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The mammalian vomeronasal organ (VNO) is an accessory 
olfactory structure implicated in the sensing of pheromones. 
Although virtually nothing is known about sensory transduction 
in the mammalian VNO, recent findings have raised the possi- 
bility that it proceeds via a G-protein-coupled mechanism and 
involves a cyclic nucleotide-gated ion channel as in the nasal 
olfactory epithelium. To investigate this possibility, we cloned 
G-protein CY subunits, adenylyl cyclases, and guanylyl cyclases 
that are expressed in the VNO and examined their patterns of 
expression. Of seven Ga subunits identified as being ex- 
pressed in the VNO, we found that mRNAs encoding only two, 
GCIO and G42, are highly expressed in VNO neurons. More- 
over, GCIO and Gai2 are highly expressed by separate subsets 
of neurons that are located in different regions of the VNO 

neuroepithelium. lmmunohistochemical studies show that both 
GCIO and Gai2 are enriched in VNO microvilli, suggesting that 
G-proteins containing both of these a subunits may be involved 
in VNO sensory transduction. Of the adenylyl and guanylyl 
cyclases that we cloned, we found that only one, adenylyl 
cyclase type II, is highly expressed in VNO neurons; further- 
more, it is expressed by both Gcvo ’ and Grui2 ’ subsets. Our 
findings suggest that spatially segregated subsets of VNO 
neurons may use different, but related, sensory transduction 
pathways in which G-proteins and an adenylyl cyclase play 
major roles. 
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In the mammalian olfactory system, environmental stimuli are de- 
tected by sensory neurons at two locations: the nasal olfactory epi- 
thelium (OE) and the vomeronasal organ (VNO) (Shepherd, 1988). 
Volatile odorants are detected in the OE, whereas the VNO appears 
to specifically detect pheromones, molecules released from one 
member of a species that can induce innate social or sexual behaviors 
and neuroendocrine changes in conspecifics (Keverne, 1983; Halp- 
ern, 1987; Wysocki and Meredith, 1987). 

The VNO is a tubular structure at the base of the nasal septum 
that opens into the nasal cavity. The VNO neuroepithelium and 
OE have a common embryological origin and a similar structure 
(Cuschieri and Bannister, 1975). OE and VNO sensory neurons 
resemble one another in morphology, lifespan, and axonal pro- 
jection, and both express olfactory marker protein (OMP) (Bar- 
ber and Raisman, lY78; Farbman and Margolis, 1980). These 
similarities suggest that, although VNO and OE neurons may 
detect different ligands, they may use similar strategies for trans- 
ducing sensory signals and transmitting those signals to the brain. 

In the mammalian OE, odorants bind to odorant receptors on 
sensory neurons, thereby inducing a transduction cascade in which 
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interactions of a &s-like G-protein, Gcuolf, with adenylyl cyclase 
type III (AC III) induces elevations in CAMP that open cyclic 
nucleotide-gated (CNG) ion channels (Reed, 1992; Ronnett and 
Snyder, 1902; Breer et al., 1994; Zufall et al., 1994; Buck, in press). 
Inositol triphosphate (IP,) may also incrcasc, but its role is unclear. 

In contrast, virtually nothing is known about sensory transduction 
in the mammalian VNO. We recently found that one subunit 
(oCNC2) of the olfactory CNG channel is expressed in mouse VNO 
neurons, but that Gcyolf, AC III, and another channel subunit 
(oCNC1) are not (Berghard et al., in press). This indicated that VNO 
sensory transduction differs from that in the OE, but that it might 
involve CNG channels that, as in the OE, are opcncd by CAMP after 
the activation of a Gas-like G-protein. On the other hand, stud& in 
snake and turtle indicate that VNO sensory transduction may, at 
least in some species, involve IP, increases mediated by a G-protein 
resembling GLYO, Goli, or Gaq (Luo et al., lYY4; Taniguchi et al., 
1995). Immunohistochemical studies indicate that a number of 
G-proteins (Gao, GNS, Gai2, and Gcuq/GolIl) arc prcscnt on rat 
VNO axons; however, this need not imply a role in sensory trans- 
duction, as emphasized by the presence of several G-proteins, but not 
Gnolf, on OE axons (Menco et al., 1992, 1994; Shinohara ct al.. 
1992b). 

