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B-Arrestin2-Mediated Internalization of Mammalian
Odorant Receptors
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Odorant receptors comprise the biggest subfamily of G-protein-coupled receptors. Although the endocytic mechanisms of other
G-protein-coupled receptors have been characterized extensively, almost nothing is known about the intracellular trafficking of odorant
receptors. The present study describes the endocytic pathway of mammalian odorant receptors, which bind 3-arrestin2 with high affinity
and are internalized via a clathrin-dependent mechanism. After prolonged odorant exposure, receptors are not targeted to lysosomal
degradation but accumulate in recycling endosomes. Odorant-induced odorant receptor desensitization is promoted by cAMP-
dependent protein kinase A phosphorylation and is dependent on serine and threonine residues within the third intracellular loop of the
receptor. Moreover, 3-arrestin2 is redistributed into the dendritic knobs of mouse olfactory receptor neurons after treatment with a
complex odorant mixture. Prolonged odorant exposure resulted in accumulation of 3-arrestin2 in intracellular vesicles. Adaptation of
olfactory receptor neurons to odorants can be abolished by the inhibition of clathrin-mediated endocytosis, showing the physiological
relevance of the here described mechanism of odorant receptor desensitization. A better understanding of odorant receptor trafficking
and additional insight into the molecular determinants underlying the interactions of odorant receptors with (3-arrestin2 and other
trafficking proteins will therefore be important to fully understand the mechanisms of adaptation and sensitization in the olfactory

epithelium.
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Introduction

Detection of odor chemicals is initiated by activation of
G-protein-coupled mammalian odorant receptors (ORs) that are
expressed in olfactory receptor neurons (ORNs) of the nose
(Buck and Axel, 1991; Buck, 1992; Mombaerts, 2004). ORs signal
through stimulation of Ge,y, which leads to activation of type III
adenylyl cyclase and opening of cAMP-gated cation channels
(Reed, 1992; Zufall et al., 1994). Previous research has provided
considerable insight into the molecular mechanisms underlying
adaptation in the olfactory system, including Ca®"- and
phosphoinositide-dependent cyclic nucleotide-gated channel
modulation (Zufall et al., 1991; Kurahashi and Menini, 1997;
Munger et al., 2001; Bradley et al., 2004; Zhainazarov et al., 2004),
Ca**/calmodulin kinase IT-dependent attenuation of adenylyl
cyclase (Leinders-Zufall et al., 1999), and the modulatory activi-
ties of nitric oxide, carbon monoxide, and cGMP (Zufall and
Leinders-Zufall, 2000). Odor adaptation also involves stimulus-
dependent phosphorylation of elements of the signal transduc-
tion cascade, because stimulation of the olfactory epithelium
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causes significant phosphorylation of cilia proteins (Boekhoff et
al., 1992). A sequential interplay of either second-messenger-
dependent or receptor-specific kinases [G-protein-coupled re-
ceptor kinases (GRKs)] has been suggested because inhibition of
both results in complete abolition of the olfactory desensitization
process (Dawson et al., 1993; Schleicher et al., 1993; Peppel et al.,
1997). The cAMP-dependent protein kinase (PKA) was further
shown to modulate voltage-gated ion channels (Wetzel et al.,
2001).

However, the fate of the stimulated receptor molecule is far
less clear, and the pathways and proteins involved in intracellular
trafficking of ORs after stimulation remain elusive. Clathrin-
dependent internalization pathways have been shown in ORNs of
channel catfish (Rankin et al., 1999). G-protein-coupled recep-
tors (GPCRs) are typically internalized after ligand binding, and
the mechanisms involved in agonist-induced receptor endocyto-
sis have been well described (Seachrist and Ferguson, 2003; von
Zastrow, 2003; Lefkowitz, 2004). After agonist binding and acti-
vation of the heterotrimeric G-protein, signaling is turned off by
phosphorylation of serine and threonine residues within the C
terminus and/or the third intracellular loop of the receptors, fol-
lowed by the recruitment of arrestins (Oakley et al., 2001;
Letkowitz, 2004). Arrestin binding not only interrupts coupling
between the receptor and its cognate G-protein but also mediates
the activation of “novel” signaling pathways and targeting of the
receptors to clathrin-coated pits with subsequent internalization
(Ferguson, 2001). Two distinct patterns of B-arrestin trafficking
have been delineated, leading to the division of GPCRs into two
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classes. Class A receptors show preferential binding to
B-arrestin2 compared with B-arrestinl, and arrestin binding is
only transient. Class B receptors display equal affinity for both
arrestins and build stable B-arrestin complexes, which remain in
endosomal compartments for extended periods (Shenoy and
Lefkowitz, 2003).

For non-olfactory GPCRs, the basic mechanisms of intracel-
lular trafficking have been characterized successfully in heterolo-
gous cell systems. To learn about potential OR endocytosis, we
investigated the endocytic pathway of recombinant ORs and
compared our findings with observations in odor-activated
ORNs. We show that stimulated ORs stably interact with
B-arrestin and undergo clathrin-dependent endocytosis, result-
ing in their accumulation in endocytic vesicles for extended pe-
riods of time. In ORNs, inhibition of B-arrestin2-mediated
endocytosis affects sensory adaptation to repetitive odor
stimulation.

Materials and Methods

Antibodies. The following primary antibodies were used: (1) mouse poly-
clonal antibody against cathepsin D (University of Texas Southwestern
CBI Antibody Core, Southwestern Medical Center, University of Texas,
Dallas, TX); (2) mouse monoclonal against B-arrestin2 (Santa Cruz Bio-
technology, Santa Cruz, CA); and (3) rabbit monoclonal antibody
against the phospho-(Ser/Thr) PKA substrate recognizing the R-X-X-S/
T-X-X motif (Cell Signaling Technology, Beverly, MA). For immunoflu-
orescence, a secondary goat anti-mouse or goat anti-rabbit antibodies
conjugated to Alexa 568 or Alexa 660 were used (Invitrogen, Carlsbad,
CA).

Cell culture and transfection. Hana3A cells (Saito et al., 2004) were
kindly provided by Dr. Hiroaki Matsunami (Department of Molecular
Genetics and Microbiology, Duke University Medical Center, Durham,
NC). Experiments using heterologous expression system were per-
formed in HEK293 and Hana3A cells, which were maintained under
standard conditions in MEM supplemented with 10% FBS, 100 U/ml
penicillin and streptomycin, and 2 mm L-glutamine. Transfections were
done using a calcium phosphate precipitation technique.

