated by calcium, in vivo studies in certain tissues argue for the inhibition
of AC3 by calcium. Equally diverse are the effects of protein kinases on adenylyl
cyclases. Phorbol esters are used to mimic the effects of protein kinase C (PKC)
activation and elicit a stimulatory effect on AC2 but barely stimulate AC1 or AC8.
These latter adenylyl cyclases are stimulated up to eightfold by calcium (117).
Frings (118) has reported that activation of PKC by phorbol esters increased cCAMP
in frog olfactory tissue. Calmodulin mediates the stimulation by calcium of AC1,
AC3, and ACB8 (119); it is unclear how the calcium sensitivity of the calcium
inhibition of AC5 and AC6 is achieved. There is also evidence that PKA may
affect adenylyl cyclase activity.

Olfactory Phosphodiesterases

The ambientlevel of cAMP in a cellis dependent upon both the synthesis and degra-
dation of cAMP. Odorants clearly activate adenylyl cyclase, but is there any effect
of odorants on phosphodiesterases (PDES)? There are at least seven different gene
families of PDEs whose activities are regulated by calcium, cyclic nucleotides,
and phosphorylation (120-123). Thus, odorants could have an indirect effect on
the degradation of cCAMP, potentially providing a second site of regulation for the
odorant-induced cAMP response. Several forms of CAMP-PDE are expressed in
rat olfactory cilia (124-125). A novel calcium/calmodulin PDE (CaM-PDE) is se-
lectively found in ORNSs, with prominent cilial expression. This novel CaM-PDE
has a high affinity (I, of 1.4 uM) for cAMP and could be activated by odorants in
response to intracilial calcium increases. Cloning of the high-affinity PDE revealed
it to have a higher affinity for cAMP than any known brain isoform (126). This
PDE, designated PDE1C2, is well suited for restoring the submicromolar levels
of CAMP after odorant stimulation. In an ectopic expression system, maximum
activation by calcium was reached at AW calcium concentration.

A subset of olfactory neurons expresses cGMP-stimulated phosphodiesterase
(PDE2) (127). In these specific ORNs, guanylyl cyclase type-D (GC-D) is also
expressed, suggesting that it may play an important role in odorant transduc-
tion for a specific subset of responses. PDE2 and GC-D are both expressed in
olfactory cilia of these neurons; however, only PDE2 is expressed in axons (127).
In contrast to most other ORNSs, these neurons appear to project to a distinct group
of glomeruli in the olfactory bulb similar to the subset that have been termed neck-
lace glomeruli. Furthermore, this subset of neurons are unique in that they do not
contain several of the previously identified components of olfactory signal trans-
duction cascades involving cAMP and calcium, including a calcium/calmodulin-
dependent PDE (PDE1C2), AC3, and cAMP-specific PDE (PDE4A) (127, 128).
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Interestingly, these latter three proteins are expressed in the same neurons; how-
ever, their subcellular distributions are distinct. PDE1C2 and AC3 are expressed
almost exclusively in the olfactory cilia, whereas PDE4A is present only in the
cell bodies and axons. Taken together, these data strongly suggest that selective
compartmentalization of different PDEs and cyclases is an important feature for
the regulation of signal transduction in ORNSs.

A recent study identified some ORNSs devoid gjfGACIII, PDE1C2, and the
cyclic nucleotide-gated channel subunit3 and1b that are expressed in pro-
totypical ORNSs (127). These particular ORNs express GC-D, PDE2, and cGMP-
selectivex2 channels (127, 128). GC-D is related to thé' Geegulated retinal GC
forms GC-E and GC-F, as opposed to the receptor GCs, GC-A, GC-B, and GC-C,
which are activated by peptide ligands (129). In particular, GC-D and GC-E/F share
characteristic sequence similarity in a regulatory domain that is involved in binding
of GCAPs (130). This similarity raises the intriguing possibility that GC-D activity
is under the dual control of an unknown extracellular ligand arfd (34). These
ORNSs project their axons in glomeruli different from ACIll-expressing ORNs and
form necklace-shaped synapses in the glomeruli. The necklace glomeruli in the
olfactory bulb are spared from the morphological alterations observed in the typi-
cal glomeruli of the G null-mice, suggesting that a typical glomeruli receives
innervation from a subset of receptor neurons that use a pathway independent of
CcAMP signaling (131).

