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Cellular/Molecular

Role of a Ubiquitously Expressed Receptor in the Vertebrate
Olfactory System

Shannon DeMaria, Allison P. Berke, Eric Van Name, Anisa Heravian, Todd Ferreira, and John Ngai
Department of Molecular and Cell Biology, Helen Wills Neuroscience Institute and QB3 Functional Genomics Laboratory, University of California, Berkeley,
California 94720

Odorant cues are recognized by receptors expressed on olfactory sensory neurons, the primary sensory neurons of the olfactory epithe-
lium. Odorant receptors typically obey the “one receptor, one neuron” rule, in which the receptive field of the olfactory neuron is
determined by the singular odorant receptor that it expresses. Odor-evoked receptor activity across the population of olfactory neurons
is then interpreted by the brain to identify the molecular nature of the odorant stimulus. In the present study, we characterized the
properties of a C family G-protein-coupled receptor that, unlike most other odorant receptors, is expressed in a large population of
microvillous sensory neurons in the zebrafish olfactory epithelium and the mouse vomeronasal organ. We found that this receptor,
OIfCcl in zebrafish and its murine ortholog Vmn2r1, is a calcium-dependent, low-sensitivity receptor specific for the hydrophobic amino
acidsisoleucine, leucine, and valine. Loss-of-function experiments in zebrafish embryos demonstrate that OlfCcl is required for olfactory
responses to a diverse mixture of polar, nonpolar, acidic, and basic amino acids. OlfCc1 was also found to promote localization of other
OIfC receptor family members to the plasma membrane in heterologous cells. Together, these results suggest that the broadly expressed
OIfCcl is required for amino acid detection by the olfactory system and suggest that it plays a role in the function and/or intracellular

trafficking of other olfactory and vomeronasal receptors with which it is coexpressed.

Introduction

The vertebrate olfactory system receives and processes sensory
information from myriad chemical cues through the activation of
receptors expressed on olfactory sensory neurons in the nose
(Mombaerts, 2004). A large multigene family of olfactory-
specific G-protein-coupled receptors (GPCRs) was initially iden-
tified in the rat (Buck and Axel, 1991) and belongs to what is now
referred to as the OR family of odorant receptors. ORs are ex-
pressed according to the “one receptor, one neuron” rule, in
which each olfactory sensory neuron expresses a single OR allele
that endows upon each cell its functional identity (Chess et al.,
1994; Serizawa et al., 2003; Lewcock and Reed, 2004; DeMaria
and Ngai, 2010). Members of the trace amine-associated receptor
family, which detect amine cues, are expressed in olfactory sen-
sory neurons distinct from cells expressing ORs (Liberles and
Buck, 2006). In the vomeronasal epithelium, sensory neurons
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express receptors from three unrelated GPCR families, the VIR,
V2R, and formyl peptide-like receptors (Mombaerts, 2004;
Liberles et al., 2009; Riviere et al., 2009).

The V2R vomeronasal receptors and the related OIfC recep-
tors in fish belong to the C family of GPCRs, whose members
contain a long N-terminal domain that forms the receptor’s or-
thosteric ligand binding site (Takahashi et al., 1993; Wellendorph
and Brauner-Osborne, 2009). Phylogenetic analysis reveals that
the vomeronasal/olfactory C family GPCRs, comprising 60—70
members in either fish or rodents, can be divided into distinct
subfamilies: the majority comprise one large group in a particular
species (Group I in zebrafish and Group IV/V or Family A/B in
mice), and a small subset of orthologous genes (7 genes in mice, 1
gene in zebrafish) comprise Group II (also referred to as Family C
in mice) (Grus et al., 2005; Yang et al., 2005; Alioto and Ngai,
2006; Silvotti et al., 2011). The Group II receptors are expressed
broadly in the sensory epithelia of rodents and fish, whereas
Group 1 or Group 4/5 subfamily members are expressed in a
punctate pattern characteristic of other odorant receptors, to-
gether with a common Group II receptor (Speca et al., 1999;
Martini et al., 2001; Alioto and Ngai, 2006; Silvotti et al., 2011).

The coexpression of Group II receptors with individual V2R/
OIfC receptors raises a number of interesting questions. For ex-
ample, what is the role of the ubiquitously expressed Group II
receptor? Does it play a role in the function or trafficking of
punctate V2R/OIfC receptors? Are Group II receptors directly
activated by chemosensory cues? We addressed these questions
by functionally characterizing Group II receptors. We found that
zebrafish OlfCcl and an orthologous mammalian receptor,
Vmn2rl, are calcium-dependent, low-sensitivity receptors acti-
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vated by isoleucine, leucine, and valine. Knockdown of OlIfCc1
expression in zebrafish further revealed that OlfCcl is required
for the detection of structurally diverse amino acids by the olfac-
tory system in vivo. Together with results showing that punctate
OIfC receptors require OlfCcl for cell surface expression in het-
erologous cells, these observations provide prima facie evidence
that Group II receptors form heteromeric complexes with other
V2R/OIfC receptors necessary for receptor function.

Materials and Methods

Zebrafish. Zebrafish were maintained at 28.5°C and bred naturally using
a timed light cycle. Fish of either sex were used for all studies. Wild-type
Tuebingen Longfin and AB* fish were obtained from the Zebrafish In-
ternational Resource Center. UAS-eGFP (Scott et al., 2007), UAS-
GCaMP1.6 (Del Bene et al., 2010), and HuC-Gal4 (Paquet et al., 2009)
transgenic lines were provided by the Baier laboratory (University of
California, San Francisco). The OMP-Gal4 transgenic line was generated
using a plasmid construct containing 1.4 kb olfactory marker protein
(OMP) 5' promoter sequence inserted upstream of Gal4 (Celik et al.,
2002; T. Ferreira and J. Ngai, unpublished observation); the TrpC2-Gal4
line contains a 4.5 kb transient receptor potential cation channel C2
(TrpC2) 5" promoter sequence inserted upstream of Gal4 (Sato et al.,
2005; V. Lakhina and J. Raper, unpublished observation). Embryos were
raised in E3 embryo media (150 mm NaCl, 4.5 mm KCI, 1 mm CaCl,). Fish
used in functional imaging experiments were raised in embryo media
containing 0.2 mm 1-phenyl 2-thiourea to prevent pigmentation.

Zebrafish immunohistochemistry and RNA in situ hybridization. The
following primary antibodies were used in this study: a-SV2 (1:20 dilu-
tion; Developmental Studies Hybridoma Bank, University of Iowa);
a-calretinin (1:500 dilution; Swant); a-GFP (1:200 dilution; Abcam);
a-acetylated tubulin (1:1000 dilution; Sigma); a-OlfCc1 (1:100; Duggan
etal.,, 2008). Complementary RNA probes for in situ hybridizations were
synthesized for OMP (gene ID 317636), TrpC2 (gene ID 562120), and for
receptors OlfCcl, OlfCul, and OIfCv1 (Alioto and Ngai, 2006), as de-
scribed previously (Alioto and Ngai, 2006; Duggan et al., 2008). Zebrafish
embryos (24 hpf to 7 dpf) were fixed in 4% paraformaldehyde in PBS or
2% trichloroacetic acid in PBS for SV2 immunohistochemistry. Immu-
nohistochemistry and RNA in situ hybridization were performed on ze-
brafish embryos or on frozen tissue sections of adult heads essentially as
described previously (Duggan et al., 2008). Quantitation of immunohis-
tochemical features in morphant and control embryos was performed
blind on coded images, which were later decoded for statistical analysis.
Images were analyzed in NIH Image].

DNA plasmids. Protein coding sequences were subcloned in a mam-
malian cell expression plasmid containing the human cytomegalovirus
immediate-early promoter/enhancer plus intron A sequence (CMVI vec-
tor) (Speca et al., 1999), as follows: OlfCc1 (Alioto and Ngai, 2006; gene
ID 566039); Vmn2r1 (gene ID 56544); OlfCul (Alioto and Ngai, 2006);
OIfCv1 (Alioto and Ngai, 2006); and amino acids 284—409 of human
B-arrestin2 (DN B-arrestin) (Orsini and Benovic, 1998). An N-terminal
CD8 signal sequence (NH,-MALPVTALLLPLALLLHAARP-COOH)
followed by the Flag- or HA-epitope sequence was also included in the
receptor expression constructs.