DNA constructs and plasmids. Human B-arrestin2 was amplified from
RNA obtained from human testis tissue by reverse transcription-PCR
using specific primers that amplify the complete open reading frame and
contain restriction sites for additional subcloning, and the PCR product
was cloned into pcDNA3. OR2AGI (olfactory receptor, family 2, sub-
family AG, member 1) was amplified from genomic DNA, which was
isolated from blood using a commercial kit (Qiagen, Hilden, Germany).
PCR reactions were done with 100 ng genomic DNA and specific primers
for OR2AG1. OR2AG1-green fluorescent protein (GFP) and B-arres-
tin2—GFP fusion constructs were generated by cloning the PCR products
into a linearized GFP containing plasmid with restriction sites for the
generation of N-terminal fusion constructs (Neuhaus et al., 2005).
OR2AGI1-RLuc plasmid was obtained by subcloning the coding se-
quences of Renilla luciferase (RLuc) from the plasmid pGFP2-multiple
cloning site—RLuc(h) (Packard BioScience, Meriden, CT) into the Clal-
linearized, odorant-receptor-containing plasmid. The OR2AG1-GFP
and OR2AG1-RLuc fusion proteins were tested for functionality by Ca*™*
imaging using amylbutyrat (Neuhaus et al., 2006).

Site mutations in OR2AG1 were introduced at the C terminus (posi-
tions 314S-A and 315T-A) and the third intracellular loop (positions
224T-A, 240T-A, 230S-A, 242S-A, and 243S-A).

The C-terminus mutant of OR2AG1 was obtained by PCR from the
pcDNA3 vector containing the full-length receptor using specific down-
stream primer with S mutated to A at position 314 and T mutated to A at
position 315 (GCC-TCG-AGT-TAA-TCG-ATA-TCG-AGC-GCG-
GCG-TGT-GCT-GG). To obtain the third loop phosphorylation mu-
tant, the N-terminal part of the OR2AG1 sequence was amplified up to
the end of the third intracellular loop by PCR with a specific downstream
primer mutating T to A at positions 224 and 240 and S to A at positions
230, 242, and 243. This PCR product (700 bp) was cloned into pcDNA3
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vector. The second PCR was done to amplify the rest of the receptor
sequence. To obtain full-length mutated ORAG1 construct, this PCR
product (270 bp) was cloned into pcDNA3 containing the N-terminal
part of the receptor sequence using specific restriction sites. All generated
plasmids were verified by sequencing.

Immunohistochemistry. Cells were grown on poly-lysine-coated cover-
slips (80—100 wm; Menzel Gliser, Braunschweig, Germany). After the
treatment as indicated in the figure legends, coverslips were washed and
fixed in 3% paraformaldehyde in Ringer’s solution containing 10 mm
glucose (30 min at room temperature). Cells were permeabilized with
0.1% Triton X-100 in PBS containing 1% cold-water fish skin gelatin
(Sigma, St. Louis, MO) and incubated with primary antibodies in PBS/
gelatin/Triton X-100. After washing, coverslips were incubated with
fluorescently labeled secondary antibodies and mounted in ProLong An-
tifade (Invitrogen). All fluorescence images were obtained with a confo-
cal microscope (LSM510 Meta; Zeiss, Oberkochen, Germany) using a
40X, 1.4 numerical aperture objective (pinhole set to one Airey unit) and
further processed with Photoshop (Adobe Systems, San Jose, CA).

Translocation assays. For B-arrestin—-GFP and OR2AGI translocation
assays, cells were transfected with a 5:1 ratio of the OR2AG1-GFP con-
struct and B-arrestin2—GFP. Two days after transfection, growth media
were removed and replaced with standard Ringer’s solution; 500 wm
amylbutyrat was added at room temperature. In some cases, cells were
preincubated with 10 ug/ml Texas Red-conjugated transferring (Tfn)
(Invitrogen). All images were obtained with a confocal microscope
(LSM510 Meta; Zeiss). Typically, cells were investigated for 60 min, and
pictures were taken every 10 s. Quantification of the fluorescence inten-
sities of the OR2AG1-GFP in the membrane compared with cytosol was
performed with the original data. Images were further processed with
Photoshop (Adobe Systems).

Ca®™" imaging in heterologous cells. Cells were incubated (45 min) in
Ringer’s solution containing 7.5 uMm fura-2 AM (Invitrogen) at room
temperature. Inhibitors were applied 30 —60 min before amylbutyrat ap-
plication at concentrations of 0.25 mg/ml concanavalinA (Sigma), 10 um
phenylarsine oxide (Sigma), 5 ug/ml filipin III (Sigma), 10 mm
B-cyclodextrin (Sigma), or 500 nm of water-soluble PKA inhibitor H-89
(N-[2-( p-bromo-cinnamylamino)-ethyl]-5-isoquinoline-sulfon-amide
2HCI) (Calbiochem, La Jolla, CA). Ratiofluorometric Ca*" imaging was
performed as described previously (Spehr et al., 2003) using a Zeiss in-
verted microscope equipped for ratiometric imaging. Images were ac-
quired from up to 15 cells in a randomly selected field of view, and
integrated fluorescence ratios (Fs,,/F;4, ratio) were measured. Cells were
exposed to either 100 or 500 um amylbutyrat, which are typical concen-
trations used for heterologously expressed ORs (Saito et al., 2004;
Spehr et al., 2004; Katada et al., 2005). Exposure to amylbutyrat was
accomplished using a specialized microcapillary application system.
The time after which the Ca** concentration returned to the preex-
posure level was used to determine the response duration in the dif-
ferent experiments.

Bioluminescence resonance energy transfer assay. Hana3A cells grown in
35 mm dishes were transiently transfected with 0.5 ug of the B-arrestin—
GFP and 2.5 ug of the hOR2AG1-RLuc fusion construct or the
hOR2AG1-RLuc plasmid alone using ExGen500 transfection reagent
(Fermentas, Hanover, MD). At 48 h after transfection ~60,000 cells per
well were distributed in a 96-well microplate (white Optiplate; Packard
BioScience) in the presence or absence of amylbutyrat. The biolumines-
cence resonance energy transfer (BRET) effect was measured using
DeepBlueC reagent (BioSignal Packard, Meriden, CT) according to the
instructions of the manufacturer.

Mice odorant exposure and tissue preparation. Fifteen-day-old mice
were held in standard cages at an animal facility at room temperature
(22°C). Each cage was housed in a customized hood designed to deliver
an isolated air stream, and the “exhaust” air was extracted to a fume
cupboard. The apparatus was designed to ensure that the vapor phase
concentration of the odorant remained consistent throughout the exper-
iment. All tubes were silicon coated to minimized odorant absorbance,
and the hood was constructed from Perspex glass. A complex mixture of
100 compounds (Henkel 100), including aromatic and short-chain ali-
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phatic hydrocarbons (Wetzel et al., 1999; Spehr et al., 2003), was applied
in a 1:10,000 dilution for the time periods indicated in the figure legend.