Channels

In ORNSs, ion channels are expressed in ciliary processes of dendritic endings,
where they amplify the odor-induced receptor current*Gagnals generated by
cyclic neucleotide-gated channels (CNCs) are atthe heart of sensory transductionin
vision and olfaction. The ability of CNCs to conductaletermines both the rise

time and the amplitude of the olfactory receptor current, as well as its termination
after the stimulus. Ca-gated Ct channels are triggered by odor-inducedCa
influx through CNCs and cause a depolarizing €fflux that amplifies the receptor
current (132). The extrusion of &aions is mediated by NdC&* exchange
mechanisms in cilia and probably involves?CakTPases in knobs, dendrites, and
cilia (133-137).

OLFACTORY CYCLIC NUCLEOTIDE-GATED CHANNELS

General

The gating of CNCs accounts for the initial component of the odor-induced elec-
trical response, and this event is crucial to recognizing the environmental signal
in the central nervous system. In fact, mice deficient in GRGwvhich is essen-

tial for forming functional CNCs, suffer from general anosmia (40, 138). Retinal
and olfactory CNCs share a high degree of sequence similarity (over 80% amino
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acids identity) in the cyclic nucletide binding sites, but they show very different
characteristics. First, cyclic nucleotide selectivities of these CNCs are very dif-
ferent (139). The retinal CNCs show much higher apparent affinity for cGMP
(140, 141), whereas cAMP and cGMP have very similar effects on the olfactory
CNCs (42, 140). cAMP and cGMP are varied only in their purine ring structure.
Next, the olfactory CNC (0CNC) has a larger single-channel conductance (55 ver-
sus 20 ps), a lower degree of selectivity among monovalent cations, and a larger
apparent pore diameter (6.3 versus A, 8letermined from organic cation perme-
ability) than the retinal CNC (142). Notably, in the absence of divalent cations,
unit conductance of the oCNC is 25-40 ps (143, 144).

0CNCs have a higher affinity for cyclic nucleotides than visual CNCs and
display higher affinity for cGMP than for cAMP (145). However, cGMP may not
gate oCNCs in the earlier olfactory signal tansduction because the cGMP response
is not large and fast enough to gate oCNC (37, 54).

Composition

The oCNC was identified based on the visual CNC. Initially, dhgubunit was
cloned, but the expressed channel showed different characteristics from the wild
type. Later thes-subunit was cloned and conferred the affinity for cCAMP (146).
To date, three subunits that form the oCNCs of ORNs have been identified, and
the rod photoreceptor channels have at least two subunits (147-150). In addition, a
second type of modulatory subunitis part of the olfactory channels (146, 151, 152).
Native oCNCs appear to contain not onlgandg subunits but also a splice variant
of the 8 subunit of rod photoreceptor CNC (153). Recent research revealed that
native oCNCs comprise a heteromeric channel complex consistiwg, o#4, and
B1b, which is highly permeable to €a(150, 154).

Exogenous expression@bubunits alone generates functional CNCsin oocytes.
In contrast, the subunit does not yield functional channels when expressed on
its own. However, coexpression of tesubunit with thex subunit shifts the K-
values for cAMP to lower values and yields channels whose properties resemble
more closely the native rat olfactory channel (146, 153). However, thevlues
for cAMP are still threefold higher than those in the native channels (146, 153).