To identify potential VNO sensory transduction components, 
WC searched for G-proteins, and adenylyl and guanylyl cyclases, 
that are highly expressed in mouse VNO neurons. Consistent 
with a recent immunohistochemical study in opossum (Halpern 
et al., 1995), our studies suggest the existcncc of two G-protein- 
coupled transduction pathways in which Gao- and Gai2- 
containing G-proteins play major roles. Our studies further 
identify adenylyl cyclase type II (AC II) as a likely component 
of both pathways. 
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MATERIALS AND METHODS 
Ching procrdurrs. A cDNA library was prepared using polyA’ RNA 
isolated from male and female C57BU6J VNO according to standard 
procedures (Sambrook et al., 1989) in AZAPII (Stratagene, La Jolla, CA). 
PCR was carried out in IO IIIM Tris-HCI, pH X.3, SO ITIM KCI, I.5 nlM 

MgCl?, 0.001% gelatin, 200 pM each of dATP, dCTP, dGTP, and dTTP, 1 U 
of Tuq polymerase (Bochringer, Indianapolis, IN), and 2 pM of each primer 
with I $/IO ~1 reaction of cDNA generated from 0.1 +g/pI total VNO RNA 
(pretreated with DNase RQI; Promega, Madison, WI) using random hcx- 
amer primers (Buck and Axel, IYYI). Amplifications were according to the 
following schedule: 96°C for 45 set, 45°C for 3 min, and 72°C for 3 min with 
6 set extension for 50 cycles. Alternatively, 1 ng/pl A-DNA from the VNO 
cDNA library, represcnhng IO4 or IO5 pfu; was ised in PCR reactions for 40 
cvrles. The 5’ mimers for Cm subunits were as follows: P41, 5’-GGIAA- -,-.--. .~~. ran 
(A/G)(&T)(G/C)IACITT(T/C)(C/A)TIAA(A/G)CA(A/G)ATG-3’; P42, 
5’-GGIAA(G/A)AG(T/C)ACIATIGTIAA(G/A)CA(G/A)ATG-3’. The 3’ 
primers had the following sequences: P43, S’-(T/C)(T/C)ITGICCICCI- 
AC(G/A)TC(G/A)AA(G/C)AT-3’; P44, S-T(C/G)I(T/G)(C/A)IC(T/G)(C/ 
T)TGICCICCIAC(G/A)TC-3’. The -480 bp PCR products were gel- 
isolated and cloned into pBluescript SK (Stratagenc). Unique clones first 
were identified by restriction enzyme digestion of PCR-amplified inserts of 
individual colonies and then sequenced (Resslcr et al., 1993). The GLVS 
product isolated contained a sequence encoding the amino acids EGGEED- 
PQAARSNSDGE, which is representative of one out of four splice variants 
described for this gene (Bray et al., lY86). The cloned Gas sequence should 
recognize, however, all four Gas variants when used as a probe. The 
vomeronasal cDNA library (3 X IO5 pfu) was screcncd with the reverse 
transcription (RT)-PCR products obtained after “P labeling using a random 
priming procedure (Stratagene). The same filters then were reprobed with a 
mix of “P-labeled Goti2, Ciao, Gnus, and Gcul3 (for hybridization conditions, 
see Northern analysis). This yielded a hybridization pattern that was identical 
to that obtained with the RT-PCR products. Two independent Gao cDNA 
clones were isolated and sequenced with a primer ‘(5’.AACCACGAA- 
CCGCATGCACG-3’), which revealed that GaoA was present in the vomc- 
ronasal cDNA library. To amplify the Golq class specifically, the following 
primers each were used together with P41, using the same PCR conditions as 
described above: PSI, 5’-AAGA(AIG)GGC(C/T)TTG(G/C)(A/T)(C~)TC- 
(C/T)TCCAT-3’; PS2. S’-TC(T/C)TCGA(G/A)(G/A)CA(T/C)TG(A/G)- 
TC(G/A)TA(CIT)TC-3’. For amplification of Gaq, specific primers were 
(P55) 5’.ACC’TTCATCAAGCAGATGAGG-3’ and (PSh) S’-ACCATT’- 
CTGAAAATGACACTITGT-3’, which were used in the PCR protocol 
outlined above with the exception that the annealing temperature used was 
65°C. The same RT-PCR protocol outlined above was used (annealing 
temperature 45°C) using primers that would recognize AC cDNAs: P47, 
5’-ATIAA(G/A)ACIATIGGl(A’T)(G/C)lACITA(C/T)ATG-3’; P48, S’- 
TTIACIGTITTICCCCA(A/G)TC(AG)TA-3’. The PCR product obtained 
was “P-labeled and used to screen 3 X 10’ pfu from the VNO cDNA library 
at 6S”C, which represents moderately stringent hybridization conditions. 
From this screen, ACs II and VII were obtained. These were partially 
sequenced, revealing that the AC II clone started at a site equivalent to 2136 
in the rat AC II (Genbank accession number MXO550). AC VII started at 
3602 of the mouse AC VII sequence in Genbank (accession number 
UI2YlY). We are grateful to Dr. F. L. Margolis (Roche Institute, Nutley, NJ) 
for the OMP clone, which has been described previously (Danciger et al., 
1989; Rcssler et al., lYY3). 