Mice were killed after the time of odorant exposure indicated in each
particular experiment, and snouts were fixed in 3% paraformaldehyde in
Ringer’s solution containing 10 mM glucose. Fixed tissue was cryopro-
tected in 30% sucrose in Ringer’s solution before embedding and freez-
ing in Tissue-Tek OCT (Leica, Nussloch, Germany). Immunostaining
was done on 10 wm coronal cryosections on Superfrost slides (Menzel
Glidser). All fluorescence images were obtained with a confocal micro-
scope (LSM510 Meta; Zeiss) using a 40X, 1.4 numerical aperture objec-
tive (pinhole set to one Airey unit); fluorescence intensities were quan-
tified using the LSM510 software.

Electro-olfactogram recordings. 12 mice were pre-treated with the Hen-
kel 100 mixture in a 1:10,000 dilution for 2 h, 11 mice did not receive any
treatment (control group). After treatment mice were killed by decapi-
tation, the septal bone with the intact olfactory epithelium was dissected
from the head and used intact for electro-olfactogram (EOG) recordings
as described previously (Spehr et al., 2002). Briefly, the septal bone and its
associated epithelium was placed in a recording chamber continually
perfused with oxygenated Ringer’s buffer. Field potentials were recorded
using glass pipettes (tips filled with extracellular solution in 1% agar),
which were placed on the air face of the epithelium. Electrophysiological
signals were transduced by a unipolar silver/silver chloride (Ag/AgCl)
electrode “housed” in the glass pipette; the direct current output was
differentially amplified (P18C; Grass Instruments, Quincy, MA) and ref-
erenced to an identical electrode (Ag/AgCl) grounding the bath. Increas-
ing concentrations of Henkel 100 mixture were applied in the vapor
phase for 2 s, with 1 min interval. The odorant was injected into a con-
stant stream of humidified air that continuously superfused the epithe-
lium. Signals were recorded on a chart recorder, and the peak amplitudes
were measured manually.

Endocytosis of horseradish peroxidase. Mice were killed, and olfactory
epithelium was dissected from the septal bone as described previously
(Spehr at al., 2002) and incubated in Ringer’s solution containing 0.25
mg/ml horseradish peroxidase (HRP) for indicated periods of time at
room temperature. An odorant mixture (Henkel 100) was added at
1:10,000 dilution. After that, the epithelium was placed on ice, washed
three times with PBS, placed in PBS containing 0.5% Triton X-100, and
homogenized with the tight-fitting pestle. Lysates were cleared by cen-
trifugation at 10,000 X g for 10 min at 4°C, and equal aliquots were
removed for peroxidase assay. 2,2'-Azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid (ABTS) (Sigma) was used as a chromogen peroxidase sub-
strate for the detection of HRP activity; the ABTS solution was prepared
according to the instructions of the manufacturer. The green color of the
substrate was determined by measuring absorption at 405 nm with a
spectrophotometer (Helios Gamma; Thermo Electron Corporation,
Waltham, MA). Negative controls were performed with lysis buffer in-
cluding ABTS and subtracted from each value. The HRP activity was
normalized to the total protein determined using a colorimetric assay
(Bio-Rad, Hercules, CA).

Ca®™" imaging on single mouse ORNs. Ca**-imaging recordings from
acutely dissociated ORNs was performed as described previously (Spehr
et al., 2002). Briefly, mice were killed, and the sensory epithelium was
carefully dissected from both the septal bone and endoturbinates and
placed for 10 min in papain (Sigma) solution of low divalent cation
concentration (in mm: 140 NaCl, 5 KCl, 0.5 CaCl,, 5 EGTA, 10 HEPES,
and 10 glucose). Next, the tissue was transferred to Ringer’s solution
containing an AM ester derivative of the Ca**-sensitive reporter dye
fura-2. Tissue pieces were gently triturated with a fire-polished Pasteur
pipette. The solution was then filtered using a 70 wm nylon cell strainer
(Becton Dickinson, Mountain View, CA), and dissociated cells were col-
lected in coated glass-bottom dishes (World Precision Instruments, Sara-
sota, FL) and allowed to settle and attach. After a loading period of 30
min, the fura-2 AM solution was carefully replaced with the nonsupple-
mented Ringer’s solution. The dish was transferred to the stage of an
inverted microscope equipped for ratiometric live-cell imaging (model
IX71; Olympus Optical, Tokyo, Japan) and viewed at 63X magnification
using an oil-immersion objective. ORNs were identified based on their
characteristic morphology (elliptical soma, apical dendrite, and knob)
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Figure 1.  OR2AGT undergoes endocytosis during stimulation. 4, Confocal microscopy of
cells transfected with OR2AG1-GFP before (0) and after (30 min) amylbutyrat treatment.
OR2AG1—GFP is redistributed from the cell membrane to intracellular vesicles during stimula-
tion. B, Quantification of the OR2AGT—GFP fluorescence intensity in the membrane relative to
the intensity in the cytosol, measured in single confocal sections before (contr) and after the
amylbutyrat (amyl) application. The averages of at least 15 cells demonstrate a ~4.5 fold
decrease in membrane GFP fluorescence intensity after stimulation. €, Confocal microscopy of
HEK293 cells expressing OR2AG1-GFP before (0) and after (1 h) amylbutyrat stimulation.
OR2AG1—-GFP-containing vesicles (green) show substantial colocalization with transferrin (red,
top). After 1 h of amylbutyrat stimulation (yellow, top), only marginal colocalization was ob-
served with the lysosomal protease cathepsin D (red, bottom).

and illuminated sequentially at 340 and 380 nm (10 ms each, 1000 ms
cycle time). The average pixel intensity within the ORN dendritic knobs
(user-selected regions of interest) was digitized and stored on a personal
computer. The Ca?*-dependent fluorescence signal at 510 nm was ex-
pressed as the Fs,(/F;4, ratio. Odorant mixtures (Henkel 50, individual
odorants at 10 um) were applied for 5 s at various intervals using a
custom-made pressure-driven multibarrel perfusion system that allows
for instantaneous solution change. To study a potential role of receptor
internalization in olfactory adaptation, ORNs were exposed for 5 min to
dynamin inhibitory peptide (50 um).

