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Abstract The vertebrate olfactory system recognizes and

discriminates between thousands of structurally diverse

odorants. Detection of odorants in mammals is mediated by

olfactory receptors (ORs), which comprise the largest

superfamily of G protein-coupled receptors (GPCRs).

Upon odorant binding, ORs couple to G proteins, resulting

in an increase in intracellular cAMP levels and subsequent

receptor signaling. In this review, we will discuss recently

published studies outlining the molecular basis of odor

discrimination, focusing on pharmacology, G protein acti-

vation, and desensitization of ORs. A greater understanding

of the molecular mechanisms underlying OR activity may

help in the discovery of agonists and antagonists of ORs,

and of GPCRs with potential therapeutic applications.
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Abbreviations

AC Adenylyl cyclase

b1AR b1-Adrenergic receptor

b2AR b2-Adrenergic receptor

CaM Calmodulin

CaMKII Calcium/CaM-dependent protein kinase II

CNG channel Cyclic nucleotide-gated channel

GC Guanylyl cyclase

GG Grueneberg ganglion

GPCR G protein-coupled receptor

GRK GPCR kinase

Helix8 Eighth intracellular helical domain

IC3 Third intracellular loop

MOE Main olfactory epithelium

OB Olfactory bulb

OR Olfactory receptor

OSN Olfactory sensory neuron

PCR Polymerase chain reaction

PKA Protein kinase A

PKC Protein kinase C

PLC/IP3 Phospholipase

C/inositol-1,4,5-triphosphate

SO Septal organ

TAAR Trace amine-associated receptor

TM Transmembrane

Introduction

The detection of odorants is essential for the survival of

both individual animals and species in general. Olfactory

function enables animals to locate food and suitable mating

partners, and to avoid potential predators or toxic sub-

stances. The olfactory system is able to detect and

discriminate between thousands of structurally diverse

odorants [1, 2]. Detection of odorants in mammals is

mediated via several hundred olfactory receptors (ORs)

that are expressed on olfactory sensory neurons (OSNs).

Genes encoding ORs were first discovered by Buck and

Axel in 1991 [3]. Relying on degenerate polymerase chain

reaction (PCR), a novel experimental strategy at that time,

Buck and Axel identified a diverse family of approximately

1,000 genes in the rat olfactory epithelium. Subsequent

studies have led to the identification of the OR gene family

in numerous additional species, including human [4–7],
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mouse [4, 6, 8–10], fish [11, 12], nematode [13], fruit fly

[14–17], mosquito [18], red flour beetle [19, 20], honeybee

[21], and platypus [22]. Vertebrate OR genes comprise the

largest family of G protein-coupled receptors (GPCRs)

[23]. Of the 1,282 GPCR genes in humans, 387 are known

to encode for ORs, while 1,035 of the 2,288 mouse GPCR

genes encode for ORs [6]. Invertebrate OR genes do not

appear to exhibit any significant sequence similarity to

vertebrate OR genes, and possess a distinct membrane

topology [24]. These findings suggest the occurrence of

independent evolutionary processes in OR gene develop-

ment between vertebrate and invertebrate species. Indeed,

our group has recently shown that insect ORs comprise

heteromeric ligand-gated ion channels [25]. Hansson and

his colleagues [26] have demonstrated the same fast

ionotropic responses of insect ORs, but have also indicated

the presence of a G protein-dependent signal cascade.

Further investigation is required to elucidate the mecha-

nisms underlying odorant recognition of insect ORs.

Olfactory receptors are predominantly expressed in

OSNs located in the main olfactory epithelium (MOE) of

the nasal cavity. Thus, ORs expressed in the MOE play a

major role in olfaction (Fig. 1). However, recent studies

have demonstrated that the chemosensory system is much

more complex [27, 28]; for example, trace amine-associ-

ated receptors (TAARs) are also expressed in the MOE.