RNA preporutiotz urzd Norfhw crnrr~vsis. The VNO of adult male 
C56BLi6J mice (Jackson Labs, Bar Harbor, ME) were dissected out, and 
only tissue inside the encapsulating bone was collected. OE, whole brain, 
kidney, and VNO tissues were frozen immediately in N, (liquid) and 
stored at -80°C until total RNA was prepared as dcscrihed previously 
(Cathala et al.. lY83). PolyA+ RNA was prepared using oligo-dT- 
cellulose (Stratagene). PolyA ’ RNA was fractionated through formalde- 
hyde/1.0% agarosc gels, blotted onto nylon membrane (Amcrsham, Ar- 
lington Heights, IL), and fixed by ultraviolet irradiation (Stratagene) 
(Sambrook et al., 1989). Both a total RNA sample and a molecular weight 
marker (0.24-0.5 kb; Gibco, Grand Island, NY) were run on the same gel 
for size determination. Filters were prehybridizcd and hybridized in 0.5 M 

phosphate buli’er, pH 7.3, with I% bovine strum albumin and 4%, SDS. 
Inserts of cloned sequences were “P-labeled by random priming. The 
following probes were used in hybridizations at 80°C (very high stringen- 
cy): Gao, Gcui2, Gas, and AC II. Hybridization temperature for the OMP 
probe was 70°C. For quantitation of the relative intensities of hybridiza- 
tion signals, a PhosphorImager (Molecular Dynamics, Sunnyvale, CA) 
was used. 

In situ hyhridizukm. The procedure we used was as described previ- 

ously (Sassoon et al., 1088; Ressler et al., lYY3). Brictlv. adult CS7BWhJ 
mice (Jackson Labs) were anesthetized with 1.25% 2,2,i-trihromocthanol 
and 0.775%~ amyl alcohol and then perfused intracardiallv with cold PBS 
followed by 4% p-formaldehyde in PBS (fix). After isola;ion, tissue was 
incubated overnight at 4°C in the fix and then decalcified for 4 d at 4°C 
in fix/O.215 M EDTA. For study of VNO dcvclopmcnc, pregnant 
C57BW6J mice were obtained from Charles River Laboratories (Wil- 
mington, MA) and pups were killed at the indicated days after birth (PI 
denotes day of birth). Tissue was isolated and fixed overnight at 4°C in 
p-formaldehyde. The tissue was dehydrated and emheddcd into parattin 
according to standard procedures before sectioning. Sections were ar- 
ranged onto 0.01% Cr”/0.2% gelatin-coated glass slides and treated, 
hybridized, and washed as detailed in Sassoon et al. (1988). Z”S-Labeled 
RNA probes (Stratagene) were diluted to 35,000 cpmiml in hybridization 
solution containing 50% deionized formamide, 0.3 M NaCI, 20 ItIM 
Tris-HCI, pH 7.4, 5 mM EDTA, 10 mM NaPO,, pH X.0, 1Oc/r> dcxtran 
sulfate, IX Denhardt’s solution, and 50 &ml yeast RNA. After hvhrid- 
ization for 16-18 hr at 52”C, slides were washed in SO~<~ formamide, 2X 
SSC, 0.1 M dithiothreitol at 65°C then rinsed in 0.4 M NaCI. 0.1 M 
Tris-HCI, pH 7.5, and 0.05 M EDTA, treated with RNasc A (2O’kg/ml; 
Boehringer) for 30 min at 37°C and, finally, washed once in 2~ SSC and 
once in 0.1~ SSC at 37°C for 15 min each. Slides were dehydrated and 
processed for autoradiography using NBT-2 photographic emulsion 
(Kodak, Rochester, NY). Exposure times were as indicated in the tigure 
legends. Hoechst 3325X was used as histological stain. lmagcs were 
processed using Adobe Photoshop version 3.0. 