Cell culture and immunocytochemistry. Human embryonic kidney (HEK)
293 cells were maintained in DMEM (Invitrogen ) supplemented with 10%
FBS. For immunocytochemistry, cells in poly-p-lysine-coated 8-chamber
slides were transfected with plasmid DNA using the Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instructions. Cells
were fixed 2448 h after transfection in 4% PFA for 30 min at room tem-
perature and incubated with a rabbit anti-Flag antibody (Invitrogen; 1:1000
dilution) and/or a mouse anti-HA antibody (Sigma; 1;1000 dilution) at 4°C
for 1 hin the absence of detergent. Subsequently, cells were washed with PBS,
fixed with 4% PFA, and washed in 0.1 m Tris-HCI, pH 7.5, 0.15 M NaCl, 0.1%
Triton X-100. Slides were incubated with AlexaFluor 488- or AlexaFluor
568-conjugated secondary antibodies, washed, mounted in VectaShield
(Vector Laboratories), and imaged by confocal microscopy.

HEK cell calcium imaging. HEK293 cells were plated on 20-mm-
diameter poly-p-lysine-coated glass coverslips in 35 mm tissue culture
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dishes and transfected using the Lipofectamine reagent with 2 ug of
CMYV expression plasmid encoding Flag-tagged OlfCc1 or Vmn2r1 cod-
ing sequence. Cells were incubated for 24 h and then loaded with either 2
uM Fluo-4 or 5 um Fura-2 in calcium imaging buffer (CIB) (Caterina et
al., 1997) containing 1 mm CaCl,, and assayed for changes in intracellular
calcium, essentially as described previously (Luu et al., 2004). Calcium
responses were imaged on a Nikon inverted epifluorescence microscope
equipped with a CCD camera on continuous acquisition with alternating
340 nm/380 nm excitation/530 nm emission for Fura-2 and 488 nm
excitation/520 nm emission for Fluo-4 (Luu et al., 2004). Data were
acquired using Imaging Workbench version 6 (INDEC BioSystems),
which records total fluorescent response and baseline-subtracted fluo-
rescent response (DeltaF).

Responses of cells to pools of amino acids were obtained in CIB con-
taining 10 mm CaCl,, using Fura-2 as the calcium indicator. Amino acid
pools were composed of 100, 250, and 500 um concentrations of each
L-amino acid (Sigma) as follows: hydrophilic (asparagine, glutamate,
glutamine, histidine, lysine, arginine, aspartate); hydrophobic (valine,
leucine, isoleucine, methionine); polar (glycine, serine, threonine, ty-
rosine, cysteine); and nonpolar (alanine, tryptophan, proline, phenylal-
anine). Responses to individual r-amino acids were assayed by first
incubating Fluo-4-loaded cells in CIB containing 10 mwm CaCl, to estab-
lish a baseline for the cells in elevated calcium, and then introducing the
amino acid pools in CIB containing 10 mm CaCl,. All 20 naturally occur-
ring L-amino acids were tested individually in 10 mm calcium; isoleucine,
leucine, and valine were tested at additional concentrations of calcium
ranging from 1 to 20 mm. Responses to isoleucine and leucine in 10 mm
Ca** were also assayed in the presence of 100 nm La> ™" (prepared from a
stock solution of LaCls; Sigma) or 50 um 2-aminoethyl diphenylborinate
(2-APB) (Santa Cruz Biotechnology).

Data were background subtracted and processed to generate Delta F/F
values. These values were recorded and calculated for each individual cell,
represented as a single user-selected ROI during recording. DeltaF/F values
were averaged across cells within a single field of view per coverslip (which
constitutes a single experiment), and a response curve and EC, were calcu-
lated for each experiment; average EC;, values were calculated from multiple
experiments. GraphPad Prism version 5.0c (GraphPad Software) was used
to plot dose—response curves and perform statistical analyses.

Dose—response curves measuring increasing concentrations of cal-
cium were obtained using solutions containing 250 uM isoleucine in CIB
with variable concentrations of CaCl,. Cells were first stabilized in CIB
containing a given concentration of calcium and then switched into 250
M isoleucine in CIB with the same concentration of calcium,; this pro-
cedure was repeated for successively higher concentrations of CaCl,. For
calculating calcium dose—response curves, we scored the fraction of cells
within a population that responded to 250 uM in a given concentration of
CaCl,. Cells were determined to be “responsive” if they displayed a peak
DeltaF/F = 3X average baseline variation. Each population contained
15-25 cells, with the maximum response determined by the number of
cells exhibiting activity in the presence of 20 mm CaCl,.

Morpholino antisense oligonucleotide injections. A morpholino oligo-
nucleotide blocking the first splice junction of the OlfCc1 transcript and
a five base mismatch control oligonucleotide were obtained from Gene
Tools. The sequences of these morpholinos were as follows: OlfCcl per-
fect match (PM), ATATTTTATCATACCCCTGGCAATC; and OlfCcl
mismatch (MM), ATtTTaTATCTAgCCCTcGCAtTC.

Morpholinos were diluted to a final concentration of 2 ng/nlin 0.2 mm
KCl and 0.5 pl of Phenol Red and injected into the yolks of 1 or 2 cell
embryos as described previously (Duggan et al., 2008). The minimal
volume/concentration of morpholino required to achieve efficient
knockdown was 2.3 nl/embryo, as determined by immunohistochemis-
try using the OlfCcl antibody.

Zebrafish in vivo functional imaging. Four- to 7-d-old zebrafish ex-
pressing GCaMP1.6 in different neuronal populations were used for
functional imaging experiments. Embryos were briefly cooled, mounted
in 2% LMP agarose dissolved in Zebrafish Ringer’s solution (116 mm
NaCl, 2.9 mm KCl, 1.6 mm CaCl,, 5 mm HEPES, 11 mum glucose), and then
paralyzed by injection of 2.3 nl of 1 mg/ml a-bungarotoxin (Sigma) into
the spinal column at the base of the hindbrain. Paralyzed embryos were
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Localization of OIfCc1 to microvillous neuronsin the zebrafish olfactory epithelium. Double-label RNA in situ hybridizations were performed on tissue sections of adult zebrafish olfactory

epithelium (4-D). A, 0IfCc1 (magenta) is expressed in a population of cells distinct from the ciliated olfactory neurons, which are labeled by OMP (green). B, OIfCcT (magenta) colocalizes with cells
expressing Trp(2 (green), a marker of microvillous olfactory neurons. €, Punctate receptor 0IfCu1 (green) is coexpressed with 0IfCc1 (magenta). D, Similarly, punctate receptor OIfCv1 (green) is
coexpressed with OIfCcT (magenta). €, D, Arrows and insets indicate cells coexpressing punctate receptor with OIfCc1. E, Tissue section of adult olfactory epithelium stained with an antibody to OIfCc1
(green); nonsensory epithelium is identified by acetylated tubulin (magenta). Inset, Higher-magnification view of tissue stained with OIfCc1 antibody (apical surface is toward the top). F, Projected
confocal stack of a 3-d-old zebrafish embryo labeled with OIfCc1 (green) and calretinin (magenta), demonstrating expression of OIfCc1 in embryonic microvillous olfactory sensory neurons. O,

Olfactory epithelium; OB, olfactory bulb. Scale bars: A—E, 100 m; C~E insets, F, 50 pm.

remounted in a custom imaging chamber designed to allow laminar flow
of solutions over the nares and head. An 8 channel pneumatically con-
trolled perfusion system (AutoMate Scientific) was used to switch be-
tween a constant 2 ml/min flow of control Ringer’s solution and Ringer’s
solution containing various odorants. Amino acids, amines, and bile
acids were obtained from Sigma. The following odorant mixtures were
used: food extract, prepared as described previously (Li et al., 2005);
L-amino acid pool: glutamate, alanine, valine, phenylalanine, isoleucine,
lysine, arginine, tryptophan, and methionine (100 um each); bile acid
pool: taurochenodeoxycholic acid, glycocholic acid, taurocholic acid,
and taurodeoxycholic acid (10 um each); amine pool: cyclohexamine,
phenylethylamine, trimethylamine, N-methylpiperidine, tyramine, and
octopamine (5 uM each).