TAARs were originally thought to be involved in psychi-

atric disorders [29]; however, it now appears that they

function as a second class of chemosensory receptors in the

MOE [30]. Some murine TAARs recognize volatile amines

present in urine, and it has been hypothesized that TAARs

may function in the detection of ligands associated with

social cues [30]. A population of OSNs is also known to

express guanylyl cyclase D (GC-D), but not ORs or

TAARs. These OSNs project their axons into the dorsal

part of the olfactory bulb (OB), called the ‘neckless

glomeruli’ [31, 32]. GC-D neurons have been shown to

respond to peptide hormones [33], CO2 [31], and even

various pheromones [34]. In addition to the MOE, 50–80

ORs have also been shown to be expressed in the septal

organ (SO). The SO comprises an island of sensory tissue

located on either side of the nasal septum and is positioned

at the nasoplatine duct [35, 36]. Furthermore, olfactory

marker protein, which is expressed in mature OSNs, is

expressed in the Grueneberg ganglion (GG). Neurons in the

GG project their axons to defined glomeruli within the OB

[37, 38]. GG neurons appear to express various types of

chemosensory receptors [39–41] that may play a role in

detecting alarm pheromones [42]. In combination, these

reports suggest that the olfactory system comprises a

variety of morphological, molecular, and functional sub-

systems that exhibit defined axon projection patterns

[27, 28]. In the current review, we focus our discussion on

GPCR-type ORs expressed in the MOE, and outline recent

published studies reporting the molecular mechanisms

underlying odor discrimination and signal transduction.

Olfactory receptor pharmacology

Ligand specificity of olfactory receptors

Functional evidence supporting the hypothesis that ORs

mediate specific odorant response was reported many years

after the initial discovery of receptors. This was largely due

to difficulties in achieving functional expression of ORs in

heterologous cell systems. The first evidence reported the

use of the adenovirus-mediated gene transfer of ORI7 in

vivo in rat OSNs [43]. Zhao et al. [43] demonstrated

Fig. 1 Anatomical structure of the mammalian olfactory system and

chemosensory receptors. a Schematic diagram of the internal

structure of the murine olfactory system. Sensory neuron axons of

the main olfactory epithelium (MOE) project to the main olfactory

bulb (MOB) (green), while sensory neuron axons of the vomeronasal

organ (VNO) project to the accessory olfactory bulb (AOB) (orange).

The septal organ (SO) is an island of olfactory sensory neurons

(OSNs) that project axons to glomeruli located in the ventral olfactory

bulb (red). The Grueneberg ganglion (GG) is located in the anterior

tip of the nasal cavity and projects axons to specific glomeruli that

surround the anterior AOB (blue). b The expression pattern and

typical membrane topology of chemosensory receptors. Olfactory

receptors (OR) are expressed in adult MOE [3], VNO [110] and SO
[35, 36]. It has also been reported that one OR, mOR256-17, is

expressed in several cells in GG during the pre- and peri-natal stages

(hashed line) [39]. Trace amine-associated receptors (TAAR) are

expressed in the MOE [30] and GG [40, 41]. V1R genes are expressed

in the apical layer of the VNO [67, 111]. V2R genes are expressed in

the basal region of the VNO [67, 112–114] and the GG [39, 41].

Guanyly cyclase D (GC-D) is expressed in a subset of OSNs located

in the MOE [76, 115, 116]
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elevated responses in the infected epithelium when treated

with octyl aldehyde and other short-chain aliphatic alde-

hyde. In an independent study, given that each OSN is

known to express only one functional OR gene [44], the

functional single cell RT-PCR approach was successfully

used in the investigation of the murine OR MOR23, and

recapitulated the odorant response of a cell from which

the receptor gene was functionally cloned [45]. Although

the adenovirus-mediated approach using an OSN as the

homologous expression system proved a useful investiga-

tive tool, it has since been replaced with heterologous

expression systems that provide faster assays for the

determination of OR function [46]. However, the func-

tional expression of an OR in heterologous cells has still

been a challenging problem. In addition, odorant respon-

siveness of an OR obtained from a heterologous expression

system may not necessarily correspond to in vivo response

of the OR [47], and also sometimes depends on the G

protein employed [48], and thus the results must be inter-

preted carefully.