InzmLlrzohistochrmist~. Three-week-old mice were perfused intracardi- 
ally as described above using Bouin’s fixative (4.8%~ acetic acid, 2.4%~ 
formaldehyde, and 71.4% H,O saturated with picric acid), and the dis- 
sected tissue was post-fixed for 4 hr, cryoprotected by incubation in 30%~ 
sucrose, and frozen in O.C.T. compound (Miles, Elkhart. IN) before it 
was sectioned at IO pm using a cryostat. Specific immunorcactivity was 
detected by the biotin-avidin-horseradish peroxidase method (ABC 
Elite) as recommended by the supplier (Vector, Burlingamc, CA). Briton 
X-100 (0.1%) was included in all steps except those involving the perox- 
idase enzyme. Primary antibodies used were affinity-purified rabbit anti- 
Gao (Upstate Biotechnology, Lake Placid, NY) and rabbit anti-Gui 
(immunogen was a peptide corresponding to amino acids 345-354 of rat 
Gai3; Santa Cruz Biotechnology, Santa Cruz, CA), which recognizes all 
known Gcui. Anti-Gao was used at a concentration of 0.062 &ml, and 
anit-Gai was used at 0.01 &ml. Incubation with primary antibodies was 

done overnight at 4°C. Omitting the primary antibody f&m the staining 
procedure caused no detectable staining in either olfactorv or VNO 
neuroepithelia. 

RESULTS 

Identification of Gcll subunits expressed in the VNO 
The goal of the present studies was to identify molecules that 
might be involved in sensory transduction in mammalian VNO 
neurons. Northern blotting, immunohistochemistry, cDNA library 
screens, and in situ hybridization indicate that presumed compo- 
nents of the transduction pathway of OE neurons are highly 
expressed in those cells. This high-level expression of signaling 
components likely maximizes the rate of sensory signaling (Lamb 
and Pugh, Jr., 1992) and suggests that sensory transduction mol- 
ecules in VNO neurons are also likely to be highly expressed. 

In initial experiments, we asked whether thcrc is a specific 
G-protein (Y subunit that is highly expressed in VNO neurons. To 
search for GCY subunits expressed in VNO neurons, we first used 
PCR to amplify Ga-coding sequences present in mouse VNO 
RNA. Random-primed cDNA prepared from VNO RNA, or 
DNA prepared from a VNO cDNA library, was subjected to PCR 
with degenerate oligonucleotide primers that match conserved 
amino acid stretches in the Ga protein family. In these experi- 
ments, two different 5’ primers and two 3’ primers were used in all 
possible combinations. Theoretically, these primer combinations 
should permit the amplification of sequences encoding all Ga 
subunits thus far identified (Neer, 1995). The PCR products were 
cloned into a plasmid vector, and unique clones were identified by 
digestion with restriction enzymes. Sequence analyses of the 
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unique clones showed that they encoded segments of five different 
Ga subunits: Gas, Gao, Gai2, Gc~13, and Ga14. 

We next examined whether there might be additional Ga sub- 
units represented in the PCR products that we had not cloned, but 
that are abundantly expressed in the VNO. To do this, we first 
screened filters prepared from a VNO cDNA library with a probe 
containing a mix of the original PCR products. We then stripped 
the filters to remove the probe and rehybridized the filters to a mix 
of the cloned Ga sequences that we had isolated already. The 
patterns of hybridization obtained with the two probes were 
identical. Although we cannot exclude absolutely that there are 
additional Ga subunits abundantly expressed in the VNO, this 
result argues strongly against that possibility. Of note, Gaolf, 
which is implicated in sensory transduction in the OE, was not 
represented among the sequences we cloned. 

Among the Ga clones that we obtained, only one, Ga14, 
belonged to the Gaq class of Ga subunits, which causes increases 
in IP, by stimulating phospholipase C (PLC). However, immuno- 
histochemical studies with antibodies that recognize Gaq and 
Go1 1, another member of the Goq class, indicate that Gaq and/or 
Gall is present in VNO sensory axons (Menco et al., 1994). To 
search for additional members of the Gaq class that might be 
expressed at a lower level in the VNO, we performed additional 
PCR experiments using primers more specific for members of the 
Gaq class (i.e., Gaq, Gall, Ga14, Ga1.5, and Gcul6). This effort 
yielded one additional Ga subunit, Gall. Yet another set of 
primers specific for Gaq had to be used to amplify Gaq from 
VNO cDNA. 