Images were acquired at 4 Hz on a Zeiss Live 5 line scanning confocal
microscope using a 60 X water-immersion objective. For each trial, odor-
ant was applied for 4 s, 30 s after image acquisition was triggered; image
acquisition continued for another 40 s after switching the flow back to
control Ringer’s solution. Two minutes of washout and recovery was
allowed between each odor application and interval that we determined
empirically to allow complete recovery from desensitization. At the be-
ginning of each acquisition period, the focus was manually adjusted to a
reference plane to ensure the same features were in the field of view for
each trial. Each fish was imaged at multiple planes through the olfactory
epithelium or olfactory bulb. For some experiments, the vital membrane
dye BODIPY (Invitrogen) was used as a back label to provide better
identification of glomerular position.

Data from individual trials (acquired using Zeiss LSM 510 software)
were imported as .Ism files into National Institutes of Health Image]
running the MacBiophotonics plug-in collection. Each image series was
processed with the Image Stabilizer plug-in for Image] (Li, 2008) using
translation settings to minimize any potential artifacts resulting from
lateral X-Y shifts. For the generation of DeltaF/F,, values for a particular
ROI, F, was calculated as the numerical average of the first 6 frames in
each series and subsequent frames were normalized against this value.
Five consecutive frames spanning the maximal response in the resultant
DeltaF/F, image series were combined to generate heat maps. Respond-
ing microvillous sensory neurons in the TrpC2-Gal4;UAS-GCaMP line

were quantified by counting the number of cells showing an increase in
fluorescence compared with the total number of GCaMP-labeled cells in
the 10 s after odorant application. For quantitation of the percentage area
of the bulb responding, an average threshold mask was applied to the
activity map to clearly mark nonresponding areas, and the area of re-
sponding regions was calculated from ROIs drawn around unmasked
regions. A smooth RBG spectrum look-up table was applied to the activ-
ity map for data visualization. In most cases, the false color map was set to
50% transparency and superimposed over the average F, image to provide
anatomical reference points for the responses and to clearly delineate the
out-of-focus regions subject to stochastic noise without cropping the image.
If an image was cropped, a reference F,, image is provided to indicate out-of-
plane (and thus nonfluorescent) regions. Pairwise comparisons between
values for mismatch and morphant populations were evaluated using a
two-tailed Student’s ¢ test.

Results

Zebrafish OlfCc1 is coexpressed with other OIfC receptors in
microvillous olfactory sensory neurons

The Group II receptors from mouse and goldfish are expressed
broadly in most, if not all, of the microvillous olfactory neurons
of the mammalian VNO or fish olfactory epithelium (Speca et al.,
1999; Martini et al., 2001; Alioto and Ngai, 2006), suggesting that
they are coexpressed with other members of the V2R or OIfC
receptor gene family (Martini et al., 2001; Silvottietal., 2011). We
performed double-label in situ hybridizations to characterize the
expression of the zebrafish Group II receptor OlfCcl in the adult
zebrafish olfactory epithelium. In the fish, the ciliated and mi-
crovillous olfactory sensory neurons, whose analogous cell types
localize in higher vertebrates to the main olfactory epithelium
and vomeronasal epithelium, respectively, are intermingled in a
single olfactory epithelium. Figure 1A shows that OlfCcl is ex-
pressed by cells distinct from those expressing olfactory marker
protein (OMP), a marker of ciliated olfactory sensory neurons
(Sato et al., 2005). In contrast, the majority of cells labeled with
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OIfCcl are colabeled by a probe for TrpC2 (Fig. 1B), an ion
channel expressed by microvillous olfactory neurons (Sato et al.,
2005). Additional double-label in situ hybridizations performed
with probes for OlfCcl and two individual representative recep-
tors, OlfCul or Olfcvl, reveal coexpression of OlfCcl with
“punctate” OIfC receptors (Fig. 1C,D). In accord with previous
studies showing V2R receptor coexpression in the mammalian
VNO (Martini et al., 2001; Silvotti et al., 2011), these results
demonstrate that individual punctate OIfC receptors are coex-
pressed with the ubiquitous OlfCcl receptor in zebrafish mi-
crovillous olfactory neurons.

We also performed immunohistochemistry using an antibody
generated against a peptide from the N-terminal domain of
OlfCcl (Duggan et al., 2008). Consistent with the results from
our RNA in situ hybridizations, OlfCcl protein localizes to cells
in the apical domain of the sensory epithelium of adult zebrafish,
the location of the microvillous neurons’ cell bodies (Fig. 1E).
OIfCcl protein expression is also detected in the olfactory epithe-
lium of 3-d-old zebrafish embryos, where it is coexpressed in a
large fraction of cells expressing calretinin, a marker of microvil-
lous neurons in embryonic zebrafish (Koide et al., 2009) (Fig.
1F). We speculate that the calretinin-positive, OlfCcl-negative
cells, which are found predominantly in the basal regions of the
embryonic olfactory epithelium, represent immature microvil-
lous neurons or their progenitors. In both adult and embryonic
tissue, OlfCcl immunoreactivity is observed throughout the cell
bodies of positive cells and is apparently excluded from axons.
Although present, the receptor is not concentrated in the apical
dendrites or microvilli.

Zebrafish OIfCcl and mouse Vmn2r1 are calcium-dependent
amino acid receptors

If the broadly expressed Group II receptors themselves can be
activated by chemosensory cues, each sensory neuron’s receptive
field would be determined by the ligand tuning properties of the
Group II receptor in addition to the punctate receptor that it
expresses. We therefore wished to identify the activating ligands
for OlfCcl and its mammalian ortholog Vmn2r1 (also known as
V2R2) (Martini et al., 2001). To this end, we isolated a full-length
cDNA for OIfCcl and cloned it together with an N-terminal
FLAG-epitope tag into a plasmid for heterologous expression in
HEK293 cells. Others have reported that localization of cloned
mammalian V2R receptors to the plasma membrane of HEK293
requires coexpression of calreticulin (Dey and Matsunami,
2011). We nonetheless observed robust expression of epitope-
tagged OIfCcl at the surface of HEK293 cells transfected with the
OlfCcl expression plasmid alone, as judged by immunocyto-
chemistry using an anti-epitope antibody on unpermeablized
cells (data not shown; see also Fig. 8).

HEK293 cells were transfected with Flag-tagged OlfCcl,
loaded with a calcium-sensitive dye, and screened for activating
ligands. In selecting compounds to test as OlfCcl agonists, we
took into account the following considerations. First, regions of
the zebrafish olfactory bulb responsive to amino acid stimuli are
innervated preferentially by microvillous neurons, whereas other
regions of the bulb responsive to other classes of cues are inner-
vated by ciliated neurons (Friedrich and Korsching, 1997, 1998;
Li et al., 2005; Sato et al., 2005; Koide et al., 2009). Second, all
members of the zebrafish OIfC receptor family contain a con-
served 8 residue motif that is found in the periplasmic binding
protein-like I family of amino acid binding proteins and is re-
quired for binding to amino acid ligands (Acher and Bertrand,
2005; Alioto and Ngai, 2006). We therefore hypothesized that
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OIfCcl and other members of the zebrafish OIfC receptor family
may be activated by amino acids or their derivatives. In initial
experiments, however, we failed to observe activation of OlfCcl-
expressing HEK293 cells by a mixture of amino acids. Upon
closer examination of the phylogeny of C family GPCRs (Alioto
and Ngai, 2006), we realized that the phylogenetic proximity of
zebrafish and mammalian Group II receptors to the calcium
sensing receptor may reflect a dependence on calcium for activa-
tion of these olfactory/vomeronasal receptors. Indeed, under
conditions of elevated extracellular Ca?" (10 mm vs 1-2 mm
typically found in standard assay buffers), we found activation of
OIfCcl by a pool containing hydrophobic L-amino acids (valine,
leucine, isoleucine, methionine), but not by pools containing the
other 16 naturally occurring L-amino acids (Fig. 2A). Receptor
activation assays performed with individual components of this
hydrophobic amino acid pool revealed that isoleucine, leucine,
and valine are the active components of this mixture, with ECs,
values of 245, 377, and 233 M, respectively, in the presence of 10
mum Ca’" (Table 1). Methionine showed no detectable activity in
our assays at concentrations up to 1 mm (data not shown). Leu-
cine and valine consistently elicited lower peak activation values
than isoleucine, suggesting that they are partial agonists of
OlfCcl. Representative dose—response curves are shown in Fig-
ure 2B.