Several efforts to determine the ligand specificity of

ORs have revealed that each individual OR not only

demonstrates a high specificity for some functional groups

and molecular features, but also has high tolerance in some

aspects [43, 46, 48–56]. That is, ORs appear to discrimi-

nate between and recognize a wide variety of structurally

similar odorants. For example, the ligand specificity of the

mouse OR mOR-EG has been systematically analyzed in

heterologous [50, 57] and in vivo systems using transgenic

mice [47]. In these systems, it was revealed that mOR-EG

recognized at least 25 different odorants that shared certain

molecular features with distinct EC50 values [57]. Simi-

larly, some ORs, including I7, human OR1D2 (also known

as hOR17-4), and the MOR42 subfamily, have been

reported to be responsive to approximately 20 different

ligands [49, 54, 58, 59]. Thus, the general consensus for

ligand specificity of ORs is that each OR has a distinct

ligand spectrum, and that each odorant can be detected by a

combination of ORs (Fig. 2).

While ORs, including mOR-EG, hOR17-4, and MOR42,

appear to be broadly tuned and can recognize a large

number of odorants, some other ORs are narrowly tuned to

only a small number of closely related odorants [60]. It has

been reported that the human OR OR7D4 is selectively

activated by androstenone and androstadienone, and that

single nucleotide polymorphisms resulted in a reduced

sensitivity to these odorants in vivo [61]. These findings

suggested that odorant perceptual variability may be due to

genetic variability in specific ORs (Fig. 2). In contrast,

some ORs, including the mouse OR MOR139-3, possess a

non-specific ligand spectrum and thus recognize various

functional groups with different structures, including

aldehydes, alcohols, and ketones [62]. Pharmacological

experiments have revealed that odorant perception appears

to be based on a complex interaction between odorants and

ORs.

As with other GPCRs, OR ligands are able to serve as

both agonists and antagonists [47–49, 59, 63]. For example,

the eugenol response of mOR-EG has been shown to be

inhibited by structurally similar odorants including methyl-

isoeugenol and isosafrole [64, 65]. In MOR42-3, co-

application of C12 dicarboxylic acid or dodecanedioic acid

reduces the response to nonanedioic acid (C9) [63]. The

response of I7 to octanal is inhibited by C5–C6 aldehydes

and cyclic octanal analogs [55]. The identification of OR

antagonists has provided significant insight into the

molecular basis underlying agonist-induced conformational

changes in ORs, as an antagonist-bound form will likely

represent the inactive state.

Ligand binding modes of olfactory receptors

What determines the differences in ligand specificity

among ORs has been the subject of intense investigation.

Mammalian OR proteins belong to the GPCR family with a

seven hydrophobic transmembrane (TM) domain structure.

Fig. 2 Combinatorial receptor codes for odors. It is well established

that a single odorant is recognized by multiple receptors (shaded
boxes) and that a single OR recognizes multiple odorants (upper
panel). It has been recently reported that some ‘narrowly tuned’ ORs

such as OR7D4 (the androstenone receptor) are selectively activated

by a limited number of odorant molecules [60, 61]. Genetic variation

such as polymorphism resulting in amino acid substitutions or

pseudogenes for these ORs affects odorant perception in vivo (lower
panel)
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The conserved sequences and residues in the OR family,

including the KAFSTC motif, are predicted to reside within

the cytoplasmic side of the TM domains (Fig. 3). These

conserved motifs appear to contribute to the common

functions of the OR family, such as the normal folding and

activation of OR. In contrast, the amino acid residues

residing in the extracellular side of the TM domains appear

to be relatively variable, suggesting numerous possible

recognition sites for a large variety of odorant molecules

[57]. Recently, a combination of computational and

experimental approaches has led to a prediction that the

odorant-binding site is located in a pocket formed by nine

amino acids in TM3, TM5, and TM6 of mOR-EG. Based

on these results, a structural model that accommodates a

broad spectrum of odorants was proposed [57] (Fig. 3). A

similar study investigating MOR42-3 also suggested the

essential amino acid residues required for ligand-binding in

TM3, TM5 and TM6 [63].

Numerous molecular modeling and mutagenesis studies

investigating GPCRs have revealed that the vast majority

of the Family 1 GPCRs share a similar ligand-binding site

located deep within the TM regions of TM3, TM5, TM6,

and TM7 [66]. The spatial location of the odorant-binding

pocket was found to be similar to that of biogenic GPCRs,

including the b2-adrenergic receptor (b2AR), while the

molecular environment of the odorant-binding site in ORs

is somewhat distinct. Typical GPCRs such as the b2AR

have been shown to interact with their ligand via the for-

mation of ionic bonds, including hydrogen bonds and

electorostatic interactions. In contrast, the hydrophobic

environment of the odorant-binding site appears to play a

critical role in odorant recognition, indicating a weaker

association of the hydrophobic interactions between odor-

ant molecules and ORs [57, 66]. The recognition of

odorants by ORs also appears to be selective for the shape,

size, and length of a ligand. This selectivity is determined

by the environment of the binding site of each OR.