Regulation

The activity of oOCNCs is regulated in various ways. The most rapid is the negative
feedback inhibition of o0CNCs by a/calmodulin (155, 156). Ca/calmodulin
causes a decrease in the apparent cyclic nucleotide affinity of both rod (157, 158)
and olfactory (155, 159) CNCs. Elevation ofa@wing to influx through oCNCs
reduces its affinity for CAMP, resulting in a lowering of its open probability (156).
This modulation occurs by the direct binding of@&almodulin to the amino-
terminal region of the CNCs and does not involve the action of a kinase (155).
The decrease in apparent cyclic nucleotide affinity arises from a decrease in the
stability of the allosteric opening transition, consistent with the effect of mutations
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in the amino-terminal region (155). €amediated desensitization appears to act
through an allosteric mechanism with the effect of stabilizing a closed state of the
channel.
Divalent cations like C& and Mg* suppress the conductance of the oCNCs
(42). First, C&* regulates the activity of oCNCs. In the presence of‘Cthe
open probability of single CNCs was reduced from 0.6 to 0.09 in the presence of
100 uM cAMP, whereas the single channel conductance remained unchanged
(160). Kramer & Sieglebaum (161) demonstrated a similar action by intracellular
C&* in catfish olfactory neurons. The effect of &4ds to reduce the open prob-
ability by shifting the affinity of the channel for cAMP to higher concentrations;
this effect was overcome by application of high concentrations of cAMP (162).
Extracellular C&" also lowers the affinity of the oCNC for cAMP by a different
mechanism (163). Ri also produces an inhibition in the oCNCs and may pri-
marily bind to the channel when it is closed (158). This effect is the opposite of
the observation in the rCNC. The binding site for the inhibitory effect GfNin
the oCNC is localized to a single histidine residue (H396) at a position just three
amino acids downstream from the homologous potentiation site in the rod channel.
Phosphorylation is the most common posttranslational regulatory mechanism.
The affinity of the oCNCs for cAMP is affected by phosphorylation of oCNC
subunits (164). When Ser93 of the oCNGubunit is phosphorylated, the affin-
ity for CAMP increases. The protein kinases involved in this effect are PKCs (
8, andt). When the ORNSs are activated by phorbol ester, a PKC activator, the
ORNSs showed larger responses. Interestingly, the o@NsCibunit is a subject
of phosphorylation by the protein tyrosine kinase (PTK), whereas tegbunit
is not affected by PTK inhibitor (165, 166). Homomeric channel complexes with
a subunits are unaffected by genistien, whereas heteromeric channel complex
a + B channels are inhibited, indicating that thesubunit may interact with the
PTK. Thisis different from the rCNC, in which thesubunit is crucial for allowing
interaction with PTK (166). The two subunits that are unable to interact with the
PTK (« subunit of oCNC ang subunit of rCNC) share a homologous domain
in the NH2 terminus that enables these subunits to interact with/&dmodulin
(155, 159). Expression of oCNC subunits is especially widespread in the ner-
vous system and elsewhere, but channels in different locations may differ in their
subunit compositions (167, 168), potentially providing for differential modulation
by protein kinases.

Expression of Cyclic Nuceotide-Gated
Channels in Other Systems

CNCs have been found elsewhere in the nervous system (153, 169) and have been
implicated in processes as diverse as synaptic modulation and axon outgrowth in
animals ranging from the nematode to mammals (170, 171). CNCs have also been
found in a variety of other cell types including kidney, testis, and heart (47,172),
where they may fulfill various physiological functions.
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Transcripts for subunit of both the rod photoreceptor (rCN¢and the olfac-
tory receptor cell (0CN&) subtype of CNC were detected in adult rat hippocampus
in most principal neurons, including pyramidal granule cells (169). Two genes are
colocalized in individual neurons. Comparison of the patterns of expression of
type 1 cGMP—dependent protein kinase and the CNCs suggests that hippocam-
pal neurons can respond to changes in cGMP levels with both rapid changes in
CNC activity and slower changes induced by phosphorylation. Recent studies have
shown that increased cGMP levels in hippocampal neurons can lead to increased
transmitter release and thatZaentry into presynaptic terminals plays a critical
role. Although some of these effects may be mediated by protein kinases, the CNCs
may also contribute to some of the actions of cAMP and cGMP in hippocampus
and other regions of the central nervous system. It is possible that they exert their
effects at both postsynaptic and presynaptic sites. This will be answered when the
subcellular localization of CNCs in hippocampus is determined.

