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The Mouse Putative Pheromone Receptor Was Specifically Activated
by Stimulation with Male Mouse Urine!
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To detect the biological activity of mammalian putative pheromone receptors (ViRs and
V2Rs), the mouse V1R gene was introduced into a primary culture of vomeronasal cells
using the adenovirus expression system, and the response of these cells to mouse urine
was analyzed by calcium imaging. These cells specifically responded to male but not
female mouse urine. This response was attenuated by pertussis toxin, a specific inhibi-
tor of G-protein G, /G, , coupling from receptors. Our findings indicate that a putative
pheromone receptor was specifically activated by mouse urine, a major source of mouse
pheromones, and suggest that G,/G, are functionally coupled with the receptor.
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Pheromones are chemical signals that play an important
role in the sexual behavior and neuroendocrine responses
of individuals of the same species (1). Although urine and
other bodily secretions have been reported to have many
different pheromone effects, only a few mammalian phero-
mones have been identified (2).

Genes of two families encoding seven-transmembrane
proteins were isolated from mouse and rat vomeronasal
organs (VNOs) (3-6). The two families (V1Rs and V2Rs,
respectively) comprise about 35 and 150 genes, respectively,
but each protein is only expressed in a small percentage of
vomeronasal neurons. These families exhibit no sequence
homology with each other. Although the presence of two
types of receptors implies different classes of pheromones,
the ligands for these receptors have not been identified yet.
A functional expression system for these receptors would
allow us to analyze the molecular and cellular mechanisms
of pheromone sensing, and to identify the ligands for indi-
vidual receptors.

To investigate the molecular mechanisms of pheromone
sensing, we attempted to detect the biological activity of
mouse putative pheromone receptors. We hypothesized that
VNO neurons expressing a particular putative pheromone
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receptor would be activated upon stimulation with urine if
the urine contained the corresponding pheromone molecule
(7), and that this activation should be detected on calcium
imaging, because the specific response of VNO cells to the
putative pheromones was associated with intracellular
{Ca?] elevation (8). Thus, we introduced the cloned gene
encoding the mouse putative pheromone receptor into VNO
cells using the recombinant adenovirus expression system,
and analyzed the response of these cells to urine by means
of the calcium imaging technique.

As the first step, we isolated the gene encoding mouse
V1Rs from mouse VNO ¢DNA based on the similarity to rat
V1Rs motifs. The amino acid sequence of the newly isolated
mouse receptor gene (clone 2—4) was 83% identical to that
of the rat receptor, vno-1 (3) (Fig. 1). This gene (clone 2-4)
was introduced into the adenovirus expression vector. We
used this vector system because it could effectively transfer
exogenous genes in differentiated neurons (9). In addition,
expression of this receptor could be monitored by means of
anti-hemagglutinin (HA) antibodies because the HA epi-
tope was fused at the C-terminus of the receptor. The re-
combinant adenovirus generated was designated as Ad2-
4HA (Fig. 1, legend).

Next, VNO cells were infected with Ad2-4HA. To produce
measurable ligand activation, the receptor should be prop-
erly expressed in the cells and should couple with a second
messenger system. We assumed that the VNO neurons con-
tained all components required for the expression, target-
ing, and coupling of putative pheromone receptors. How-
ever, in adult rats, almost all VNO neurons extended axons
to the accessory olfactory bulb (AQV). The VNO neurons
would not survive if the axons of these neurons were
excised. Thus we prepared VNO neurons from rat embryos
on embryonic day 19, and infected a primary culture of rat
VNO cells with Ad2-4HA. Two days after infection, the
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Fig. 1. Deduced amino acid 10 20 30 40

sequence of the newly iso- mouse 2-4 IMM NKNSR FIHHls N1 KNTFFSETGI GJL GIEF LF

lated mouse putative phero- ratvno-1 [MMNKNSRL[V|[TID[SNI RNTFFAEIGIGUV[sA LjLL LFNFIKL

mone receptor. VNO cDNA

was synthesized from RNA, 5 0 ! 7 80

whxch.waspreparedfrom\’l‘loS mouse24 [TIR[GHRILIRL TDLJLf[TGLLSLTITHLLMLLL|MAFT ATD|I[FT S|IR[RG