Olfactory signal transduction

Canonical pathway for olfactory signal transduction

Once an OR has bound an odorant molecule, a signal

transduction cascade that transforms the chemical infor-

mation into a neural signal is initiated [67]. Odorant-bound

ORs activate a protein called Gaolf, which in turn activates

adenylyl cyclase type III (ACIII), leading to cAMP pro-

duction [68]. cAMP then binds to and opens cyclic

nucleotide-gated (CNG) channels comprising CNGA2,

CNGA4, and CNGB1b subunits [69]. Calcium influx

through the CNG channel then results in the opening of

calcium-gated chloride channels [70–72] (Fig. 4). Toge-

ther, the calcium influx and chloride efflux allow the

depolarization of membrane potentials in OSNs. The

anosmic phenotypes of mouse knockouts for Gaolf, ACIII,

and CNGA2 indicate that the cAMP pathway plays a major

role in olfactory signal transduction [68, 73, 74].

Fig. 3 Molecular structure of the olfactory receptor. Mammalian OR

proteins possess seven hydrophobic transmembrane (TM) domains.

Amino acid residues involved in ligand binding in mOR-EG shown as

red. The conserved sequences in the OR family shown as blue, and

labeled with the single-letter amino acid code: A Ala, C Cys, D Asp,

F Phe, K Lys, L Leu, M Met, N Asn, P Pro, R Arg, S Ser, T Thr, Y Tyr

Fig. 4 Canonical pathway of olfactory signal transduction in OSNs.

The heteromeric G protein, adenylyl cyclase III (ACIII), cyclic

nucleotide-gated cation channel (CNG channel), and the calcium-

gated chloride (Cl-) channels are thought to be common elements

among the OSN signaling pathway (upper panel). Odorant-bound

olfactory receptors (OR) activate Gaolf, which in turn activates

ACIII, leading to cAMP production [68]. cAMP then binds to and

opens CNG channels comprising CNGA2, CNGA4, and CNGB1b

subunits [69]. Calcium influx through the CNG channel then results in

the opening of calcium-gated chloride channels [70, 117]
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Noncanonical pathway for olfactory signaling

Although investigation of odorant response in Gaolf,

ACIII, and CNGA2 knockout mice strongly suggested that

cAMP played a crucial role in olfactory signal transduction

[68, 73, 74], CNGA2-deficient mice retained a limited

electro-olfactogram (EOG) response to some odorants [34].

Such residual responses were thought to be contributed by

the atypical OSNs that express TRPM5 [75] or GC-D [76],

or from the microvillar cells called Jourdan cells [77].

TRPM5 is a calcium channel located in cells expressing

taste receptors, and is also expressed in a subset of OSNs

that express CNGA2 [75]. It is well established that these

OSNs project their axons to the ventral region of the OB. In

contrast, GC-D neurons are known to project their axons to

the dorsal region of the OB called the neckless glomeruli.

GC-D neurons respond to peptide hormones [33], CO2

[31], and even some pheromones [34], but do not express

the elements required for canonical olfactory signaling via

the cAMP pathway. Odorant-responsive microvillar cells

appear to utilize the phospholipase C/inositol-1,4,5-tri-

phosphate (PLC/IP3) pathway [77]. As these cells are not

thought to extend their axons to the OB [77], it is possible

that they do not function as sensory neurons.

G protein activation by olfactory receptors

G protein coupling of olfactory receptors

While the precise mechanisms underlying olfactory signal

transduction and the interaction between ORs and odorants

have been extensively studied, less is known about the

coupling of an OR with G proteins. It has been revealed

that truncation of the OR C-terminal sequence impairs

odorant responsiveness, suggesting that the C-terminal

domain is crucial for G protein coupling activity [57].