Results

Activated ORs are internalized and accumulate in

recycling endosomes

Acute stimulation of neurons with ligands for GPCRs induces
endocytosis of the receptor protein, which occurs mainly through
the formation of clathrin-coated pits. To investigate whether ORs
also undergo regulated internalization from the cell surface, traf-
ficking of recombinant OR2AG1-GFP fusion protein was ana-
lyzed in heterologous cells by confocal microscopy. Treatment
with its cognate ligand amylbutyrat (Neuhaus et al., 2006) re-
sulted in redistribution of OR2AG1-GFP from the plasma mem-
brane to intracellular vesicles (Fig. 1 A, B). To further characterize
the fate of the internalized OR, localization of OR2AG1 was com-
pared with that of the Tfn receptor, a membrane protein with a
well described endocytic trafficking route. Cells expressing
OR2AG1-GFP were incubated with amylbutyrat in the presence
of fluorescently labeled Tfn (Fig. 1C). In the absence of a ligand,
the receptor predominantly resided at the cell surface, whereas
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Figure2.  Endocytosis of OR2AG1 is mediated by a clathrin-dependent mechanism. A, Rep-

resentative ratiofluorometric recordings of the individual cells. The cytosolic Ca®" level of
fura-2-loaded cellsis depicted as fluorescence ratio (F;4/F54,) and viewed as a function of time.
Cells were preincubated with inhibitors of the clathrin pathway [phenylarsine oxide (+PAQ),
concanavalinA (+conA), and dynamin inhibitory peptide (+DIP)] or the caveolae pathway
[filipin 11l (+filipin 1ll) and 3-cyclodextrin (+cycloD)] as described in Materials and Methods.
B, Preincubation of the cells with clathrin inhibitors resulted in significantly prolonged re-
sponses compared with the control, although response amplitude was only slightly increased.
The duration of the Ca>* response was measured from the onset of the stimulus to the decrease
to the basal level. Results are the mean from at least 10 cells. Error bars represent SEM; **p <
0.01. Amylbutyrat (100 M) was applied for 5 s in each case.

after prolonged ligand exposure (1 h), the majority of OR was
present in intracellular, transferrin-positive vesicles. We ob-
served only marginal colocalization between the internalized OR
and the lysosomal protease cathepsin D (Fig. 1 D), demonstrating
that at least after 1 h of agonist stimulation the receptor is not
targeted for lysosomal degradation. Together, recombinant ORs
accumulate in an endocytic recycling compartment after
stimulation.

Endocytosis of OR occurs via a clathrin-mediated mechanism
Atleast two distinct pathways of GPCR internalization have been
described, clathrin-coated pits and caveolae. Because of the fact
thatactivation of transiently expressed ORs in HEK293 cells leads
to an IP;-mediated increase in the cytosolic Ca>* concentration,
ratiofluorometric imaging techniques can be used to detect OR
activation (Wetzel etal., 1999; Spehr et al., 2003). We asked which
endocytosis mechanism is used by ORs and performed Ca**-
imaging experiments in OR2AG1-expressing HEK293 cells after
selective inhibition of different endocytic pathways (Fig. 2A). In
untreated (control) cells, responses to short amylbutyrat pulses
decreased within 20-30 s. Pretreatment with both filipin (+fili-
pinlII), a sterol binding agent inhibiting the caveolae pathway,
and B-methylcyclodextrin (+cycloD), which causes the disrup-
tion of caveolae by cholesterol depletion, did not affect response
duration or amplitude (Fig. 2A). In marked contrast, preincuba-
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tion with described inhibitors of clathrin-mediated endocytosis,
such as phenylarsine oxide (+PAO) and concanavalinA
(+conA), evoked significantly prolonged responses (Fig. 2A, B).
After recruitment of clathrin to forming pits at the plasma mem-
brane, detachment of these pits from the membrane is induced by
the GTPase dynamin. Using a cell-permeable peptide that func-
tions as an inhibitor of the GTPase dynamin by competitively
blocking the binding of dynamin to amphiphysin also resulted in
significantly prolonged responses compared with control cells
(Fig. 2 A, B). Together, these findings indicate that OR activation
directs the receptor to internalize via a clathrin-dependent
mechanism.

Activation of ORs induces 3-arrestin2—GFP redistribution
into endosomes

Because targeting of GPCRs to clathrin-coated pits via
B-arrestin2 is well established, we investigated the role of
B-arrestin2 in OR signaling. We first examined a potential inter-
action of ORs and B-arrestin2 in a heterologous cell system. We
visualized redistribution of GFP-tagged B-arrestin2 in response
to OR activation. In the absence of agonist, 3-arrestin2—GFP was
diffusely localized throughout the cytoplasm (Fig. 3A). In re-
sponse to OR2AG1 activation by amylbutyrat (500 um), B-arres-
tin2—GFP was redistributed over time into intracellular vesicular
structures (Fig. 3A). The same phenomenon also occurred with
other recombinant ORs tested (data not shown). Translocation
of B-arrestin2—GFP was specifically dependent on OR2AGI acti-
vation, because it occurred after neither application of odorants
that do not activate this OR2AG1 (data not shown) nor amylbu-
tyrat application to untransfected HEK293 cells (data not
shown).

ORs form high-affinity complexes with -arrestin2

To show the direct interaction of OR with B-arrestin2, we used a
BRET assay, which has been successfully used to measure the
GPCR/B-arrestin2 interaction in living cells (Heding, 2004).
BRET is a noninvasive, sensitive technique involving the
proximity-dependent transfer of energy from RLuc, which re-
leases energy during oxidization of the substrate coelenterazine,
to an energy acceptor (GFP), resulting in the emission of light.
BRET involves the use of fusion proteins; in our case, the OR is
fused to RLuc and GFP is fused to B-arrestin2. In control cells
expressing OR2AG1--RLuc fusion protein alone, the BRET signal
did not significantly change during amylbutyrat application (Fig.
3B). In contrast, in cells coexpressing OR2AG1-RLuc and B-ar-
restin2—GFP fusion proteins, the BRET signal increased in a time-
dependent manner during addition of the agonist (Fig. 3B,C),
providing a clear indication that B-arrestin2 binds to the acti-
vated receptor. The BRET assay can therefore be a useful tool to
monitor agonist-promoted interactions occurring during OR ac-
tivation. The stability of the interaction between B-arrestin2 and
ORs over time together with the fact that -arrestin2 accumulates
in endocytic vesicles after receptor activation suggests that ORs
belong to class B GPCRs.