To characterize the calcium dependence of receptor activa-
tion, OlfCcl-expressing HEK293 cells were exposed to 250 um
isoleucine in varying concentrations of Ca®"; under these condi-
tions, the receptor demonstrates an ECg, of 4.5 mm Ca*™ (Fig.
2C; Table 1), comparable to the calcium activation profile of the
human calcium sensing receptor; OlfCcl is not activated by Ca**
alone, however (data not shown). One explanation for the cal-
cium dependency of OIfCcl is that Ca*" is not a cofactor for
agonist-dependent receptor activation but rather enhances the
signal in this cell-based assay by stimulating calcium release-
activated calcium channels. To test this possibility, we conducted
the assays in the presence of either 50 M 2-APB or 100 nm La>™,
inhibitors of calcium release-activated calcium channels (Aussel
etal., 1996; Prakriya and Lewis, 2001). The responses of OlfCcl to
isoleucine or leucine in the presence of 10 mm Ca** were unaf-
fected by these inhibitors (representative traces are shown in Fig.
2D and data from multiple experiments are tabulated in Table 1),
ruling out the possibility that the observed responses are the re-
sult of receptor-independent release of Ca®" from internal
stores. Previously characterized olfactory amino acid receptors
from goldfish and zebrafish exhibit micromolar ECs, values
(Speca et al., 1999; Luu et al., 2004), consistent with nanomolar
behavioral detection thresholds for amino acids in fish in vivo
(Hara, 1994). Thus, OIfCcl appears to be a low-sensitivity,
calcium-dependent isoleucine/leucine receptor that is expressed
widely within the population of microvillous neurons in the ze-
brafish olfactory epithelium.

Our characterization of OlfCcl as a calcium-dependent
amino acid receptor led us to ask whether its orthologous mam-
malian vomeronasal receptors exhibit similar functional proper-
ties. We therefore tested the functional properties of Vmn2rl1,
one of seven mouse Group II receptors, in HEK293 cells. Unlike
the majority of mammalian V2R receptors, Vmn2rl and the
other mammalian Group II receptors contain the 8-residue sig-
nature motif characteristic of amino acid receptors (Acher and
Bertrand, 2005; Alioto and Ngai, 2006). As we observed with
zebrafish OlfCcl, Vmn2rl is activated preferentially by isoleu-
cine (ECs, = 263 um) with an ECs, of 8.4 mM Ca*" when mea-
sured in the presence of 250 uM isoleucine (Fig. 2E, F; Table 1).
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0IfCcT and Vmn2r1 are calcium-dependent amino acid-sensing receptors. HEK293 cells were transfected with DNA plasmids encoding zebrafish OIfCcT or mouse Vmn2r1 and assayed

for receptor activation by calcium imaging. 4, Representative traces of cells loaded with Fura-2 in response to pools of amino acids in the presence of 10 mm CaCl,. Ligands were applied to the cells
asindicated; concentrations (100, 250, 500 wm) refer to concentrations of individual amino acids within each pool. Only the pool containing the hydrophobic amino acids valine, leucine, isoleucine,
and methionine elicited activity above background. B, E, Representative dose—response curves of activity in Fluo-4-loaded HEK cells expressing OIfCc1 (B) or Vmn2r1 (E) elicited by isoleucine,
leucine, and valine in the presence of 10 mm CaCl,. These three ligands were the only amino acids that elicited activity in OIfCc1-and Vmn2r1-expressing HEK293 cells. Isoleucine consistently elicited
the peak responses larger than those for leucine and valine. G, F, Representative dose—response curves of activity in Fluo-4-loaded cells expressing OIfCc1 (€) or Vmn2r1 (F) elicited by 250 m
isoleucinein the presence of varying concentrations of CaCl,. D, Assays were also conducted in the absence or presence of either 50 um 2-APB or 100 nm La >, inhibitors of calcium release-activated

calcium channels. Data from multiple experiments are summarized in Table 1.

Table 1. Quantitation of receptor activation in HEK293 cells’

Maximum Number of
ECs, amplitude (AF/F) experiments ()

0IfCc

Isoleucine 245 =19 um 55=*0.1 10

Leucine 377 =18 um 25*01 10

Valine 233 £12 um 1.1%£0.03 10

@ 47 =02mm — 10

Isoleucine + 2-APB 304 = 26 um 5002 3

Isoleucine + La** 236 £ 15 um 48 *£0.2 3

Leucine + 2-APB 292 = 37 um 2301 3

Leucine + La** 352 = 24 um 34+02 3
Vmn2r1

Isoleucine 263 = 8.0 um 3401 5

Leucine 279 £ 24 pum 1.7 = 0.02 5

Valine 183 £32 um 2101 3

@ 84=07mm — 5

“Data are mean == SEM. Activation of OIfCc1 or Vmn2r1 in response to isoleucine, leucine, and valine was measured
inthe presence of 10 mum CaCl,. Dependence of receptor activation on varying concentrations of calcium was assayed
in the presence of 250 pum isoleucine. Activation of OIfCc1 by isoleucine and leucine was also tested in the presence
of 50 zam 2-APB or 100 nw La >, inhibitors of calcium release-activated calcium channels. Mean ECs, for each
receptor—ligand combination was derived from multiple experiments, as indicated.

Leucine and valine also activate Vmn2r1, but as we observed with
OlfCcl, elicit lower peak activities than isoleucine, suggesting
that they are partial agonists of Vmn2rl1 (Fig. 2E; Table 1). To-
gether, these results show that the orthologous zebrafish OlfCcl

and mammalian Vmn2r1 receptors are similar, both in terms of
their ligand-activation properties and their widespread expres-
sion within the population of microvillous neurons of the olfac-
tory (fish) and vomeronasal (mouse) epithelium.

Microvillous olfactory neurons are activated by amino acids
The results presented thus far demonstrate that OlfCcl and
Vmn2rl are amino acid receptors that are expressed broadly in
the microvillous neurons of the zebrafish olfactory and mamma-
lian vomeronasal epithelia, respectively. What role do these re-
ceptors play in microvillous olfactory/vomeronasal neurons in
vivo? One approach toward answering this question would be to
assess the consequences of a Vmn2r1 knock-out in the mouse.
However, analysis of a single gene knock-out could be con-
founded by the presence of any one of the other six Vmn2r1-like
(Group II) isoforms encoded in the mouse genome (Silvotti et al.,
2011). We therefore focused our attention on loss-of-function
studies in the zebrafish, which are facilitated by the presence of
only one Group II receptor, OlfCcl, encoded in the zebrafish
genome.