However, the specific mechanism by which odorant-bound

ORs couple with G proteins has not been fully character-

ized. A recent study has demonstrated the molecular

mechanism underlying G protein coupling of ORs [78].

Based on sequence alignment of mOR-EG, bovine

rhodopsin, and b2AR, it was suggested that the C-terminal

domain of mOR-EG contains a region called the eighth

intracellular helical domain (Helix8), as well as rhodopsin

and b2AR. Lys296, Lys299, and Lys303 in mOR-EG were

predicted to face the cytoplasm and to be located within the

putative Helix8. In order to determine whether these amino

acid residues were actually involved in G protein coupling,

these were targeted for site-directed mutagenesis, and the

odor responsiveness in the mutants was measured using

two functional assays [78]. The first assay monitored

intracellular cAMP levels in HEK293 cells, which reflects

OR coupling to endogenous Gas. The second assay

involved the detection of calcium via imaging after

co-transfection with the non-specific G protein a subunit

Ga15, which signals via the PLC/IP3 pathway [46].

The mutations at these residues resulted in a significant

decrease in cAMP levels; however, a similar EG-response

as measured by calcium imaging was retained [78]. The

interaction with Ga15 and subsequent calcium cascade

appeared to be unaffected by the mutations, suggesting that

ligand binding was unchanged [78]. These results suggest

that mutations in Lys296, Lys299, and Lys303 in mOR-EG

significantly affected coupling to Gas. Thus, it appears

likely that these residues are involved in the interaction

with Gas. Interestingly, the introduction of Pro residues

into Helix8 resulted in the complete loss of EG-response in

both the cAMP and calcium assays, suggesting that the

helical structure of the C-terminal domain was crucial for

the interaction between ORs and G proteins [78]. A similar

strategy revealed that Ile222, Leu227, and Ser231 in the

third intracellular loop (IC3) were involved in coupling to

Gas/olf subunit [78] (Fig. 5). Odorant response in the

presence of mutations of these residues were also affected,

even in the presence of Gaolf, with the exception that the

K299R mutant showed similar responsiveness to that of

wild-type mOR-EG [78]. These findings indicate that ORs

Fig. 5 Three-dimensional model of G protein activation of a mouse

olfactory receptor, mOR-EG. The amino acid residues involved in

Gas coupling in the IC3 and Helix8 are shown in red and blue,

respectively [78]. The intracellular Helix8 and TM6 regions are

highlighted in light blue and light green, respectively. The residues

involved in conformational changes including Phe252 and Ser240 are

shown as green sticks [78]. Phe252 also interacts with ligand (yellow)

[57]
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couple with Ga proteins and Gaolf in a similar but not

identical manner.

For non-olfactory GPCRs, there is ample evidence

showing that G protein-interacting domains are located

in the intracellular loops and in the C-terminus region

[79–82]. Indeed, for rhodopsin and b2AR, Helix 8 has been

identified as a G protein-interacting domain [83–85].

Lys311 in rhodopsin, which corresponds with Lys296 in

mOR-EG, was shown to be located within close proximity

to transducin [85]. Furthermore, the D382L mutant form of

the human b1-adrenergic receptor (b1AR) has been shown

to uncouple the receptor from Gas [86]. In rhodopsin and

b2AR, IC3 has also been identified as a G protein coupling

site [81, 87]. These results suggest that ORs belonging to

the GPCR family are structurally similar, and that IC3 and

the C-terminal helix play a similar role in the interactions

with Gas-type G proteins.

Conformational dynamics of olfactory receptors

As the GPCR family is a major target of therapeutic agents,

a great deal of research has focused on further under-

standing the molecular mechanisms underlying ligand

recognition. However, the design of specific agonists and

antagonists has proven difficult, as receptor activation

appears to involve complex conformational alterations.

Upon stimulation, GPCRs undergo conformational

changes that result in G protein activation. The light-

induced conformational changes of rhodopsin have been

defined through a series of elegant biophysical studies [88,

89], and it has been shown that photo-activation of rho-

dopsin involves both rotation and tilting of TM6 relative to

TM3 [88]. Further evidence suggests that the b2AR

undergoes structural changes similar to those observed

upon activation of rhodopsin [90]. The Asp–Arg pair

located at the cytoplasmic end of TM3 was shown to form

part of the highly conserved (D/E)RY motif identified in

the rhodopsin-family of GPCRs, whereas the Glu residue

located at the cytoplasmic end of TM6 was highly con-

served in amine receptors and opsin. The ionic link

between the Asp–Arg pair and the Glu residue (also known

as the ionic lock) has been proposed to maintain GPCR

in the resting state [90, 91], and has been shown to be

disrupted following photoactivation of rhodopsin [80, 89].