of Crj:CD-1 (ICR) male and fe- rat vno-1 mcle Q Rlsln LTD LIPII GLLSLINLLMLL MJTIA FIAT DlTlF | slw

male mice. To obtain the mouse

homologue sequences, PCR was n

performed with a pair of degen- 0 100 110 120

erated primers, which were syn- mouse 2-4 IWD DI I C KIFIL VYLY RIV L|RG LSLCTTSMLSVLQALIILSP Rﬁl

thesized from two conserved se- ratvno-1 WDD I | CK|S[LLYLVYR|TFIRGLSLCTSCLLSVLQAIILSPRSS

quences of the rat putative 11l

pheromone  receptor genes 130 140 150 160

(ViRs) (3) with the VNO ¢DNA mouse24 [CLAKILIKAK|YP[AR T SCAT 1JFLSVLYML[TSSHT CLLSTTATPN

as a template. The entire coding rat vno-1 ICLAK|F|KH;|P S|HHI SCA I L|S|LSVLYM]F|I SSHLLVSIIATPN

sequence of mouse VIR (clone

2-4) was obtained by 3'- and 5'- v

RACE. The sequence which cor- 24[CTIR[ND F LY vﬂTDQ sfcsi1CPL sw\‘:v MOQSMYST LmlfA LREVFL]I szof

: mouse 2-

:ﬁ%ﬁD&)tg‘zsﬁeféyi rat vio-1 TINDF IIHIVTQIWICS I LPMSYLMQSMFSTLLAIRDVFLI SIJ

the 3’ end of the 2-4—coding se-

quence by PCR. The 2-4-HA fu- 210 220 230 240

sion gene was inserted into the mause2-4,M_vﬁTIL YMVV|'LL CRHRKRAQHLQGT SLC spKﬁlA[EHRATo T]

Swal site of pAxCALALw (a ratvio-1 MV L STIWIYMV[A|[LLCRHRKQTRHLQGTSLSPKASIPEQRATARS

generous gift from Dr. 1. Saito, v

Laboratory of Molecular Genet- - - . .

; . . . 250 260 Fr 256

Ei’ii‘;‘;‘i';‘;tgf‘,’rfowslczlds:}‘]een:ee: mouse 2-4 || TMLM TIFIF VIMST FDS T VSCSRTMF LIDT [s Y s|| IH TFV W]
- ’ ratvno-1 |1 LMLMS|L|[FVLMSVFDSI VCSSRTMYLINDPlI|sYs|yYl[oLFMVH

sultant cosmid was used for con-

structing the recombinant ade- vi

novirus as described (11). The 290 300 310 320

recombinant adenovirus gener- mouse 2-4 II YATVSPFVF MlSlT EKHITV N|| R

ated was cloned and amplified ratvnio-1 ||l YATVSPFVFI|V[TEKHI VN|[SILR[SMCVKVHECLNIP

by serial passages. In the final Vil

step of amplification of the vi-

rus, expression of the receptor-HA unit was turned on via site-directed recombination by Cre recombinase, which was supplied by coinfection
with Cre-expressing adenovirus [AxCANCre (14)]. The resultant recombinant adenovirus was designated as Ad2-4HA. The sequence and the
expression of the receptor-HA fusion gene present in the genome of Ad2-4HA were confirmed by sequencing and immunocytochemistry, re-
spectively. Identical and conserved residues are indicated by shading. The seven putative transmembrane helices are also indicated (I-VII).

VNO neurons had extended axon-like fibers (Fig. 2A,
arrow), and no toxic effects of adenovirus infection were
observed (Fig. 2A). Under these conditions, 70 to 80% of the
cells expressed the HA epitope, indicating that these cells
also expressed the introduced receptor gene (Fig. 2B).

Since the G proteins, G, and G,,, have been suggested to
play roles in the signal transduction of VNO neurons (10),
the expression of G, and G,, in the VNO culture was exam-
ined using anti-G, and anti-G; antibodies, respectively. Al-
most all VNO neurons expressed Go (Fig. 2C). G,, proteins
were also expressed (Fig. 2D), but the number of cells
expressing G,, was lower than that of ones expressing G,
(data not shown). These results suggest, that under our
experimental conditions, some VNO neurons coexpress G,
and G, simultaneously.