Previous studies have shown that glomeruli in the lateral por-
tion of the zebrafish olfactory bulb receive innervation from mi-
crovillous olfactory neurons and are preferentially activated by
amino acids (Li et al., 2005; Sato et al., 2005). In addition, inhi-
bition of synaptic transmission by primary sensory cells project-
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Amino acids activate microvillous olfactory sensory neuronsin zebrafish embryos. Activity elicited by a panel of odorant mixtures was assessed in 4.5-d-old transgenic zebrafish embryos

expressing the genetically encoded calcium sensor GCaMP1.6 in different classes of neurons: A-F, iliated olfactory sensory neurons (OMP-Gal4;UAS-GCaMP1.6 ). G-L, microvillous olfactory sensory
neurons (Trp(2-Gal4,GCaMP1.6 ). M—R, excitatory neurons in the olfactory bulb (Hu(-Gal4;,GCaMP1.6). Some neurons in the olfactory epithelium also express GCaMP under the control of the
HuC-Gal4 driver. A, G, M, Baseline GCaMP fluorescence for each transgenic line. Fish were exposed to the following odorant mixtures (for specific mixture compositions, see Materials and Methods):
food extract (B,H,N), bile acids (C./,0), amines (D,J,P), and amino acids (E,K,Q). F, L, R, Traces of DeltaF/F, for representative regions of interest responding to food extract. Food extract elicits activity
broadly within the ciliated and microvillous olfactory sensory neurons, as well as across the olfactory bulb. Bile acids elicit activity mainly in ciliated neurons, whereas amino acids elicit activity in
microvillous neurons and in the lateral olfactory bulb. Heat maps of DeltaF/F, represent data acquired from a single optical plane and spanning the peak response (see Materials and Methods). OF,

Olfactory epithelium; OB, olfactory bulb. Scale bar, 100 m.

ing to this region of the olfactory bulb attenuates attractive
swimming behaviors elicited by olfactory amino acid cues (Koide
etal., 2009). Although these studies suggest that olfactory amino
acid cues are received by microvillous olfactory neurons, activa-
tion of these cells by amino acids has yet to be demonstrated
directly. Thus, before assessing the role OlfCclin microvillous
neurons by loss-of-function studies, we first sought to confirm
that these cells are principally activated by amino acids.

We used the genetically encoded calcium indicator GCaMP to
measure odorant-induced neuronal activity in zebrafish em-
bryos. For these experiments, zebrafish carrying a UAS- GCaMP
reporter gene construct (Del Bene et al., 2010) were crossed to
transgenic lines containing the following promoters driving the
Gal4 transactivator: OMP for expression in ciliated olfactory sen-
sory neurons (Celik et al., 2002), TrpC2 for expression in
microvillous olfactory neurons (Sato et al., 2005), and HuC for
pan-neuronal expression in excitatory neurons throughout the
CNS, including the olfactory bulb (Park et al., 2000; Li et al., 2005;
Paquet et al., 2009). Noses of transgenic fish were perfused with
solutions containing odorant stimuli and neuronal activity in the
olfactory epithelium or olfactory bulb was monitored by fast
scanning confocal microscopy. Mixtures of different classes of
odorant stimuli (see Materials and Methods for details) were
used to maximize the number of responsive cells. In particular, a
pool of glutamate, alanine, valine, phenylalanine, isoleucine,
lysine, arginine, tryptophan, and methionine (at 100 uM each)
was assembled with the idea that such a combination of structur-
ally diverse ligands at this relatively high concentration would
stimulate most if not all olfactory sensory neurons that are nor-
mally responsive to amino acids (Friedrich and Korsching, 1997,
1998; Li et al., 2005). As shown in Figure 3A—F, activity was elic-
ited in ciliated olfactory neurons (as assayed in OMP-Gal4; UAS-
GCaMP fish) by food extract, amines, and bile acids, but not by
amino acids. In contrast, microvillous neurons visualized in the
TrpC2-Gal4;UAS-GCaMP transgenic reporter line showed re-

sponses to food extract and the amino acid pool, but not to
amines or bile acids (Fig. 3G-L). Odor-evoked increases in intra-
cellular calcium localized mainly to the responding cells’ apical
dendrites (see also Fig. 4). The nucleotides ATP and ITP evoked
detectable responses in the OMP- but not the TrpC2-reporter line
(data not shown).

Different classes of amino acids elicit activity in distinct regions of
the zebrafish olfactory bulb (Friedrich and Korsching, 1997). To-
gether with the results shown in Figure 3, these observations suggest
that individual microvillous olfactory neurons respond to subsets of
amino acids. We were particularly interested in learning whether
isoleucine and leucine, the cognate ligands for OlfCc1, would elicit
activity broadly across the population of microvillous neurons, con-
sidering this receptor’s ubiquitous expression in these cells. We
therefore extended our analysis of odor-evoked activity in TrpC2-
Gal4;UAS-GCaMP-labeled microvillous neurons to ask whether
subsets of amino acids activate subsets of microvillous sensory neu-
rons. As shown in Figure 4B, C, food extract or a mixture of all 20
amino acids (at 100 uM each) activate a significant fraction of the
microvillous neurons; cells showing activity with either mixture are
largely overlapping (Fig. 4D), suggesting that the microvillous neu-
rons are responding mainly to amino acids contained in the crude
food extract. Stimulation with either 100 uMm glutamate (acidic) or
smaller pools of structurally related amino acids, arginine + lysine
(basic) or isoleucine + leucine at 100 um each (Fig. 4E-G), elicits
activity in smaller and distinct subsets of cells (Fig. 4H ). Partial over-
lap is observed in the case of arginine + lysine and isoleucine +
leucine, perhaps reflecting recognition of a chemical structure
shared by the n-aliphatic side chains of these two classes of amino
acids. It is noteworthy that isoleucine + leucine does not elicit a
broad response across a large fraction of the microvillous cell popu-
lation, as one might expect if the ubiquitously expressed OlfCc1 were
activated under these conditions.

We also assayed odor-evoked neuronal activity in the olfac-
tory bulb using the HuC-Gal4; UAS-GCaMP transgenic reporter,
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Patterns of activity elicited by amino acids in microvillous olfactory sensory neurons. Response of microvillous olfactory sensory neurons to food extract, a mixture of all 20 naturally

occurring L-amino acids, and subpools of amino acids with different side chain properties was assessed in 4.5-d-old Trp(2-Gal4;GCaMP1.6 transgenic zebrafish embryos. A, Baseline GCaMP
fluorescence for microvillous olfactory sensory neurons (Trp(2-Gal4,GCaMP1.6 ) in the representative fish displayed in this figure; heat maps showing responses to (B) food extract, (€) mixture of 20
amino acids at 100 M each, (E) 100 wum glutamate (acidic), (F) isoleucine and leucine (hydrophobic) at 100 wum each, and (G) arginine and lysine (basic) at 100 um each. D, Overlaid activity maps
for food extract (pseudocolored in green) and total amino acids (pseudocolored in magenta) show widespread activity in largely overlapping populations of microvillous neurons. H, Schematic of
responding cells derived from regions of activity circled in (D) illustrates that distinct subsets of cells are activated by individual subpools of amino acids. Heat maps of DeltaF/F, represent data
acquired from a single optical plane and spanning the peak response (see Materials and Methods). Scale bar, 50 m.

which is expressed predominantly, if not exclusively, in the excit-
atory neurons of the olfactory bulb (Li et al., 2005). The four
odorant mixtures (food extract, bile acids, amines, and amino
acids) each elicited distinct patterns of activity in the olfactory
bulb, with food extract giving the most robust and widespread
response, likely reflecting the complex mixture of odorous com-
pounds in this extract (Fig. 3M-R). Consistent with previous
studies (Friedrich and Korsching, 1997; Li et al., 2005; Sato et al.,
2005), amino acids evoked activity in the lateral olfactory bulb
(Fig. 3Q), the main site of innervation in the bulb by microvillous
neurons. Together, these results provide direct evidence that
amino acids elicit activity in microvillous olfactory neurons.