CA2*-DEPENDENT C.~ CONDUCTANCE Many odorants elicit the activation of a
Ca+-permeable nonselective cation conductance (46,173, 174), followed by a
nonlinearly Cd+-dependent Clconductance (175, 176). Owing to the specific ion
concentrations in the mucus, these resultin an influx of extracellufarfGéowed

by outflux of intracellular Ct, which cooperatively depolarizes the ciliamembrane
(177). The chloride conductance significantly amplifies the odor-induced depolar-
ization of the cilia, and the nonlinear &asensitivity of this current is thought

to introduce an excitation threshold to improve the signal-to-noise ratio of the
transduction process (154, 178). If the stimulus strength is sufficient, the depolar-
ization of the cilia propagates by passive electrotonic spread and finally triggers
the generation of action potentials at the initial segment of the axon (179). A Cl
channel blocker reduces the receptor current by 85% in rat olfactory cetls. Cl
efflux amplifies the cationic current in terrestrial animals. The chloride channel
mediating this current remains to be identified.

K+ CONDUCTANCE Repolarization of the cells seems to involve’Gaependent

and fast inactivation potassium conductances. Repolarization of the action poten-
tial is achieved by the activation of various'Khannels (180-186). A transient,
4-aminopyridine (4-AP)-sensitive Kconductance and Eaactivated K con-
ductances measured in various species seem to contribute to the repolarization and
an increase of the impedance of ORNs (180-189). However, in cultured ORNSs of
rat, the fast 4-AP-sensitive current and &Gdependent K current are absent,
whereas a large delayed-rectifiet ikonductance is observed (190).

Nat CONDUCTANCE Excitation of an olfactory neuron generates a receptor po-
tential, and when the membrane potential reaches the firing threshoid;Hda-
nels activate and initiate spike generation. The" Marrents are increased via
cGMP-dependent phosphorylation, whereas the delayed rectifieukents are

not affected by PKG-mediated phosphorylation (191). Cyclic GMP may lower the
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threshold in olfactory perception by decreasing the current threshold to generate
spikes, and also prevent the saturation of odor signals by increasing the maximum
spike frequency (191). Variability in this observation could be because these chan-
nels are primarily located in the axonal membrane, which is partially lost during
preparation (189, 192).

Ca2* CONDUCTANCE High-voltage-activated G currents in ORNs have been
described in various species (180, 181, 185-187, 189, 190). Quantitative ratiomet-
ric Caf* imaging with fluo3 and FuraRed revealed that the high-voltage-activated
C&* channels irKenopugORNSs are primarily situated on the soma and the prox-
imal dendrite (193).

A low-voltage-activated Ca current may also be involved in action potential
formation. The low-voltage-activated Eacurrents play a particular role in rela-
tively large ORNSs that have high capacitances and ion membrane time constants
(194, 195).

OTHER SIGNALING CASCADES IN OLFACTION

Although targeted deletion studies support the central role of cAMP in odorant
detection, many investigators have provided evidence demonstrating that other
signaling pathways are activated in response to odor stimulation.

Inositol-1,4,5-trisphosphate (IP3)

In the brain and peripheral tissues receptor-mediated stimulation of phospholipase
C generates I which releases calcium from endoplasmic reticulum stores by
binding to specific IRreceptors (196, 197). Plasma membrang#eeptors have
been identified in lymphocytes (198) and neurons (199, 200) that permit calcium
entry from extracellular sources. Thus, calcium may be made available to affect a
variety of targets in response to odor stimulation. There are now five families of
IP3 receptors (201-203).

Studies in several species implicateg IR olfaction. However, electrophysio-
logical experiments have in many cases failed to demonstrate a rolesfortte
initial phases of the response to odorants. Huque & Bruch (204) showed phospho-
lipase C activity in isolated catfish olfactory cilia. Restrepo and collaborators (205)
showed that amino acids enhanced calcium flux in isolated catfish ORNSs. Utilizing
the rapid mixing technique, Breer and colleagues (39) demonstrated increases in
IP3 levels in response to some odorants.