Distinct patterns of high-level Gcvo and G42 
expression in the VNO neuroepithelium 
To determine whether any of the Ga sequences we had cloned is 
highly expressed in VNO neurons, we performed in situ hybrid- 
ization experiments in which we hybridized radiolabeled probes 
prepared from the Ga clones to tissue sections cut through the 
VNO. Each probe was also hybridized to sections through the OE 
of the nasal cavity. As a reference, we used a probe prepared from 
a cloned segment of the OMP gene (Danciger et al., 1989). OMP 
is expressed in all mature neurons in both the VNO and OE 
(Farbman and Margolis, 1980; Monti-Graziadei et al., 1980). 

The results of these experiments indicate that two different Ga 
subunits, Gc~o and Goi2, are highly expressed in VNO neurons 
(Fig. L4). High expression of RNAs encoding these two subunits 
is observed primarily in separate subpopulations of VNO neurons, 
which are located in distinctly different regions of the neuroepi- 
thelium. High expression of Gao is observed in neurons in the 
basal (lower) half of the epithelium, whereas high expression of 
Gai2 is observed in neurons in the apical (upper) part of the 
neuroepithelium that lies closer to the epithehal surface. Neither 
subunit is highly expressed in supporting cells, which form an 
uppermost apical layer of cells. Two parallel zones showing high 
Gao or Gai2 expression run along the length of the VNO neu- 
roepithelium. Each zone has an undulating appearance, appar- 
ently because of the presence of blood vessels toward the base of 
the neuroepithelium. 

Closer examination indicates that along most of the dorsal- 
ventral length of the VNO epithelium, there is little or no overlap 
between the VNO subsets expressing Gcro and Goi (Fig. II?). 
However, at the dorsal and ventral extremes of the neuroepithe- 
lium, the patterns of GCIO and Goi hybridization are overlapping. 
Previous studies indicate that, in the adult animal, these terminal 
regions contain the progenitors of VNO neurons and that the 
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F@re I. Gno and Goi mRNA expression in the VNO and OE. A, 
Sequential coronal sections through the VNO and OE were hybridized 
with probes prepared from coding region segments of Gw, Gcxi2, or OMP 
cDNA. In the VNO neuroepithelium, the OMP probe hybridizes to all 
mature neurons, but not to the most apical layer of cells closest to the 
lumen (L), which are supporting cells. Both the Gao and Gai2 probes 
show intense hybridization to VNO neurons, but GCIO+ neurons have a 
more basal, and Goli2+ neurons have a more apical, location. GCXO+ and 
Gui2’ neurons appear to occupy two distinct zones that run parallel to 
each other along the length of the neuroepithelium, but have an undulat- 
ing appearance because of the presence of blood vessels. In the OE, the 
OMP probe hybridizes intensely to all neurons, as expected. The GCXO 
probe also appears to hybridize to all neurons, whereas the Gai2 probe 
does not hybridize any more intensely to OE neurons than to other cell 
types. Autoradiographic exposure was for 2 weeks. S, Nasal septum. Scale 
bar, 250 Km. B, Higher-magnification photographs of consecutive sections 
hybridized with the Gao and Gai2 probes were superimposed using 
Adobe Photoshop version 3.0. The Gcvo hybridization signal is shown in 
yellow, and the Gai2 signal is shown in red. Overlapping GCIO and Gai2 
signals are shown in green. This image shows that GLYO+ and Gui2’ 
neurons occupy distinct zones of the VNO neuroepithelium, which are 
almost mutually exclusive except at the dorsal and ventral termini, where 
they overlap completely. Scale bar, 50 pm. 

offspring of the progenitors migrate inward from the termini 
(Barber and Raisman, 1978; Monti-Graziadei et al., 1980). The 
high expression of Gao and Gai2 in the termini could reflect the 
presence of both subunits in individual progenitors or immature 
neurons or, alternatively, could be caused by an intermingling of 
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F@re 2. Northern blot analyses of Gcxo, G&2, and GCXS expression in the 
VNO and OE. PolyA+ RNAs obtained from mouse OE, brain, kidney, 
and VNO were analyzed. One microgram of poIyA+ RNA was loaded per 
lane. The VNO and OE samples show comparable amounts of GQO and 
similar Gao message sizes. In contrast, the VNO sample shows a IO-fold 
higher level of Gai2 than any of the other tissues examined. Hybridization 
with a Gas probe served as a control for polyA+ RNA loading and 
confirmed that this message is expressed to a similar extent in the tissues 
examined. Sizes are given in kb. 

cells selectively expressing one or the other subunit in the terminal 
regions. 