Then, virus-infected and non-infected cells were stimu-
lated with urine, and then the responses of these cells were
analyzed by calcium imaging. The male and female urine
portions were passed through an Amberlite XAD-4 column.
As catecholamines and their derivatives, which emit fluo-
rescence by themselves, were adsorbed to this column, they
were removed from the urine. The resultant eluate did not
emit non-specific fluorescence when Rhod-2 was used as
the fluorescent indicator.

In control experiments, VNO cells were stimulated with
male or female mouse urine, but specific activation was not

observed (in both experiments, 0 to 1 cell/30-60 KCl-re-
sponsive cells within the fields). Next, VNO cells were in-
fected with the control adenovirus containing no receptor
gene [Axlwl (11)], and then stimulated with male urine
(Figs. 3b and 4, 4-6), but specific activation was not ob-
served (0 to 1 activated cell/ 45 KCl-responsive cells within
the field). A similar result was obtained for control adenovi-
rus-infected cells stimulated with female urine (data not
shown). These results indicate that almost no VNO cells
respond to urine under our experimental conditions, and
that adenovirus infection does not activate the VNO cells.

On the contrary, when Ad2-4HA—infected VNO cells were
stimulated with male mouse urine, a transient increase in
Rhod-2 fluorescence was detected (Figs. 3a and 4, 1-3) in
49% of the cells observed (21 activated cells/ 43 KCl-respon-
sive cells within the field). Dose-dependent responses to
male mouse urine were observed at 1/10 (final concentra-
tion; 1/100)- to 1 (final concentration; 1/10)-fold dilution
(Fig. 3d). In contrast, when female mouse urine was used
as a stimulator, the Ad2-4HA-infected cells did not respond
(0 activated cell/36 KCl-responsive cells within the field)
(Fig. 3c). These results show that the VNO cells only re-
spond when the exogenous receptor gene is expressed (Figs.
3, a and b, and 4, 1-6), and suggest that this receptor is
activated by male-specific urinary component(s). As urine is
the major source of pheromones, it is conceivable that one
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Fig. 2. Immunohistochemistry of a rat VNO primary culture.
Embryos at embryonic day 19 of Sprague-Dawley rats were used to
prepare VNOs. Day 0 of pregnancy was defined as the first day that
a vaginal plug was observed. The procedures used for isolating the
VNOs were those described by Osada et al. (1999) (15). The isolated
VNOs were removed from the surrounding tissue under a dissecting
microscope, treated with a trypsin solution (0.125% trypsin, 10 mM
EDTA, and 20 mM glucose) in PBS for 30 min at 37°C, and then
seeded onto a polyethylenimine (Sigma)-coated chamber slide (500
ul bath volume/well) (Nalgen Nunc International) in DMEM/F12
medium containing 5% fetal bovine serum (2 x 10° cells/well). These
cells were infected with the adenoviruses at a multiplicity of infec-
tion (moi) of 9 or 10. Two days after infection, the infected cells were
subjected to immunostaining as described (16). A rat anti-hemagglu-
tinin protein (HA) monoclonal antibody (Boehringer Mannheim),
rabbit polyclonal anti-G, and anti-G, antibodies (Wako Chemicals),
and AlexaFluor™ 488 conjugated goat anti-rat and anti-rabbit IgG
antibodies (Molecular Probes) were used. A: Light microscopy. B:
Anti-HA, C: anti-G,, and D: anti-G; antibodies, respectively. Arrows
indicate the axon-like structures in the cells. Bar, 0.05 mm.