Studies in primary cultures of ORNs confirmed that odorants stimulate the pro-
duction of IR. Exposure of cells to low nhanomolar concentrations of odorants re-
sulted in IR formation (35, 206). All odorants stimulate cAMP and fPoduction
in primary culture, although with different potencies, suggesting interactions with
different receptors. The enhancement by single odors of both cAMP amuidP
duction affords a mechanism for increased specificity of odor detection. However,
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these studies were only performed at longer (1 s and beyond) times after odor
encounter. Ache and coworkers confirmed that odors differentially stimulate dual
pathways in isolated lobster antennules (207). Odors elevated cAMP aird 1P

the outer dendritic membranes of lobster in vitro; ¢Brried the stimulatory cur-

rent, while cAMP was inhibitory, providing a mechanism for fine-tuning of the
responses. The relevance of BB mammalian olfaction has been questioned by
several groups, whose knock-outs affecting the cAMP signaling cascade resulted
in loss of the electro-olfactogram responses, suggesting that cAMP is the sole
odorant-generated second messenger (40,41, 104). These discrepancies may be
reconciled if CAMP is indeed the primary second messenger required for the ini-
tial events of odor detection and cellular depolarization, wheregs iRvolved in

other secondary responses, such as adaptation or activity-driven cellular responses,
not electro-olfactogram generation.

IP; receptors have been localized immunohistochemically to the ciliary surface
membrane (208), positioning 4Ro trigger the influx of extracellular calcium.
There is also evidence for plasma membrangséhsitive channels in lobster
ORNSs (209, 210). Kalinoski and colleagues have also demonstrateds-¢ikelP
receptor in isolated catfish cilia, although its micromdfarfor 1P; suggests a
different type of IR receptor (211). Several phospholipase C isoforms have been
demonstrated in olfactory epithelium (209, 212, 213).

Reconciliation of the data thus far obtained fog Wl require further work. For
some time debate existed as to whether cGMP or calcium was the visual second
messenger (214). We now know that, whereas cGMP is central, calcium is the major
modulator of cGMP levels (215-218). Additionally, there are striking interspecies
differences: Whereas s important in amphibian phototransduction, no role has
thus far been found in mammals. Olfaction may have similar complexities.

cGMP

Cyclic GMP is well established to be the primary second messenger in visual signal
transduction. A number of studies indicate that cGMP may play an important role
in olfactory transduction. Odorants increase cGMP levels in olfactory tissues (56)
and ORNSs (52). When compared with the odorant-induced increase in cAMP and
IP; levels, the rise in cGMP levels occurred with a slower, sustained time course.
This delayed response suggests that cGMP may not be involved in initial signaling
events, but rather in long-term cellular events such as desensitization (219) or in
the activation of neuronal activity—dependent transcription (55). cGMP levels are
regulated by two distinct classes of guanylyl cyclases, soluble guanylyl cyclase
and receptor guanylyl cyclase. Soluble guanylyl cyclase is activated by gaseous
messengers such as NO or CO, whereas receptor guanylyl cyclase is activated by
specific extracellular ligands or calcium. Both guanylyl cyclases are expressed in
ORNSs, implying a complex regulation of cGMP levels in olfaction (52, 220).
Diffusible gaseous messenger molecules such as NO or CO can stimulate solu-
ble guanylyl cyclase by binding to the heme group in soluble guanylyl cyclases
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(221). NO and CO are produced by NO synthase and heme oxygenase (HO), re-
spectively. In ORNs NO synthase is expressed at embryonic stages and is mark-
edly reduced at early postnatal stages, whereas HO is highly expressed after birth
(222, 223). These data suggest that NO plays animportant role during development,
whereas HO functions in mature ORNs. Two forms of HO have been identified:
HO-1 and HO-2. HO-1 is a heat shock protein (hsp-32) induced by heme, heavy
metals, stress, and hormones (224—229) and is highly expressed in the spleen and
liver, where it is responsible for the destruction of heme from red blood cells.