A previous study investigating mOR-EG activity

reported that TM6 was similarly involved in OR activation

[57]. Specifically, mutation of the Phe252 residue in TM6

of the mOR-EG resulted in a complete loss of the inhibi-

tory activity of methyl isoeugenol, a potent antagonist of

mOR-EG [57]. This finding suggests that Phe252 forms a

stable interaction with the antagonist and aids in the

maintenance of the inactive conformation of the receptor.

To further our understanding of how OR function is related

to receptor dynamics, the residues that reside in the cyto-

solic half of TM6 were targeted for mutation. Mutation at

Ser240 exhibited an interesting and significant phenotype.

While S240T did not result in any significant differences in

a ligand response, S240A and S240V mutations resulted in

both a higher sensitivity and efficacy to a ligand in the

cAMP assay, and displayed a similar effect on activity

when measured using calcium imaging [78]. These muta-

tions did not appear to affect basal cAMP levels,

suggesting that these mutants were not constitutively

active. In addition, substitution in this Ser residue in other

ORs such as M71 and MOR204-34 resulted in an increase

in cAMP response [78]. Ser240 in the mOR-EG was found

to correspond with the Ser residue located in the KAFSTC

motif, which has been reported to be a highly conserved

residue among members of the OR family. These results

suggest that the Ser residue located in the KAFSTC motif

is critical for receptor efficacy, and aids in the regulation of

conformational changes from the inactive to active forms

of the OR family (Fig. 5).

Olfactory adaptation

Calcium-mediated adaptation in olfactory sensory

neurons

Odor perception not only depends on the chemical struc-

ture and concentration of odorants, but also on the previous

Fig. 6 Schematic diagram of the negative feedback regulation of

olfactory signal transduction in olfactory sensory neurons. Within the

olfactory cilia, calcium entry occurs via the activation of CNG

channels. Elevated intracellular calcium accelerates inhibition of

CNG channels and ACIII, in addition to activating phosphodiestrase

(red); calcium and the calcium-binding protein, calmodulin (CaM),

bind to and close the CNG channels [93–96]. Calcium/CaM-

dependent protein kinase II (CaMKII) phosphorylates ACIII, thereby

reducing cAMP production [97]. CaMKII is also known to activate

phosphodiesterase PDE1C2, which is enriched in the olfactory cilia,

resulting in the hydrolysis of cAMP [98]. Furthermore, PKA and

GRK3 are thought to mediate OR desensitization (red arrows) [108,

109] (Kato et al., unpublished)
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experience of the OSNs, a process termed odor adaptation

[92]. In simple terms, odor adaptation may be viewed as a

form of neuronal plasticity. In the context of sensory pro-

cessing, odor adaptation refers to the ability of the

olfactory system to adjust its sensitivity at different stim-

ulus intensities, a process that is likely to be essential for

the prevention of cellular transduction machinery satura-

tion, thus allowing high sensitivity retention during

continuous or repetitive odor stimulation.

In OSNs, activated signal transduction molecules are

targeted for negative feedback regulation (Fig. 6). Cal-

cium rise via CNG channels is shown to mediate

inactivation of CNG channels, ACIII and phophodiester-

ase [92]. Calcium and the calcium-binding protein,

calmodulin (CaM), bind to and close the CNG channels,

which is thought to be the major negative feedback

regulation in OSNs [93–96]. ACIII is also targeted for

negative feedback regulation. In this process, calcium/

CaM-dependent protein kinase II (CaMKII) phosphory-

lates ACIII, thereby reducing cAMP production [97].

Furthermore, CaMKII is known to activate phosphodies-

terase PDE1C2, which is enriched in the olfactory cilia,

resulting in the hydrolysis of cAMP [98].