Knockdown of OlfCcl expression in vivo

To enable a loss-of-function analysis of OlfCcl in zebrafish in
vivo, an antisense morpholino oligonucleotide was designed
against the first exon—intron junction of OlfCcl (perfect match
or PM) together with a control mismatch (MM) oligonucleotide
identical to the PM sequence, except for a 5-base mismatch. Mor-
pholino oligonucleotides were injected into 1 or 2 cell embryos
and analyzed for OIfCcl protein expression between 3 and 5 d
post-fertilization (dpf), corresponding to the time when ze-
brafish embryos become responsive to amino acid and other ol-
factory stimuli (Lindsay and Vogt, 2004) and olfactory sensory
neurons form glomeruli in the olfactory bulb (Dynes and Ngai,
1998; Li et al., 2005). Whereas OlfCcl expression persists in em-
bryos previously injected with the control MM oligonucleotide,
the PM oligonucleotide was highly effective at knocking down
OIfCcl expression, reducing OlfCcl to levels undetectable by
immunohistochemistry at 5 d of development (Fig. 5A, B). The
effect of the PM oligonucleotide appears to be specific for OlfCcl
expression, as the presence of microvillous neurons (identified by
staining for calretinin) and ciliated neurons (identified using the
OMP-Gal4;UAS-EGFP transgenic reporter) and the patterns of
their projections in the olfactory bulb are similar between PM
and MM oligonucleotide-injected fish (Fig. 5C-F). Moreover,
staining for the presynaptic marker SV2 to visualize olfactory

bulb glomeruli further reveals that the overall pattern of innerva-
tion in the olfactory bulb is unperturbed by OlfCc1 knockdown
(Fig. 5G,H ). We did, however, observe an ~30% reduction in the
total number of microvillous and ciliated neurons, as well as their
glomerular “footprint” in the olfactory bulb (data not shown).
This effect may reflect previously described sequence-specific,
off-target effects of some morpholino oligonucleotides, which in
some instances have been attributed to enhanced cell death in the
nervous system independent of the targeted gene of interest
(Robu et al., 2007). Aside from exhibiting somewhat hypomor-
phic nervous systems, fish injected with the PM oligonucleotide
possess ciliated and microvillous neurons in ratios similar to
those observed in control fish, with normal patterns of innerva-
tion in the olfactory bulb. We conclude that OlfCc1 expression is
not strictly required for the development of the microvillous neu-
rons or their stereotyped projections in the olfactory bulb,
although it is formally possible that knockdown of OlfCcl ex-
pression perturbs gene expression in microvillous neurons be-
yond downregulation of OlfCcl. In the following section, we
describe experiments in which we examined the effects of the
OlfCc1 knockdown on odor-evoked responses.

OIfCcl is required for amino acid-evoked olfactory responses
Morpholino oligonucleotides were injected into TrpC2-Gal4;
UAS-GCaMP zebrafish embryos, which were then subjected to
functional imaging at 4 dpf. As shown in Figure 6A—C, microvil-
lous olfactory neurons in embryos previously injected with the
control (MM) oligonucleotide exhibited robust responses to
food extract or to a mixture of 9 structurally diverse L-amino
acids (representing polar, nonpolar, acidic, and basic amino ac-
ids, and tested at 100 uM each; see Materials and Methods). In
contrast, the number of cells responding to either odorant mix-
ture was greatly reduced in embryos previously injected with the
perfect match (PM) antisense oligonucleotide directed against
OIfCcl (Fig. 6D-F). A large fraction of fish injected with the
OlfCcl antisense oligonucleotide displayed no responses at all, in
contrast to control fish, in which ~30% of GCaMP-positive neu-
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rons typically showed odor-evoked activity. |
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Quantitation of the number of responsive
cells reveals a highly significant reduction
in the knockdown compared with control
for both food extract and pooled amino
acid stimuli (p < 0.01, Student’s ¢ test; Fig.
6G). Similar results were observed with a
mixture containing all 20 naturally occur-
ring L-amino acids tested at a concentra-
tion of 10 wMm each (data not shown).
Our analysis of OlfCcl morphant fish
indicates that OlIfCcl is required for
microvillous neurons to respond to odor-
ants, in particular to amino acids. To verify
that the effect of the morpholino antisense
oligonucleotide-mediated knockdown is
specific to microvillous neurons and not the
result of a generalized, nonspecific effect on
the olfactory system, odor-evoked activity
in the olfactory bulb was measured using the
HuC-Gal4;UAS-GCaMP reporter line. As
we observed in normal zebrafish embryos
(Fig. 3), embryos previously injected with
the control oligonucleotide showed strong
responses to food extract, bile acids, amines,
and amino acids (Fig. 7A-D, left-hand col-
umn). Whereas odor-evoked activity in
response to food extract, bile acids, and
amines in olfactory bulbs of fish treated with
the OIfCcl antisense oligonucleotide was
similar to activity observed in controls (Fig.
7A-C), responses to amino acids were strik-
ingly reduced in the OlfCcl morphant fish
(Fig. 7D, E). The area of the olfactory bulb
responding to amino acids was reduced on
average sevenfold in the OlfCc1 knockdown
(p < 0.001, Student’s ¢ test; Fig. 7F ); no sig-

nificant differences were found with the  Figure5.
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Morpholino antisense oligonucleotide-mediated knockdown of OIfCc1 expression in zebrafish embryos. One or two

other odorant stimuli (p > 0.1). Our obser-
vations of odor-evoked activity in the olfac-
tory epithelium and olfactory bulb in
control versus OlfCcl morphant fish dem-
onstrate that this receptor is required for the
detection of amino acid cues by microvil-
lous olfactory neurons. Importantly, the
OlfCc1 knockdown does not perturb the re-
sponses to other odorant classes to which

cell zebrafish embryos were injected with a morpholino antisense oligonucleotide designed against 0lfCc1 (“Knockdown”) or a
5-base mismatch control oligonucleotide (“Control”), fixed at 4 d of development, and analyzed by immunohistochemistry. 4, B,
Staining with an antibody against OIfCc1 (green) demonstrates loss of OIfCc1 expression in knockdown versus control. Embryos
were counterstained with the nuclear counterstain BOBO (magenta). €, D, Simultaneous staining for calretinin (magenta) and
0IfCc1 (green) indicates persistence of microvillous olfactory sensory neurons in the absence of 0IfCc1 expression. E, F, Localization
of ciliated olfactory sensory neurons and their axonal projections by staining for GFP in OMP-Gal4;UAS-GFP transgenic fish dem-
onstrates that this sensory neuron population is largely unperturbed by the knockdown of OIfCc1 expression. G, H, Localization of
the synaptic vesicle protein SV2 to visualize presynaptic terminals in olfactory bulb glomeruli reveals normal formation of the
olfactory sensory map. All images represent projected confocal stacks through the entire olfactory epithelium (OE) and olfactory
bulb (0B). Scale bar, 100 m.

the ciliated olfactory neurons respond.

OIfCc1 promotes cell surface expression of other OIfC
receptors in heterologous cells

Previous studies have shown that individual amino acids elicit
distinct patterns of activation in the olfactory bulb (Friedrich and
Korsching, 1997; Li et al., 2005), suggesting that such activity
arises from the activation of subsets of microvillous olfactory
neurons expressing OIfC receptors tuned for specific amino
acids. Our analysis of OlfCcl function in vivo shows that this
receptor is required for microvillous neurons to respond to a
structurally diverse array of amino acids (Figs. 6 and 7), even
though it is a low-sensitivity amino acid receptor that is activated
only by the hydrophobic amino acids isoleucine, leucine, and
valine (Fig. 2). One possible explanation for this conundrum is
that OlfCcl does not interact with amino acid ligands at low

concentrations but is nonetheless required for amino acid detec-
tion in vivo, perhaps through some physical interaction with
punctate OIfC family members that function as high-affinity re-
ceptors. As an initial test of this hypothesis, we asked whether any
evidence for receptor-receptor interactions could be observed in
heterologous cells.