Because the VNO has been implicated in the detection of sex 
pheromones, it is conceivable that it is sexually dimorphic. Con- 
sistent with this idea, the VNO of the male mouse contains more 
neurons than that of the female (Segovia and Guillamon, 1993). 
However, when we compared the patterns of hybridization of 
male and female VNO neuroepithelia with Gao and Gai2 probes, 
we observed no differences (data not shown). 

The patterns of Gao and Gai2 hybridization observed in the 
OE are strikingly different from those observed in the VNO (Fig. 
1A). G~YO appears to be highly expressed in OE neurons through- 
out the entire central portion of the OE, where the cell bodies of 
olfactory neurons are located. More basally located cells, which 
are likely to be immature neurons or neuronal progenitors (Gra- 
ziadei and Monti-Graziadei, 1979) (see also Discussion in Cag- 
giano et al., 1994), also show high GLXO expression. Gai2, which is 
a ubiquitous mRNA expressed by most cell types, does not appear 
to be any more highly expressed in OE neurons than in other cell 
types. 

To get a quantitative appreciation of the relative levels of Gc~o 
and Gai2 mRNAs in the VNO and OE, Gao and Gai2 probes 
were hybridized to Northern blots of polyA+ RNA isolated from 
these two tissues and from mouse brain and kidney (Fig. 2). The 
Gcvo probe hybridized to a similar extent to VNO and OE RNAs; 
in both cases, two hybridized bands of 3.5 and 4.6 kb were 
observed. In brain RNA, the same two bands and an additional 
band of -6.9 kb were recognized by the probe. The single GCYO 
gene can yield splice forms that encode Gao subunits with differ- 
ent C-terminal regions (GaoA and GaoB) [Murtagh et al. (1994) 
and references therein]. A comparison of the GLXO transcript sizes 
with those described previously suggests that the large form de- 
tected in the brain sample represents GaoB and that the two 
shorter forms represent GcuoA-encoding mRNAs with different 
untranslated sequences. Partial sequence analyses of two Gao 
cDNA clones isolated from the VNO cDNA library indicate that 

Table 1. Summary of in situ hybridization studies of Gcx-subunit 
expression 

Vomeronasal 
neurons 

Olfactory 
neurons 

Other nasal 
cell types 

Gao + + + lower layers 
of mature 

Gai2 +++ upper lay- 
ers of mature 

Gas + + + precursor 
++ mature 

Gal3 + 
Gaq - 
Gall + 

Gal4 - 

+ + + precursor 
and mature 
+/- mature 

+ + + precursor 
++ mature 
+ 
- 
+ 

- 

+ 

++ 

+ 
- 
+ 
++ cells in 

sinus 
+ respiratory 
epithelium 

Sections through the VNO and OEwere analyzed for the exprc\sion of the indlcated 
Gu wbunits by UI SZIU hybridzation. +, Hybridization that was above background in 
the celle Indicated: -, No detectable specific hybridization. Except where noted, all 
cellq in the Indicated population scored as either + or -. The term “precursor” is 
used to describe cells m region\ of the OE or VNO neuroepithehum known to 
contain neuronal precursors. The term “mature” is used to dcscnbe cells located in 
regions of the neuroepithelia that express OMP, which is expressed in all mature 
neurons in the VNO and OE. 

GaoA is expressed in the VNO, but they do not rule out the 
expression of Ga!oB or other, yet uncharacterized splice forms. 

As expected from the in situ hybridization studies, the Gai2 
probe hybridized to a much greater extent to VNO RNA than to 
RNA from the other tissues examined. Although a single band of 
2.4 kb was observed in all RNA samples, quantitation of the 
hybridization signal indicated that Gai2 mRNA was lo-fold more 
abundant in the VNO RNA than in the other RNAs examined. 
When the same Northern blot was stripped and rehybridized with 
a GCZS probe, a single 1.9 kb band was observed in VNO RNA that 
was similar in intensity to the same band in brain and kidney 
RNAs. 

The high-level expression of only Gal2 and G~YO (Y subunit 
mRNAs in VNO neurons suggests that G-proteins containing 
these cx subunits might play major roles in VNO sensory trans- 
duction. The high expression of these two molecules in separate 
subsets of neurons further suggests that there are two distinct 
mechanisms of sensory transduction used in the VNO. 