HO-2 is not inducible and is highly expressed in the brain, especially in neu-
rons of the olfactory epithelium and in the neuronal and granule cell layer of the
olfactory bulb. In situ hybridization analysis showed that guanylyl cyclase and
HO-2 were found in ORNSs (52). Incubation of ORNs with the HO inhibitor, zinc
protoporphyrin-9 (Zn PP-9), lowered cGMP levels in ORNs (222). In addition,
odorants augment cGMP levels in ORNs (52, 222). This odorant-induced cGMP
increase could be inhibited by Zn PP-9, but not by an NO synthase inhibitor. In-
terestingly, the inhibition of HO could not entirely deplete cGMP levels in ORNSs,
suggesting that particulate guanylyl cyclases may also contribute to cGMP produc-
tion in ORNs (222). Exposure of isolated cilia derived from OR neurons to various
odorants increased cGMP levels (220). Thus, there is a strong suggestion that both
soluble and receptor guanylyl cyclases have roles in olfactory signal transduction.

The observation that the inhibition of HO in ORNSs could not totally block the
cGMP response suggested the involvement of receptor guanylyl cyclasesin odorant
transduction. The fact that an NO donor and soluble guanylyl cyclase activator,
sodium nitroprusside, could not alter the cGMP levels in isolated cilia supported
the idea that a receptor guanylyl cyclase might play a role in olfactory cilia. An
olfactory-specific receptor guanylyl cyclase, guanylyl cyclase-D (GC-D), has been
identified in olfactory epithelium (129). GC-D has been suggested to function as
the receptor of sensory neurons to specific odors. The role and regulation of these
guanylyl cyclases in the olfactory system are unclear.

Recent studies have identified an odorant-responsive receptor guanylyl cyclase
in rat olfactory sensory cilia (220). At least two receptor guanylyl cyclases exist in
cilia, a low Ky, and a highK, isoform (220). Odorants were shown to elevate
cGMP levels in cultured ORNs (222) and in isolated olfactory cilia (220) in
a calcium-dependent manner. A number of experiments suggested that calcium
plays a role in odorant transduction and can fluctuate upon odorant exposure
(172,230, 231). Hence, it was hypothesized that an OR guanylyl cyclase could
be regulated by a calcium-binding protein, such as guanylyl cyclase—activating
protein (GCAP), similar to that found in the visual transduction pathway. Im-
munohistochemical studies using anti-GCAP1 antibodies revealed that GCAP1
was highly localized to the olfactory cilia (220). Moreover, GCAP1 regulated
the odorant-induced cGMP response in isolated rat olfactory cilia in a calcium-
dependent manner (220). Thus, ORNs contain multiple cGMP pathways that me-
diate delayed and sustained cGMP responses to odorants.
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Calcium

Calcium regulates diverse cellular functions, and in general these functions are
mediated by a variety of calcium-binding proteins (232). Odorant stimulation of
ORNSs results in a calcium influx, which in turn can modulate a number of trans-
duction pathways. Calmodulin and other calcium-binding proteins may participate
in the processing of olfactory information. Therefore, study of the calcium-binding
proteins may provide important background information about the complex sig-
nal transduction pathway involved in olfaction. Olfactory tissue contains vari-
ous calcium-binding proteins: calmodulin, calretinin, calbindin-D28k, neurocal-
cin, and recoverin (233). Another calcium-binding protein, S-100, is restricted to
glial cells, primarily around the cribiform plate.

Calmodulin is found in olfactory cilia at a concentration of about 1 mM (234).
The odorant-induced intracellular elevation of calcium is thought to promote adap-
tation because calcium/calmodulin can reduce the affinity of the oCNC for cAMP
by 20-fold (155, 235). Extracellular calcium is absolutely required for the decay
phase of the odorant-induced whole cell current, which in the absence of extracel-
lular calcium remains at a steady state (236). Calcium/calmodulin can also affect
CNC activity (237).

Neurocalcin is a calcium-binding protein with three EF hand motifs and is also
expressed in the rat olfactory epithelium (238). Neurocalcin is expressed in ORNS,
where itis associated with outer mitochondrial membrane, endoplasmic reticulum,
and axon fibers. The intracellular distribution of neurocalcin in ORNs suggested
that this protein may participate in cytoskeletal arrangement in ORNs. The ex-
pression of neurocalcin in postnatal development was also studied (233, 239).
Neurocalcin showed a gradient of expression pattern descending from the central
to the lateral areas in the nasal cavity during childhood; this expression pattern
became identical to the adult profile after 20 days.