Phosphorylation of the third intracellular loop is required for
OR desensitization

To directly assess whether agonist-mediated receptor phosphor-
ylation is essential for arrestin binding and desensitization (Gai-
netdinov et al., 2004), we next aimed to identify phosphorylation
sites important for B-arrestin2 binding and OR desensitization.
We created constructs in which potential phosphorylation sites
within the C terminus and the third intracellular loop of
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Figure 3.  B-arrestin2 interacts with olfactory receptors during ligand binding. A, Confocal
microscopy of HEK293 cells cotransfected with OR2AG1 and B-arrestin2—GFP. Amylbutyrat
treatment (30 min) causes translocation of 3-arrestin2 into intracellular vesicular structures. B,
Cells were cotransfected with 3-arrestin—GFP and OR2AG1-RLuc fusion constructs, and the
BRET ratio was measured at different time points of amylbutyrat stimulation 48 h after trans-
fection. The BRET signal increased in a time-dependent manner during addition of the agonist.
Data are the mean from five independent experiments. C, Cells were cotransfected with 3-ar-
restin—GFP and OR2AGT—RLuc fusion constructs or with OR2AG1—RLuc alone. The BRET ratio
was determined 48 h after transfection on amylbutyrat-stimulated (white bars) and nonstimu-
lated (black bars) cells. No significant change of the BRET ratio during addition of amylbutyrat is
observed in cells expressing OR2AG1-RLuc alone. In contrast, addition of the agonist to cells
expressing the OR2AG1-RLuc fusion construct together with B-arrestin—GFP leads to an in-
crease of the BRET signal. Error bars represent SEM.

OR2AG]1 were mutated (Fig. 4A). Intracellular loop 3 mutants
failed to induce B-arrestin2—GFP translocation to endosomes in
response to ligand stimulation. In contrast, C-terminus mutants
showed normal B-arrestin2—GFP translocation (Fig. 4 B).

The heterologous expressed recombinant OR in HEK293 cells
activates an endogenous G-protein, which triggers a phospha-
tidylinositol-mediated rise in intracellular Ca". To visualize this
rise in the Ca®" concentration, Ca*"-imaging experiments were
performed. Activation of the C-terminus phosphorylation mu-
tant (C-terminus phospho-mutant) was indistinguishable from
that of the wild-type receptor (Fig. 4C). In contrast, prolonged

Mashukova et al. @ 3-Arrestin2 Interaction with Odorant Receptors

(224T-A, 240T-A, 230S-A, 242S-A, 243S-A)
C-terminus:

RNKEVMRALRRVLGKYMLPAH%I\L

(314S-A, 315T-A)

IC3: LLTVLHMPSNEGRKKALVTC%%H

B 0 30 min

mylbutyrat

fMWH—BQ, 500nM

loop 3 phospho-mutant

C-terminus phospho-mutant

Cc

A1)

loop 3 phospho-mutant

f340/f380
0.3

30s

- - C-terminus phospho-mutant

Lwcontrol

Figure 4.  Agonist promoted OR phosphorylation is essential for OR desensitization and
[-arrestin2 binding. A, Site-directed mutagenesis experiments were performed to delete the
potential phosphorylation sites of 0R2AG1; the scheme shows mutated phosphorylation sites
within the third intracellular loop (positions 224T-A, 240T-A, 2305-A, 2425-A, and 2435-A) and
the C terminus (positions 314S-A and 315T-A). B, OR2AG1 with mutated intracellular loop 3
failed to induce B-arrestin2—GFP translocation, whereas OR2AG1 with mutated C terminus
shows wild-type-like 3-arrestin2—GFP translocation into endosomes in response to amylbu-
tyrat stimulation. €, Ca™ responses elicited by the activation of the C-terminus phosphoryla-
tion mutant (C terminus phospho-mutant) in HEK293 cells were undistinguishable from the
control. In contrast, a strong delay in desensitization was found for the third loop phosphoryla-
tion mutant (loop 3 phospho-mutant). OR2AG1 desensitization is promoted by PKA phosphor-
ylation, as reflected by a strong delay in desensitization in the presence of the PKA inhibitor
H-89 (500 nm). These delays in desensitization were observed in at east 10 independent exper-
iments. Amylbutyrat (100 tum) was applied for 5 s in each case.

Ca** signals were observed for the third loop phosphorylation
mutant (loop 3 phospho-mutant), indicating that phosphoryla-
tion of residues T224, S230, T240, S242, and S243 within the third
intracellular loop is important for OR desensitization. The ob-
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Figure5. B-Arrestin2isredistributed in ORNs during odorant treatment. A—C, 3-Arrestin2 redistribution in mouse ORNSs after
odorant exposure. Fifteen-day-old OMP—GFP mice were exposed or not (control) to a complex odorant mixture of 100 compounds
(Henkel 100) for 15 min. Cryosections through the mouse olfactory epithelium were probed with antibodies against B-arrestin2.
A, In untreated mice (control), B-arrestin2 was homogeneously distributed throughout the cytoplasm of all cells in the olfactory
epithelium, including ORNs (yellow on the overlay). B, Fifteen minutes of exposure to the Henkel 100 mixture (diluted 1:10,000)
caused translocation of [3-arrestin2 to the dendritic knobs of ORNs as indicated by arrows. C, Treatment of mice with higher
concentration of Henkel 100 mixture (1:1000) resulted in increased number of ORNs with B-arrestin2 accumulation in the
dendritic knob. D, E, Quantification of the observed effects; three mice from the control and three mice from the exposed group
were investigated (4 slices with complete olfactory epithelium per mouse). D, The number of neurons showing strong anti-3-
arrestin reactivity in the dendritic knob was counted over a 500 m segment of a 10-Lm-thick cryosection from the olfactory
epithelium. Error bars represent SEM. E, Quantification of the anti-3-arrestin2 fluorescence intensity in the dendritic knobs of
ORNSs relative to the fluorescence intensity from OMP—GFP. The comparison of the fluorescence intensities in the dendritic knobs
from the ORNs from the control group and the intensities from the group exposed to the lower Henkel 100 concentration
demonstrates an approximate sixfold increase. At least 70 neurons from each group were investigated. Error bars represent SD;
**p < 0.01. F, Higher-magnification pictures show a redistribution of 3-arrestin2 to vesicular structures in the cell bodies (OSN"s
bodies) and in the axons (OSN”s axons) of ORNs after 2 h odorant treatment. G, After 2 h of odorant treatment (Henkel 100 mixture,
2 h Henkel), B-arrestin2 showed vesicular-like staining in the ORNs as indicated by arrows. Scale bars, 10 em.

2hours H 10-4

served delay in the decay of the Ca*™ signal is somewhat similar
to the prolonged signal caused by the PKA inhibitor H-89 (Fig.
4C). The fact that the Ca** signal does not increase continuously,
although the receptor cannot be inactivated, can be explained by
the activation of calcium pumps in the plasma membrane (Ca**-
ATPase and Na*/Ca*" exchangers) and in the endoplasmic re-
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ticulum (sarcoendoplasmic reticulum
Ca?"-ATPases) that act to reestablish low
resting Ca>" concentrations.