Mammalian cell expression plasmids encoding FLAG-tagged
OlfCcl and HA-tagged punctate OIfC receptors were used to trans-
fect HEK293 cells individually or in combination. Cells were fixed
and subjected to immunocytochemistry without permeabilization,
using the appropriate anti-epitope antibodies for detection. As
shown in Figure 84, OIfCcl localizes to the cell surface when trans-
fected alone into HEK293 cells. Although OlfCcl exhibits surface
expression at levels sufficient to allow its functional characterization
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Figure 6.  OIfCc1 is required for amino acid-evoked activity in microvillous olfactory sensory neurons. Transgenic Trp(2-Gal4;
UAS-GCaMP embryos previously injected with perfect match (“Knockdown”) or mismatch (“Control”) OIfCc1 morpholino antisense
oligonucleotides were assayed at 4.5 dpf for odorant-stimulated activity in the olfactory epithelium. A—C, Olfactory epithelium
from a representative fish injected with the mismatch control oligonucleotide. D—F, Olfactory epithelium from a representative
fish injected with the perfect match experimental oligonucleotide. A, D, Baseline GCaMP fluorescence for each condition. Fish were
exposed to food extract (B,E) or a mixture of 9 amino acids at 100 um each (GF). There is a dramatic reduction in the number of
responding cells in the knockdown condition. Heat maps of DeltaF/F represent data acquired from a single optical plane and
spanning the peak response (see Materials and Methods for details). Scale bar, 100 .um. G, Odor-evoked activity was scored as the
percentage of GCaMP-positive cells responding to a given stimulus; data were averaged from 14 control fish and 13 knockdown

fish. Histograms represent mean = SEM. ***p << 0.01 using a two-tailed Student’s t test.

(Fig. 2), the signal by immunocytochemistry seems somewhat weak
compared with the levels we have observed with other receptors,
such as goldfish receptor 5.24 (Speca et al., 1999; data not shown).
Because the tissue culture medium used to culture HEK293 cells
contains millimolar concentrations of all 20 naturally occurring
amino acids, we wondered whether OIfCc1 may be subject to inter-
nalization after its tonic activation. Some GPCRs, including the (32-
adrenergic receptor and OR odorant receptors, are internalized
through a mechanism in which B-arrestin mediates an interaction
with clathrin and clathrin-coated pits (Mashukova et al., 2006;
DeWire et al., 2007). This process can be blocked by overexpression
of a peptide comprising amino acids 284 —409 of human B-arrestin2
(DN B-arrestin), which functions in a dominant-negative manner to
block clathrin-mediated endocytosis of B-arrestin—receptor com-
plexes (Orsini and Benovic, 1998). We therefore asked whether
blocking B-arrestin/clathrin-mediated endocytosis would enhance
cell surface expression of OlfCcl. Accordingly, when HEK293 cells
are cotransfected with expression plasmids encoding OlfCcl and
DN B-arrestin, the intensity of OlfCc1 signal and the number of cells

Fig. 8A).

We next wished to determine whether
any interaction between OlfCc1 and punc-
tate OIfC receptors could be demonstrated
in heterologous cells. Of 13 punctate recep-
tors transfected individually into HEK293
cells, all failed to localize to the plasma
membrane, as judged by immunocyto-
chemistry using anti-epitope tag antibodies
(data not shown). Representative examples
are shown for two punctate receptors, HA-
tagged OlfCul and HA-tagged OIfCv1 (Fig.
8C and Fig. 8G, respectively); staining of
permeabilized cells with the anti-HA anti-
body revealed high levels of receptor local-
ized to intracellular membranes (Fig. 8C,G,
insets). Cotransfection of these receptor
constructs together with DN [B-arrestin
alone had no effect on cell surface expres-
sion (data not shown). In contrast, coex-
pression with both OlfCcl and DN
B-arrestin resulted in cell surface localiza-
tion of OlfCul and OIfCv1 (Fig. 8D-F and
Fig. 8H-], respectively). These results indi-
cate that OlfCcl can facilitate the accumu-
lation of punctate OIfC receptors at the
plasma membrane of heterologous cells and
provide prima facie evidence for a physical
interaction between OIfCcl and the punc-
tate receptors.

*k%k

Amino acid pool

Discussion

In the present study, we investigated the
functional properties of the orthologous
OIfCcl and Vmn2rl receptors, Group II
V2R/OIfC receptors, which are, respec-
tively, expressed broadly in microvillous
olfactory neurons of the fish olfactory ep-
ithelium and mammalian vomeronasal
organ and coexpressed with the “punc-
tate” members of the V2R/OIfC chemo-
sensory receptor family (Martini et al.,
2001; Silvotti et al., 2011). We show that
OlfCcl and Vmn2rl are calcium-dependent, low-sensitivity
amino acid receptors that are preferentially activated by the hy-
drophobic amino acids isoleucine, leucine, and valine. Loss of
function of OIfCcl in olfactory sensory neurons in embryonic
zebrafish leads to dramatically diminished detection of a broad
array of structurally diverse amino acids, as determined by func-
tional imaging of olfactory sensory neurons and higher-order
neurons in the olfactory bulb. Finally, analysis of receptor expres-
sion in heterologous cells indicates that OlfCcl facilitates the
trafficking of other OIfC receptors to the cell surface. Together,
these results provide insights into the evolution of the family of
V2R/OIfC receptors and the roles of the Group II receptors in
chemosensation.

Functional conservation and divergence of mammalian and
teleost V2R/OIfC receptors

Phylogenetic analysis of the fish OIfC and mammalian V2R re-
ceptors has demonstrated that, although the main subfamilies of
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Figure7. Effects of 0IfCc1 knockdown are specific to amino acid-evoked activity. Transgenic HuC-Gal4;UAS-GCaMP embryos previously injected with perfect match (“Knockdown”) or
mismatch (“Control”) OIfCc1 morpholino antisense oligonucleotides were assayed at 4.5 dpf for odorant-stimulated activity in the olfactory bulb. A-D, Activity heat maps are shown for
two representative fish in response to food extract (A), bile acid pool (B), amine pool (€), and amino acid pool (D). Heat maps of DeltaF/F represent data acquired from a single optical
plane and spanning the peak response (see Materials and Methods). Activity in response to food extract, bile acids, and amines is broad in the olfactory bulb and persists in the OIfCc1
knockdown. In contrast, amino acids elicit activity mainly in a cluster of lateral glomeruli (D, arrows); this activity is greatly diminished in the 0IfCc1 knockdown. E, Representative
DeltaF/F, traces from ROIs corresponding to anatomically equivalent lateral glomerular cluster in 4 control fish (blue lines) and 4 knockdown fish (orange lines) after exposure (arrow)
tothe 9amino acid pool. F, The area of olfactory bulb exhibiting significant activity above background was calculated and expressed as a percentage of the total area within a given optical
section. Data were acquired from 14 control and 14 knockdown fish. Histograms represent mean percentages = SEM. No significant difference was found between control and
knockdown groups in response to food extract, bile acids, or amine stimuli (n.s., Not significant; p > 0.1, two-tailed Student’s ¢ test). In contrast, a highly significant difference was found
between these two groups in their responses to amino acids (***p < 0.001).
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Figure8. OIfCc1 facilitates cell surface expression of punctate OIfC receptors in heterologous cells. HEK 293 cells were transfected with DNA expression constructs and assessed for cell
surface expression of epitope-tagged OIfC receptors by immunohistochemistry on unpermeabilized cells. Cell surface expression of Flag-tagged OIfCc1 (A) is enhanced by coexpression
with DN-B-arrestin (B). Punctate OlfcuT (€) and 0IfCv1 (@) show little to no detectable cell surface expression when transfected alone (insets show antibody staining in the presence of
detergent). Localization of these receptors to the plasma membrane is facilitated by coexpression with 0IfCc1 and DN-B-arrestin (D—F,H—J). Cotransfection of punctate receptors with
DN-B-arrestin alone had no discernible effect on their localization to the cell surface. Labeled cells were visualized by confocal microscopy. Scale bar, 50 um. F, Jinsets, original magnification X2.



DeMaria et al.  Role of Ubiquitous Receptor in Olfaction

punctate receptors are divergent between these two vertebrate
classes, the Group Il receptors are more highly conserved (Alioto
and Ngai, 2006). The Group II receptors demonstrate functional
conservation as well: the orthologous zebrafish OlfCcl and mam-
malian Vmn2r1 receptors are similarly activated by hydrophobic
amino acids in a calcium-dependent manner and are both ex-
pressed broadly within the population of microvillous neurons of
the olfactory (fish) and vomeronasal (mouse) epithelium. The
dependence of receptor activation on calcium likely reflects the
similarity of these receptors to the calcium receptor (Alioto and
Ngai, 2006), although neither OlfCcl nor Vmn2r1 can be acti-
vated by calcium alone in heterologous cells.