Patterns of expression of other Ga subunits in 
the VNO 
GCXS expression was readily detectable in all cell types in both the 
VNO and OE by in situ hybridization (Table 1). Unlike most other 
neurons, sensory neurons of both the VNO and OE are short- 
lived cells that are replaced continuously from a resident precur- 
sor population (Barber and Raisman, 1978; Graziadei and Monti- 
Graziadei, 1979). There appeared to be a somewhat elevated level 
of expression of Gas at the base of the OE and in the dorsal and 
ventral termini of the VNO. Because these regions of the OE 
(Graziadei and Monti-Graziadei, 1979; Caggiano et al., 1994) and 
VNO (Barber and Raisman, 1978) appear to be the locations of 
neuronal progenitors, it is possible that progenitors in both the 
OE and VNO express slightly higher levels of Gas subunits than 
surrounding cells. 

The patterns of hybridization observed with the other Ga- 
subunit probes are summarized in Table 1. Gal3 appeared to be 
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Patterns of expression of AC II an 
Coronal sections through the nasal cavity and VNO of the adult mouse 
were used to analyze the expression of AC II (ACID) and AC VII (ACVII). 
Autoradiographic exposure was for 6 d (OMP control) or I2 d (ACs). 
Photographs were processed using Adobe Photoshop version 3.0 to show 
hybridization signals in yellow. In this anterior region of the snout, the 
bilaterally symmetric VNOs can be seen at the base of the nasal septum, 
and the OE is restricted to dorsal regions of the nasal cavities. Neither AC 
II nor AC VII appears to be expressed in the OE. In the VNO, AC VII 
hybridization is observed only in glandular tissue. Intense AC II hybrid- 
ization is observed in neurons throughout the VNO neuroepithelium, but 
not in the apical-most layer of supporting cells. Scale bar, 250 pm. 

expressed weakly in all cell types in the VNO and olfactory 
neuroepithelia. Of the members of the Gaq class analyzed (Gaq, 
Gall, and Ga14), only Gal4 showed any preferential localiza- 
tion, and this was to the respiratory epithelium of the nasal cavity 
and the nonsensory epithelium of the VNO. Gal 1 expression was 
detectable in both VNO and OE, but it appeared to be very weak. 
Expression of Gaq was not evident in either tissue after 2 weeks 
of autoradiographic exposure. These findings are consistent with 
our observation that Gaq and Gcvll did not appear to be abun- 
dantly represented in VNO cDNA. 

These results argue against the possibility that a G~x subunit 
belonging to the Gas or Gaq class is directly involved in VNO 
sensory transduction. Of the Ga subunits identified as being 
expressed in the VNO, only Gao and Goli2 are highly expressed in 
VNO neurons. 

AC II is expressed in vomeronasal neurons 
Our previous experiments showed that one subunit of the olfac- 
tory CNG channel, which is involved in sensory transduction in 

OE neurons, is also expressed in VNO neurons. In OE neurons, 
odor-induced increases in CAMP, which are thought to be medi- 
ated by AC III, open CNG channels (Zufall et al., 1994). Al- 
though AC III is not expressed in VNO neurons, it is possible that 
sensory transduction in these cells involves another AC isoform. 
To examine this possibility, we asked whether there is any adenylyl 
cyclase that is highly expressed AC in VNO neurons. Because the 
olfactory CNG channel can also be opened by increases in cGMP, 
we also investigated whether there might be a highly expressed 
guanylyl cyclase in VNO neurons that could mediate increases in 
cGMP. 

To date, at least eight different Gas-activated ACs have been 
identified (AC I-VIII) that vary in their responses to Gai sub- 
units, Ca”, and G-protein P-y subunits (Pieroni et al., 1993; 
Taussig and Gilman, 1995). To determine whether there is an AC 
that is highly expressed in VNO neurons, we used an approach 
similar to that we had used to identify G-protein (Y subunits 
expressed in those cells. VNO cDNA first was used as template in 
PCR reactions with degenerate primers matching consensus se- 
quences in ACs. A VNO cDNA library was then screened with the 
AC PCR product, and hybridized clones were isolated and par- 
tially sequenced. Using this approach, two ACs, AC II and AC 
VII, were identified as being expressed in the VNO. AC III, which 
is highly expressed in the OE (Bakalyar and Reed, 1990), was not 
among the clones isolated. 

We next used in situ hybridization to examine the expression of 
AC II and AC VII in the VNO and OE (Fig. 3). The results of 
these experiments indicate that AC II is highly expressed in VNO 
neurons, but not in neurons in the OE. With the exception of the 
extreme termini and the uppermost layer of supporting cells just 

beneath the epithelial surface, the entire VNO neuroepithelium 
shows intense hybridization to the AC II probe. This indicates that 
AC II is expressed in both the Gc~o+ and GLui2+ subsets of VNO 
neurons. AC VII appears to be expressed in nonsensory tissue in 
the VNO, but not in VNO neurons. 