Fig. 3. The response of a single VNO cell to mouse
urine. Urine from each of 10 male and female ICR
mice was collected daily. The collected urine was centri- 14
fuged at 5,000 rpm for 10 min at 4°C, or passed '
through a 0.45 um filter. The supernatant was passed

Ratio 1.5

through an AmberliteXAD-4 column (Organo), and the 13
resultant eluate was collected and used for the calcium
imaging assay. Two days after infection, the VNO cells 1.2

were loaded with 5 pM Rhod-2/AM (Dojindo Lab) and
0.1% cremophore EL (Sigma) for 1 h, washed and then
incubated in 250 pl of a BSS solution (130 mM NaCl,
5.4 mM KCIl, 1.8 mM CaCl, 5.5 mM glucose, and 20
mM HEPES-NaOH; pH 7.4) for 30 min. Twenty-five 1.0
microliters of the partially purified urinary fractions,

or 25 pl of a high K solution (0.8 M KCl in BSS) was 0.9
manually applied to these cells, and then Rhod-2 fluo-

1.1
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Fig. 4. A putative mammalian pheromone receptor mediates
[Ca*] elevation in VNO cells caused by male mouse urine.
Panels 1, 2, 4, 5, 7, and 8 show pseudocolored images of the cells.
VNO cells were infected with the recombinant adenovirus (1 and 2,
and 7 and 8) or control adenovirus, Axlwl (4 and 5). In panels 7-9,
the cells were treated with pertussis toxin. The urine from male mice
was used as a stimulator. These cells were assayed for increases in
[Ca?] before (1, 4, and 7) and after (2, 5, and 8) the addition of urine.
Line traces (3, 6, and 9) show the kinetics of [Ca?*] changes for repre-
sentative cells in panels 2, 5, and 8. Arrows indicate the timing of
stimulation with urine.
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rescence was monitored under an inverted fluorescent 13
microscope (Olympus IMT-2) equipped with an Argus ’
50 calcium-imaging processing system (Hamamatsu
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Photonics). For single-cell calcium imaging, the cell 1.2
was continuously washed out with the BSS solution.
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tussis toxin, Ad 2-4HA-infected cells were treated 1.3
overnight with 50 ng/ml of the reagent, and then
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washed with the BSS solution immediately before the 1.0
calcium-imaging assay. a: Recombinant adenovirus-in- :
fected VNO cells were activated by male mouse urine

(white arrow). b: Axiwl-infected VNO cells were not ac- 0.9
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tivated by male mouse urine (white arrow). c: Recombi- 0
nant adenovirus-infected VNO cells were not activated
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by female mouse urine (white arrow). d: Dose response of the putative pheromone receptor. Recombinant adenovirus-infected VNO cells were
stimulated by male mouse urine of various concentrations. Mouse urine was diluted with 1x BSS solution. e: Treament with pertussis toxin
attenuated the response of recombinant adenovirus-infected cells. White arrows indicate the timing of stimulation. HK: high KCI stimulation

(black arrow).
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of the putative pheromone receptors, clone 2-4, recognizes
male-specific pheromone(s).

G-protein—coupled signal transduction is suggested to
play a role in mammalian vomeronasal neurons (10). The
coexpression of G, with V1Rs and G, with V2Rs implies
that G, and G, are functionally coupled with V1s and
V2Rs, respectively, for the pheromone sensing pathway (4,
5, 12). To investigate the functional coupling of these recep-
tors with these G proteins, Ad2-4—infected VNO cells were
treated with pertussis toxin, a specific inhibitor of G/G,
coupling with receptors, and then the response to male
mouse urine was analyzed. As shown in Figs. 3e and 4, 7-9,
the activation of the infected cells by male mouse urine was
attenuated (3 activated cells/31 KCl-responsive cells within
the field), suggesting that pertussis toxin specifically atten-
uated the response of these cells, and that G, and/or G, are
functionally coupled with V1Rs.

An IP3-mediated pathway was proposed to play a role in
the vomeronasal sensory system, although Leider-Zufall et
al. (8) suggested that the response of the VNO neurons was
triggered primarily by Ca®* entry into the cells. The system
described here will be useful for analyzing these transduc-
tion mechanisms.

In this study, we found that a putative pheromone was
specifically activated by urine, and suggest that G; and/or
G, are functionally coupled with the receptor for the signal
transduction pathway. We believe that the system de-
scribed above can be used for the assaying of other ViRs
and V2Rs of various mammals. Thus, our assay system can
be used not only for analyzing the signal transduction of
VNO neurons, but also for detecting and identifying puta-
tive pheromone molecules of various mammals.
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