The teleost and mammalian Group II receptors possess an
eight-residue motif in their N-terminal domains that is required
for binding amino acid ligands (Acher and Bertrand, 2005; Alioto
and Ngai, 2006), consistent with our observation that these re-
ceptors can be activated by amino acids. The main group of fish
OIfC receptors (Group 1) is also predicted to comprise amino
acid sensors based on the presence of this motif in all family
members (Acher and Bertrand, 2005; Alioto and Ngai, 2006).
Although activating ligands have yet to be identified for these
receptors, the cells in which they are expressed can be activated by
amino acids (current study; Koide et al., 2009). In contrast, the
amino acid binding motif is absent from the mammalian punc-
tate (Group IV/V) receptors (Alioto and Ngai, 2006), suggesting
that they evolved instead to receive nonamino acid cues. Indeed,
the V2R-expressing vomeronasal neurons in the mouse detect
socially relevant peptides, such as the major urinary peptides
(Chamero et al., 2007), and one member of the mouse V2R fam-
ily can be activated by exocrine secreted peptide 1, a pheromonal
cue in mice (Haga et al., 2010).

Group Il receptors as chemical sensors in vivo?

The coexpression of mammalian and zebrafish Group II recep-
tors with their respective punctate V2R and OIfC family members
represents an intriguing exception to the “one receptor, one neu-
ron” rule, a key tenet of widely held models of olfactory coding
(Serizawa et al., 2004; DeMaria and Ngai, 2010). How might
coexpression of these receptor subunits affect the reception and
coding of olfactory sensory cues? Our present results indicate that
OlfCcl and Vmn2r1 are low-sensitivity receptors for hydropho-
bic amino acids, with ECs,, values for hydrophobic amino acids
ranging from ~250 to ~400 M. By comparison, the fish olfac-
tory system displays approximately nanomolar detection thresh-
olds for amino acids (Hara, 1994). Detection of amino acids via
the low-affinity Group II receptors could be conferred by virtue
of their widespread expression in a large fraction of sensory
neurons. In this model, the Group II receptors would signal
the presence of the olfactory cue, although discrimination
could not occur through the canonical olfactory-labeled line
coding strategy involving segregation of receptor-specific in-
puts in the olfactory bulb (Mombaerts, 2006; DeMaria and
Ngai, 2010). Alternatively, at environmentally relevant ligand
concentrations, the Group II receptors may not serve as amino
acid sensors in vivo. Consistent with this latter scenario, isoleu-
cine and leucine elicit activity in a small number of neurons (Fig.
4), as if only punctate receptors, and not the ubiquitously ex-
pressed OlfCcl, are activated by OlfCc1’s preferred ligands. Con-
sidering that the Group II receptors do not appear to function as
amino acid sensors under normal physiological conditions, it is
curious that their activation by amino acid ligands has been con-
served in species as diverse as fish and mammals, albeit in some
hypofunctional form.
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Zebrafish have been shown in behavioral assays to discrimi-
nate between different amino acids (Miklavc and Valentincic,
2012). Considering that all the zebrafish OIfC receptors are pre-
dicted to bind amino acids (Alioto and Ngai, 2006) and different
amino acids elicit distinct patterns of activation in the olfactory
epithelium (Fig. 4) and olfactory bulb (Friedrich and Korsching,
1997), discrimination of amino acid cues in the environment is
likely performed by the punctate OIfC receptors. Thus, the func-
tional specificity of each sensory neuron can still be defined by the
single punctate receptor it expresses, with the broadly expressed
Group II receptor either providing a parallel stream of low-
acuity, low-sensitivity chemosensory information, or serving as a
coreceptor that is not itself activated by ligand, variations on the
“one receptor, one neuron” rule.

Do the Group II receptors function as coreceptors?

OlfCcl is required for responses to structurally diverse amino
acids by zebrafish in vivo and can promote surface expression of
other OIfC family members in cultured cells, suggesting that
Group II receptors form heteromultimeric complexes with the
punctate receptors with which they are coexpressed in vivo. It
is possible that the effects of the antisense oligonucleotide-
mediated knockdown of OlfCcl are the result of other perturba-
tions; downregulation of signaling molecules or even punctate
OIfC receptors could explain why responses to amino acids are
lost in the OlfCc1 knockdown. Nonetheless, our observation that
OlfCcl promotes cell surface expression of punctate OIfC recep-
tors in HEK cells provides prima facie evidence for heterologous
receptor multimerization and may offer hints of a physiological
role of such interactions in vivo. For example, Group II receptors
may serve as coreceptors that facilitate trafficking of punctate
receptors to apical sensory membranes. Epitope-tagged punctate
receptors localize diffusely throughout the dendrites and soma of
microvillous neurons, however, making it difficult to discern
whether knockdown of OlIfCcl expression causes any perturba-
tions in intracellular localization of punctate receptors (data not
shown).

Receptor oligomerization has been demonstrated in many
GPCR classes (Lohse, 2010; Kniazeff et al., 2011; Audet and Bou-
vier, 2012), with oligomerization of heterologous subunits a dis-
tinctive feature of C family GPCRs (Kniazeff et al., 2011). In the
case of the hetero-oligomeric GABAy receptor, the ligand-
binding GABAR1 subunit oligomerizes with the GABAR2 sub-
unit by forming C-terminal coiled-coil a-helices (Kammerer et
al., 1999); this interaction masks an endoplasmic reticulum (ER)
retention signal found in the R1 subunit and thereby allows the
receptor complex to exit the ER and reach the cell surface
(Margeta-Mitrovic et al., 2000). Although OIfCcl and the other
OIfC receptors lack readily identifiable C-terminal ER retention
signals that may participate in such coiled-coil interactions, other
mechanisms may facilitate receptor trafficking and/or function.
Because OlfCcl and Vmn2rl can activate G-protein signaling
when expressed on their own, in hetero-oligomeric complexes
these receptors may also serve as a bridge between their high-
affinity ligand binding partner subunits and downstream
G-protein effectors (Lohse, 2010; Kniazeff et al., 2011). Unfortu-
nately, a direct demonstration of OlfCcl-containing multimeric
receptors is hampered by the irreversible insolubility of OIfC re-
ceptor complexes isolated biochemically from transfected mam-
malian cells (data not shown).

It is interesting to note that the mammalian T1R taste recep-
tors, C family GPCRs related to the V2R/OIfC receptors, exist as
hetero-oligomers comprising 2 of 3 subunit types: TIR1/T1R3 is
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activated by amino acids and T1R2/T1R3 is activated by sugars
and artificial sweeteners (Nelson et al., 2002; Zhao et al., 2003;
Chandrashekar et al., 2006). Paralleling our finding that Vmn2r1
and OlfCc1 are low affinity amino acid receptors, T1R3 alone can
be activated by naturally occurring sugars, but only at concentra-
tions significantly higher than those required for TIR2/T1R3 ac-
tivation (Zhao et al., 2003). Similarly, in the Drosophila olfactory
system, most odorant receptors, which are expressed in punctate
patterns reminiscent of vertebrate ORs, require coexpression of a
common receptor, Orco (formerly Or83b) (Vosshall and Hans-
son, 2011), for localization to apical sensory dendrites (Larsson et
al., 2004). In contrast to all vertebrate odorant receptors identi-
fied to date, the Drosophila odorant receptors do not adopt
a seven transmembrane-spanning topology typical of GPCRs
(Benton et al., 2006) and indeed have been shown to comprise a
family of ion channels (Sato et al., 2008; Wicher et al., 2008).
Thus, the strategy of using a coreceptor has been conserved in
diverse receptor types and chemosensory systems spanning ver-
tebrate and invertebrate species.
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