OR induced B-arrestin2 redistribution
in vivo

Having established that B-arrestin2 inter-
acts with ORs in a heterologous expression
system, we traced B-arrestin2 redistribu-
tion during OR activation in vivo. We took
advantage of the olfactory marker protein
(OMP)-GFP transgenic mouse line,
which expresses GFP in all mature ORNs
(Potter et al., 2001), thus allowing the vi-
sualization of neurons in olfactory epithe-
lium without applying additional immu-
nohistochemical staining. Two groups of
mice (postnatal day 15) were exposed to a
complex odorant mixture (Henkel 100)
for either 15 min or 2 h.

In untreated mice (control), B-arrestin2
was homogeneously distributed through-
out the cytoplasm of ORNs (Fig. 5A).
Short time exposure (15 min) to the odor-
ant mixture (each odorant ~10° M)
caused translocation of B-arrestin2 to
ORN dendritic knobs (Fig. 5B, arrows) in
which, along with olfactory cilia, the initial
events of olfactory signal transduction are
known to occur (Menini et al., 2004). Ar-
restin accumulation in the knobs occurred
in 5-10% of the ORNs, similar to the frac-
tion of dissociated ORNs responding to
the odorant mixture with a Ca®" response
(Spehr et al., 2002). A 10-fold increase in
individual odorant concentration (each
odorant ~10 "> M) increased the number
of knobs with strong B-arrestin2 staining
(Fig. 5C). After 2 h of odorant treatment,
B-arrestin2 was no longer detected in the
dendritic knobs but instead showed a
vesicular-like staining in the cytoplasm
(Fig. 5G, arrows). B-arrestin2-containing
vesicles were also present in the ORN ax-
ons (higher magnification in Fig. 5F).
Quantifying the number of B-arrestin-
labeled knobs before and after odor-
ant treatment (15 min), we found a
concentration-dependent  increase  in
B-arrestin2 recruitment after odorant expo-
sure (Fig. 5D). Moreover, we quantified the
increase in arrestin immunoreactivity in the
knobs relative to the OMP signal, which re-
mained unchanged throughout the experi-
ment, and found an approximately fourfold
increase in the B-arrestin2 staining intensity
(Fig. 5E).

B-Arrestin2 recruitment to the knobs is accompanied by

PKA phosphorylation

Multiple studies on GPCRs have shown that agonist-mediated
receptor phosphorylation is essential for arrestin binding and
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receptor desensitization (Gainetdinov et
al., 2004). Treatment of ORNs for 15 min
with the odorant mixture treatment re-
sulted in labeling of dendritic knobs with
antibodies detecting PKA phosphorylated
substrates (Fig. 6A). Without odorant ap-
plication, such immunoreactivity could
not be detected (Fig. 6C). Antibody label-
ing was specifically found in those knobs
that also showed accumulation of
B-arrestin2 (Fig. 6A,B). Approximately
70% of the knobs that showed staining of
the PKA phosphorylated substrates also
showed accumulation of B-arrestin2, and
nearly all knobs in which B-arrestin2 accu-
mulated contained PKA phosphorylated
substrates. Moreover, pretreatment of the
olfactory epithelium with the PKA inhibi-
tor H-89 resulted in a reduced number of
B-arrestin2-positive dendritic knobs (Fig.
6D). These results indicate that OR phos-
phorylation is required for stimulus-
induced recruitment of B-arrestin2 to the
dendritic knob.

Clathrin-dependent endocytosis is
involved in desensitization of the
odorant response

It is well known that ORNs adapt to pro-
longed and/or repeated odorant exposure
(Zufall and Leinders-Zufall, 2000). Ac-
cordingly, mice that have been exposed to
Henkel 100 for 2 h, a time when vesicular-
like B-arrestin2 staining in the cytoplasm
is observed, showed significantly reduced
odorant responses in EOG recordings (Fig.
7A). To test whether odorant-stimulated
endocytosis takes place in ORNs, we incu-
bated olfactory epithelia with a fluid phase
marker (HRP). After stimulation, the
amount of internalized HRP was detected
using ABTS as an HRP substrate (Fig. 7B).
Odorant  application increased the
amount of fluid that is taken up by the
cells, indicating that endocytosis can be
stimulated by OR activation.

To investigate whether ORN desensiti-
zation is affected by clathrin-dependent
internalization events, we performed
Ca’* imaging in freshly dissociated neu-
rons and used the dynamin inhibitory
peptide to selectively block the clathrin-
mediated endocytosis. ORNs were identi-
fied by their characteristic morphology,
and Ca”" responses were measured selec-
tively in individual dendritic knobs (Fig.
7D). In all ORNS tested, repeated odorant
application (Henkel 50; 5 s pulses) evoked
decreasing Ca>" signals, whereas extended
interstimulus intervals (~2 min) restored
the Ca*" signal to the original level (Fig.
7C). Preincubation with the inhibitor di-
minished the decrease of the signal during
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Figure6. PKAisinvolvedin B-arrestin2 accumulation in the dendritic knobs. 4, Fifteen-day-old OMP—GFP mice were exposed
toa complex odorant mixture of 100 compounds (Henkel 100) for 15 min, and cryosections through the olfactory epithelium were
costained with antibodies against 3-arrestin2 (blue) and antibodies that detect PKA phosphorylated proteins, motif RRXS*/T*
(red). Strong anti-PKA phosphosubstrate immunoreactivity was observed in the cytoplasm and dendritic knobs of ORNSs after
odorant treatment (top left). In addition, ~70% of the PKA phosphosubstrate-positive knobs also show strong anti- 3-arrestin2
immunoreactivity (indicated by arrows on the overlay). B, Higher-magnification pictures show colocalization of PKA phosphory-
lated proteins (RRXS*/T*) and B-arrestin2 in the dendriticknobs of ORNs after 15 min of Henkel 100 treatment. Scale bars, 10 m.
C, Without odorant application, 3-arrestin2 accumulation in the dendritic knobs and staining with the anti-PKA phosphosub-
strate was not observed. D, Pretreatment of olfactory epithelium with 10 wum of the PKA inhibitor H-89 decreases the number of
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Figure 7.  Endocytosis is important for adaptation of ORNs. 4, A 2 h pretreatment of mice with Henkel 100 mixture results in
significantly reduced amplitude of EOG responses. Twelve mice were pretreated with Henkel 100 mixture for 2 h, and 11 mice did
not receive any treatment (control group). The septal bone with the intact olfactory epithelium was dissected from the head and
used intact for EOG recording as described in Materials and Methods. Increasing concentrations of Henkel 100 mixture were
applied in the vapor phase for 2 s, with 1 min interval. Bars are the mean amplitude of the EOG responses from the control group
(shown in white) and Henkel 100 pretreated mice (shown in black). Factorial ANOVA was performed. Error bars represent SEM;
*p < 0.001. B, Treatment of mouse olfactory epithelium with Henkel 100 mixture enhances uptake of fluid phase marker HRP.
Olfactory epithelium was dissected from the septal bone and incubated in solution containing 0.25 mg/ml HRP in Ringer’s solution
(control; squares) or in Ringer’s solution containing Henkel 100 mixture at 1:10,000 dilution (circles) for indicated periods of time
at room temperature. After the incubation, the olfactory epithelium was washed and lysed, and HRP activity was determined as
described in Material and Methods. Each point is the mean from three independent experiments. Error bars represent SEM. C, D,
Inhibition of clathrin-mediated endocytic pathway affects sensory adaptation in ORNs. C, A representative ratiofluorometric
recording of the cytosolic Ca™ level (fluorescence ratio, F;yq/Fsg,, viewed as a function of time) shows the effect of dynamin
inhibitory peptide (5 min incubation; DIP), resulting in a significant loss of adaptation. Arrows indicate repeated stimulation with
a complex odorant mixture (Henkel 50 B, 5 s each) at changing intervals. D, Fluorescence image of an acutely dissociated ORN
loaded with the ratiometric Ca™ dye fura-2. Neurons are easily identified based on their characteristic morphology. Changes in
(a®" concentration were measured in the dendritic knob region (depicted by the circle). E, Quantification of the observed effects.
Bars represent the average residual response normalized to an initial odorant application as a function of the prestimulation
interval. Overall, 17 individual ORNs were included in the analysis. Under control conditions, all of these neurons responded with
decreasing signal amplitudes to repeated stimulation. At interstimulus intervals, =40 s residual response amplitudes were
57.65 = 2.14% (control; n = 10) and 78.48 = 8.85% (treatment; n = 6), whereas at intervals, =60 s residual amplitudes were
81.77 = 4.63% (control;n = 5) and 104.13 == 5.51% (treatment; n = 5). Response amplitudes before and after pharmacological
treatment were statistically analyzed using a homoscedastic Student’s ¢ test. Error bars represent SEM; * p << 0.1; **p << 0.01.