Additional calcium-binding proteins have been localized to the olfactory sys-
tem. A 26-kDa calcium-binding protein named p260lf was identified in frog
olfactory epithelium (240). p260lf contains two S-100-like regions and is localized
to the cilia layer of the olfactory epithelium, suggesting that it is a dimeric form
of S-100 protein that may be involved in the olfactory transduction or adaptation.
Visinin-like protein (VILIP), a member of the neuronal subfamily of EF-hand
calcium-sensor proteins, was associated with ORNSs of the rat olfactory epithelium
(241). VILIP is localized prominently to cilia and dendritic knobs. In vitro recom-
binant VILIP attenuates odorant-induced cAMP formation in a calcium-dependent
manner. The observation that VILIP does not interfere with odorant-induced recep-
tor desensitization and that VILIP inhibits the forskolin-induced cAMP production
suggests that it may directly affect adenylyl cyclases and in turn may play a role
in adaptation of ORNSs.

A GCAP1-like calcium-binding protein is present in rat olfactory cilia (220).
GCAP1 was purified and later cloned from bovine retina by Palczewski and col-
leagues (130). GCAP1 is a 21-kDa cytosolic EF-hand-family protein and has
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been proposed to function as a photoreceptor-specific calcium-binding protein
to activate particulate guanylyl cyclase, thus restoring the cGMP level in light-
activated photoreceptor cells. Immunohistochemical studies revealed the presence
of GCAP1 in rat olfactory cilia (220). Interestingly, purified GCAP1 potentiated
cGMP production at high calcium concentrations in isolated rat olfactory cilia
(220). In photoreceptor cells, GCAP1 activates particulate guanylyl cyclase when
the intracellular calcium level is low. The size of the olfactory GCAP (19 kDa)
was not identical to the retinal GCAP1. Thus, the olfactory GCAP is considered a
GCAP1-like protein. The cloning of the olfactory GCAP will answer the precise
function and mechanism of the olfactory guanylyl GCAP in olfaction.

Calcium itself mediates Clconductance in ORNs (132, 176, 242). The odor-
induced currents show little rectification. It appears that the depolarizing current
has two components, an initial inward cationic conductance followed by an inward
anionic CI- conductance (132, 237, 242). Calcium, which enters the cilia through
the cyclic nucleotide-gated channel, triggers a calcium-activatecti@nnel in
olfactory cilia membrane (176). This conductance may serve as a “fail safe” so
that cells can depolarize, irrespective of changes in extracellular milieu.

DESENSITIZATION

Desensitization of receptor-mediated responses can occur through a variety of
processes, including phosphorylation, internalization, and receptor-effector uncou-
pling (243-245). The homologous desensitization of G protein—coupled receptors
is well established ig2-adrenergic receptoBAR-2) as a model (246, 247). Phos-
phorylation of receptors by a specific receptor kinase sughadrenergic receptor
kinases g-ARKSs) or G protein receptor kinases (GRKs) mediate homologous de-
sensitization. Complete quenching of signal transduction requires the binding of
a protein callegg-arrestin §ARR) to a phosphorylated receptor (248).

Specific isoforms of GRKs anBARR, BARK-2, andBARR-2 were localized
to olfactory neurons, specifically to olfactory cilia and dendritic knobs (249). Other
isoforms of BARK or BARR were not present in these cells. Functional studies
of BARK-2 and BARR-2 in the olfactory cilia were performed (249, 250). The
odorant-induced cAMP production was monitored in the presence or absence of
neutralizing antibodies against specific isoformg&RK and BARR. Preincu-
bation of olfactory cilia with neutralizing antibodies #ARK-2 and SARR-2
increased the absolute levels of odorant-induced cAMP as high as fourfold and
completely blocked desensitization. Later mice with targeted disrupti6ABK-
2 have been available, and cilia preparations derived frong &RK-2-deficient
mice showed lack of the agonist-induced desensitization (251). Taken together, the
expression offARK-2 and SARR-2 within the olfactory cilia, the inhibition of
desensitization witlBARK-2 and BARR-2 neutralizing antibodies, and the lack
of the agonist-induced desensitization in f%RK-2 deficient mice suggest that
BARK-2 andBARR-2 mediate the odorant-dependent desensitization in olfaction.
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In addition to this mechanism for homologous desensitization, it has been sug-
gested that PKA or PKC may play a role in odorant-related heterologous desensi-
tization (252). PKA has been implicated in olfactory desensitization following the
increase in cCAMP by odorant stimulation, whereas PKC may mediate desensitiza-
tion following phosphoinositide cycle activation by odorant stimulation. However,
these results need to be reexamined, in light of more recent data using knockout
animals that indicate that cAMP mediates odorant detection.