Desensitization of olfactory receptors

The vast majority of GPCRs display a rapid loss of

responsiveness in the continuing or recurring presence of

an agonist or stimulus. This process, termed desensitiza-

tion, is the consequence of a combination of mechanisms.

These mechanisms include uncoupling of receptor from

heterotrimeric G proteins in response to receptor phos-

phorylation, the internalization of cell surface receptors to

the cytosol, and down-regulation of the total cellular

complement of receptors due to reduced receptor mRNA or

protein synthesis, in addition to both the lysosomal and

plasma membrane degradation of pre-existing receptors

[99]. The period of time over which these processes occur

ranges from seconds (phosphorylation) to minutes (endo-

cytosis) and hours (down-regulation). The uncoupling of

GPCRs from their associated G protein is mainly mediated

via receptor phosphorylation by intracellular kinases. It is

generally accepted that both second messenger-dependent

protein kinases including cAMP-dependent protein kinase

A (PKA) and calcium-dependent protein kinase C (PKC)

and GPCR kinases (GRKs) phosphorylate the serine and

threonine residues located within the intracellular loops

and C-terminal region of GPCRs [99–101]. GRKs selec-

tively phosphorylate agonist-activated receptors, thereby

promoting binding of cytosolic co-factor proteins called

arrestins, which sterically uncouple the receptor from the G

protein [102, 103]. In contrast, second messenger-depen-

dent protein kinases not only phosphorylate activated

GPCRs, but also indiscriminately phosphorylate receptors

that have not been exposed to agonist [104].

Multiple studies have explored the roles of GRK and

arrestins in the regulation of GPCRs. However, the precise

activity of the largest subfamily of GPCRs, the ORs,

remains elusive. It has been previously reported that the

GRK3 member of the GRK family (also known as

b-adrenergic receptor kinase 2) and b-arrestin2 are highly

enriched in OSNs, and preincubation with antibodies to

GRK3 and b-arrestin2 resulted in an elevation of cAMP

response in the presence of an odorant [105]. GRK3 has

also been shown to be translocated from the cytosol to the

cell membrane upon odorant stimulation [106]. Further-

more, it has been demonstrated that cilia preparations

derived from GRK3-deficient mice lack the rapid agonist-

induced desensitization normally observed following

odorant stimulation [107]. These findings indicated that

GRK3 and b-arrestin2 mediated the desensitization of ORs.

Hatt and colleagues recently demonstrated that the human

ORs hOR17-4 and OR2AG1 are targeted for phosphory-

lation by PKA and b-arrestin-mediated internalization

[108, 109].

Our laboratory has attempted to elucidate the molecular

mechanisms required for desensitization of mOR-EG, and

determined that the signaling activity was attenuated upon

odorant binding, suggesting receptor desensitization. Flow

cytometric analysis revealed that attenuation of mOR-EG

signaling was not associated with receptor internalization,

indicating the existence of receptor dephosphorylation

mechanisms located on the cell surface. As ORs are

expressed in the ciliary architecture in vivo, this result

appears to represent a reasonable model for olfaction,

which is essential for the detection of constant changes in

the odor environment. Furthermore, immunoblot analyses

using an anti-phosphoserine antibody strongly supported

the hypothesis that GRK3-mediated phosphorylation was

involved in mOR-EG desensitization (Kato et al., unpub-

lished). Currently, calcium-mediated inhibition of channel

activity has been thought to be the major event to account

for adaptation of OSNs, and, thus, the precise mechanisms

underlying desensitization of ORs and the significance for

negative feedback in vivo remain to be fully explored.

Concluding remarks

In mammals, ORs represent multifunctional signaling

molecules that are involved in odorant recognition, singular

OR gene choice, and OSN projection. However, the elu-

cidation of the precise molecular mechanisms underlying

odorant recognition by ORs has been complicated by the

difficulties associated with cell-surface expression in het-

erologous systems. As we have discussed in this review,
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several efforts have been made to define the specific

molecular mechanisms underlying activation and desensi-

tization of ORs upon odorant stimulation (Fig. 7).

Information regarding the mechanisms required for G

protein coupling, conformational dynamics, and desensiti-

zation of ORs may provide meaningful information for the

pharmacological screening and design of both agonists and

antagonists for GPCRs, at which over 50% of pharma-

ceuticals are currently targeted.
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