<«

[B-arrestin2-positive dendritic knobs after 15 min of Henkel 100 mixture treatment. Septal bone with the intact olfactory epithe-
lium was dissected from the head and preincubated for 15 min in the large volume of Ringer’s solution (control, 15 min H) or in
Ringer’s solution containing 10 wum of the PKA inhibitor H-89 (10 wum). After that, the olfactory epithelium was placed in 1:10,000
diluted Henkel 100 mixture (15 min H; H-89, 10 wum) or in Ringer's solution (control) for 15 min and fixed. Cryosections from olfactory
epithelium were stained with anti-3-arrestin2 antibodies. The number of neurons showing strong anti-3-arrestin2 reactivity in the
dendritic knob was counted per 500 um of olfactory epithelium surface. Error bars represent SEM. Scale bars, 10 um.
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repeated application of the odorant (Fig.
7C). When residual responses were nor-
malized to the corresponding initial signal
and plotted as a function of the interstimu-
lus interval (Fig. 7E), we find a signifi-
cantly smaller decrease of the response af-
ter pharmacological inhibition of clathrin-
mediated endocytosis. These results
suggest a physiological role of clathrin-
dependent OR internalization plays in
ORN sensory adaptation.

Discussion
ORs are expressed in the ciliary and den-
dritic compartments of ORNSs, which have
the ability to adapt to odorant stimuli in a
very short time, but also can optimize their
sensitivity to frequently encountered
odorants. Whether and how receptor de-
sensitization processes contribute to this
cellular habituation is still unclear, partly
because of a lack of knowledge about re-
ceptor endocytosis and the fate of the acti-
vated OR. In the present study, we tried to
understand the basic principles of OR traf-
ficking and desensitization in both a heter-
ologous expression system and individual
mouse ORNs and showed that ORs un-
dergo arrestin-mediated endocytosis via a
clathrin-dependent pathway.
Agonist-evoked pathways for removal
of GPCRs from the cell surface, receptor
endocytosis, resensitization, and degrada-
tion have successfully been revealed in
cells expressing recombinant GPCRs
(Seachrist and Ferguson, 2003; von Zas-
trow, 2003; Lefkowitz, 2004). Although re-
ceptor internalization is a common pro-
cess in GPCR signaling, the fate of the
receptor after agonist stimulation strongly
depends on the interaction with regulatory
proteins such as arrestins, which control
the rate and extent of agonist-elicited
turnover, as well as the fate (recycling/deg-
radation) after endocytosis. To better un-
derstand the principles of OR desensitiza-
tion and trafficking, initial experiments
were performed in a heterologous expres-
sion system. By measuring the transloca-
tion of GFP-tagged B-arrestin2 during re-
ceptor activation, we found that ORs
stably interact with B-arrestin2 and accu-
mulate in endocytic vesicles, implying that
ORs belong to class B of GPCRs. No differ-
ences were observed when the experi-
ments were performed in either HEK293
or Hana3A cells (Saito et al., 2004), indi-
cating that RTP1 (receptor transporting
protein 1) and REEPI (receptor expres-
sion enhancing protein 1), proteins in-
volved in translocation of ORs to the
plasma membrane, are not involved in re-
ceptor desensitization.
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Using a bioluminescence resonance energy transfer-based
B-arrestin2 recruitment assay, we also detected a sustained inter-
action of ORs with arrestin that steadily increased over time.
Activation of class A receptors normally results in a rapid increase
in agonist-promoted BRET, which peaks at ~5 min (vasopressin
receptor 1A) to ~10 min (f2-adrenergic receptor) and then
gradually declines (Hamdan et al., 2005). The sustained interac-
tion of ORs and B-arrestin may allow monitoring of OR/arrestin
complex formation in BRET assays and could thus be useful for
high-throughput ligand screening of at least some members of
this largest GPCR family. The nature of GPCR/arrestin interac-
tions also determines the receptor recycling rate, and stably asso-
ciated GPCRs appear to be less efficiently dephosphorylated and
more slowly recycled.