Cyclic GMP may also play a role in desensitization. Zufall & Leinders-Zufall
(53) showed that cGMP mediated a long-lasting form of odor response adaptation
in tiger salamander. The long-lasting adaptation lasted for several minutes and was
attributable to cyclic nucleotide-gated channel modulation by cGMP. They showed
that this form of long-lasting adaptation was abolished selectively by HO inhibitors
(which prevent CO release and cGMP formation), whereas odor excitation was
unaffected. The results suggest that endogenous CO/cGMP signals contribute to
olfactory desensitization.

LONG-TERM RESPONSES TO ODORANT DETECTION

The theory that extracellular signals, such as hormones, growth factors, and neu-
ronal activity, can modulate transcriptional events to produce long-term changes
in cellular activity is well established (253). However, the long-lasting effects of
odorant stimulation in ORNs has only recently been studied.

A delayed cAMP response upon odorant stimulation was characterized and was
mediated by cGMP via activation of a cGMP-dependent protein kinase (PKG)
(220). Based on the kinetics of the delayed cAMP response discussed above, it
was suggested that cGMP might mediate a delayed cAMP response to regulate
long-term cellular responses to odorant detection, including the regulation of gene
expression. Recent studies support this idea. Odorant stimulation could therefore
potentially result in transcriptional changes via CREB activation (55). Incubation
of ORNs with either 8-Br-cGMP or a soluble guanylyl cyclase activator (sodium
nitroprusside) increased CREB activation. Thus, cGMP produced upon odorant
stimulation may generate a sustained cAMP signal capable of activating CREB.

Involvement of the Ras-MAPK (mitogen-activated protein kinase) signal trans-
duction pathway in olfaction was recently reportedGn elegans(254). The
Ras-MAPK pathway plays important roles in cellular proliferation and differ-
entiation in response to extracellular signals. Mutational inactivation and hyper-
activation of this pathway impaired efficiency of chemotaxis to a set of odorants.
The activation of MAPK upon odorant stimulation was dependent on calcium
fluxes via the nucleotide-gated channel and the voltage-activated calcium channel.
More recently, Watt & Storm demonstrated that odorants activate MAPK in rodent
ORNSs (255). The odorant-activation of the MAPK pathway led to the activation
of CAMP response element (CRE)-mediated transcription. The odorant stimula-
tion of MAPK activation was ablated by inhibition of CaM-dependent protein
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kinase Il (CaMKIl), suggesting that odorant activation of MAPK is mediated
through CaMKII. Moreover, discrete populations of ORNSs display CRE-mediated
gene transcription when stimulated by odorants in mice. These data suggest that
ORNSs may undergo long-term adaptive changes mediated through CRE-mediated
transcription.

CONCLUSIONS

Our understanding of olfactory transduction has advanced rapidly in the past
decade with the realization that G proteins and seven-transmembrane spanning
domain receptors are involved in odorant detection. It remains to be determined
how other transduction cascades interface with these G protein—coupled receptors
to either fine-tune the response or mediate other aspects of odor detection. Un-
derstanding the olfactory code will allow us to manipulate olfactory perception

in both health and disease. Our appreciation of the ability of odor perception to
influence long-term neuronal responses, and potentially neuronal survival, may
provide clues to understanding this process in other neuronal systems.

Visit the Annual Reviews home page at www.AnnualReviews.org
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