During activation, GPCRs become phosphorylated by both
second messenger-activated and GPCR kinases on serine and
threonine residues located in the third intracellular loop and/or
C-terminal tail of the receptors (Ferguson, 2001). A conserved
motif consisting of clustered serine and threonine residues in the
C-terminal tail of GPCRs was described to be responsible for the
agonist-dependent formation of high-affinity B-arrestin com-
plexes by binding of the phosphorylation recognition domain
(arrestin) to the GRK-phosphorylated C terminus (receptor)
(Gurevich and Benovic, 1997; Oakley et al., 2001). ORs lack a
phosphorylation cluster in C-terminal tail but contain a putative
phosphorylation cluster composed of a highly conserved triplet
serine/threonine motif in their third intracellular loop. We mu-
tated these potential phosphorylation sites (T224, S230, T240,
$242, and S243 in the case of OR2AG1) and could correlate their
phosphorylation with receptor desensitization. Because the mu-
tant receptor also fails to induce endosomal accumulation of
B-arrestin2—GFP, this defect in desensitization is likely caused by
impaired arrestin binding. In the present study, we moreover
found that PKA phosphorylation can promote OR desensitiza-
tion, as reflected by a strong delay in the receptor desensitization
in the presence of the PKA inhibitor H-89. Furthermore, treat-
ment of mice with a complex odorant mixture resulted in in-
creased PKA-mediated protein phosphorylation in ORN den-
dritic knobs, additional in vivo evidence of the role of PKA in
olfactory signal transduction. Clearly, an important goal for fu-
ture studies will be to further elucidate the mechanisms that con-
trol stable B-arrestin2/OR interaction as well as phosphorylation
and ubiquitination events in OR desensitization.

In general, GPCRs can internalize via two distinct machiner-
ies, clathrin-coated pits and caveolae. Our Ca*"-imaging results
provide a clear indication that ORs are internalized via clathrin
coated-pits both in the heterologous expression system and in
vivo in ORNSs. Both, B-arrestin2 (Menco, 2005) and ORs (Barnea
et al., 2004; Strotmann et al., 2004) are localized in the olfactory
cilia and dendritic knobs of ORNs. We found that B-arrestin2
seems to be involved in OR signaling in vivo, because it accumu-
lated into dendritic knobs of ORNs during treatment of mice
with a complex odorant mixture. In rod photoreceptors, arrestin
relocalization from the inner to the outer segment is believed to
play a role in light and dark adaptation, with phosphorylated
rhodopsin acting as a sink for passively diffusing arrestin mole-
cules (Arshavsky, 2003; Nair et al., 2005). In our experiments, we
do not see whether there is also redistribution of B-arrestin2 to
the “outer parts” of the ORNS, the cilia of the dendritic knob.
Redistribution of B-arrestin2 to the cilia could precede its
accumulation in the dendritic knob, depending on where cilia
or dendritic knob arrestin binds to the activated OR. Because
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coated vesicle-mediated transport of ORs to the base of the cilium
is likely compromised because of the limited space between ax-
onemal microtubules and the ciliary membrane, internalization
of the receptor—arrestin complex via clathrin-coated vesicles
could only occur in the dendritic knob, in which coated pits
invaginate and numerous endocytic vesicles exist (Bannister and
Dodson, 1992). Interestingly, although endocytosis has not been
described as a main pathway to shut off phototransduction in
photoreceptor outer segments, endocytic compartments and ac-
tivity have been described in the inner segments (Cotter, 1989),
and light induces internalization of rhodopsin and phosphory-
lated arrestin into rod cells bodies (Reme et al., 1999; Chuang et
al.,, 2004).

Recent electrophysiological work has suggested that the ter-
mination of the activity of the receptor is simply caused by un-
binding of the odorant molecule (Bhandawat et al., 2005). Our
data now suggest that, at least during prolonged and/or intense
stimulation of ORs, desensitization involves phosphorylation
and recruitment of arrestins. Prolonged exposure of mice to an
odorant mixture resulted in reduced EOG amplitudes. Because
the residual responses observed in field potential recordings re-
sult from integrated effects of various adaptation mechanisms on
all levels of olfactory signal transduction, they cannot be ex-
plained solely by receptor endocytosis, and the extent of the con-
tribution of receptor internalization to the observed reduced
EOG responses remains unclear. Long odorant exposure likely
results in a lowered density of ORs at the membrane, resulting in
reduced signal strength but not necessarily in a complete surface
removal of all receptors. In addition, some odorants in the mix-
ture might activate ORs that are not internalized or are recycled
fast. Although we observed stable B-arrestin2 binding for differ-
ent ORs, we cannot rule out that some ORs show a different
behavior. Ca®"-imaging recordings of repetitive odorant re-
sponses in single ORNSs reveal a significant decrease in signal
adaptation when clathrin-dependent endocytosis is inhibited. As
derived from data quantification (Fig. 7E), this inhibitory effect,
however, does not abolish signal adaptation in ORNs but rather
adds another molecular mechanism to the complex biochemical
interplay that governs peripheral response adaptation in the ol-
factory system.

The fact that, after prolonged receptor stimulation, the major-
ity of the receptor protein colocalized with transferrin and only
marginally with a lysosomal marker indicates that recombinant
ORs mimic to some extent the trafficking route of typical class B
GPCRs, as for example V2 receptors, which accumulate in the
perinuclear recycling compartment (Innamorati et al., 2001). In-
terestingly, our finding that ORs are not targeted for degradation
even after relatively long odorant exposure implies that the inter-
nalized receptor could return to the cell surface and reengage in
signaling, likely via an indirect “long cycle” traversing the perinu-
clear recycling endosomes (Innamorati et al., 2001). After pro-
longed treatment of ORNs with odorants, B-arrestin2 accumu-
lated in intracellular vesicular structures, which may represent an
endocytic compartment. Considering the fact that recombinant
ORs stably interact with B-arrestin2 and accumulated in an en-
docytic compartment, one could speculate that the receptor
might also be present in these vesicular structures. The stability of
the GPCR/B-arrestin complex regulates the receptor resensitiza-
tion kinetics (Oakley et al., 1999; Pan et al., 2003) but is also
involved in the initiation and/or regulation of other signaling
pathways. B-Arrestin functions as a molecular scaffold that
recruits components of mitogen-activated protein kinase
(MAPK) cascade (Shenoy and Lefkowitz, 2005), and pro-
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longed association between receptor and (-arrestin ensures
the proper localization and/or duration of the MAPK re-
sponse. Phosphorylated MAPK accumulated in the cytosol of
ORNSs after prolonged agonist stimulation (data not shown),
which may be related to the presence of arrestin in the endo-
somal membranes.

This report may help to understand the role of OR trafficking
as a background for signaling events in the olfactory epithelium.
Insight into the molecular determinants underlying high-
affinity OR/B-arrestin2 interactions may help to fully under-
stand the mechanisms and consequences of OR activation in
ORNS. Finally, it seems that ORs have to be added to the long
list of GPCRs that internalize via clathrin-dependent pathway
using (B-arrestin2.
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