Expression of AC II has been reported previously in the OE, 
brain, and lung (Feinstein et al., 1991; Mons et al., 1993). North- 
ern blot analysis with the AC II probe (Fig. 4) shows a single 
hybridizing band in VNO RNA, which is similar in both size (4.7 
kb) and intensity to that observed in brain RNA. A much weaker 
band of the same size is present in OE RNA. A quantitative 
comparison of the hybridization signals indicates that the AC II 
mRNA level is at least IO-fold higher in the VNO than in the OE. 

* 
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Figure 4. Northern blot analysis of AC II expression. One microgram of 
polyA+ RNA obtained from OE, brain, kidney, or VNO was size- 
fractionated, blotted onto a nylon membrane, and hybridized with an AC 
II (ACID) or OMP probe. The similar OMP hybridization signals observed 
in the VNO and OE RNA samples indicate that they contain approxi- 
mately equivalent representations of RNAs from mature sensory neurons. 
The level of AC II RNA in the VNO is similar to that in brain and far 
exceeds the level of AC II RNA in the OE. Sizes are given in kb. 

When the same filter was hybridized to an OMP probe, a roughly 
comparable signal was observed in the VNO and OE RNAs, 
which suggests a similar representation of neuronal RNAs in the 
two samples. 

To cxaminc whcthcr thcrc is a guanylyl cyclase (GC) that is 
highly expressed in VNO neurons, PCR products obtained from 
VNO cDNA using degenerate primers that match conserved 
segments in various GCs were first cloned, and unique clones wcrc 
isolated. Sequence analyses of these clones showed that they 
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encoded segments of four different GCs: GC-al, GC-(Y~, GC-fil, 
and the natriuretic factor receptor (a transmembrane GC). A very 
low frequency of hybridized clones was observed when the GC 
PCR product was used to screen a VNO cDNA library. Consistent 
with this, in situ hybridization experiments using the four GC 
clones as probes gave evidence only for the expression of GC-c~2, 
which appeared to be expressed very weakly in the VNO neuro- 
epithelium (data not shown). 

The results of these experiments indicate that AC II may play a 
major role in VNO sensory transduction. The high expression of 
AC II in both the Gc~o+ and Gai2+ subsets of VNO neurons 
suggests further that sensory transduction in the two subsets may 
have at least some common components. Our previous finding 
that the CNG channel subunit oCNC2 is expressed in both Gao+ 
and Gai2+ regions of the neuroepithelium also favors this 
conclusion. 

G~yo and Gai proteins are enriched in VNO microvilli 
In the nose, sensory transduction occurs in specialized cilia that 
are extended into the nasal lumen by olfactory neurons (Reed, 
1992; Ronnett and Snyder, 1992; Breer et al., 1994; Zufall et al., 
lYY4). Consistent with observations that isolated cilia show 
odorant-induced increases in CAMP and IP, (Boekhoff et al., 
1990) and that ciliary membranes contain CNG ion channels 
(Nakamura and Gold, 1987), immunohistochemical studies have 
localized a number of molecules thought to be involved in olfac- 
tory sensory transduction to cilia at the surface of the OE (Ko- 
shimoto et al., 1992; Menco et al., 1992; Cunningham et al., 1993; 
Krieger et al., 1994). VNO neurons resemble olfactory sensory 
neurons, but they extend microvilli instead of cilia into the VNO 
lumen (Garrosa and Coca, 1991), which suggests that sensory 
transduction in the VNO occurs within these microvilli. 

The high expression of Gao and Gai2 RNAs in VNO neurons 
suggests that Gao and Gai2 may be involved in sensory transduc- 
tion in the VNO. To investigate this possibility further, we con- 
ducted immunohistochemical studies with antibodies specific for 
Gao or Gai proteins (antibodies specific for Gai2 and AC I1 are 
not commercially available). Both anti-Gao and anti-Gai antibod- 
ies stained the microvillar surface of the VNO neuroepithelium as 
well as axon bundles underlying the neuroepithelium (Fig. 5). 
Immunoreactivity was not observed at the surface of the nonsen- 
sory epithelium. Furthermore, immunoreactivity was not evident 
in the dorsal and ventral terminal regions of the VNO neuroep- 
ithelium; this is consistent with previous immunohistochemical 
studies with anti-OMP antibodies, which indicated that these 
regions lack mature neurons (Monti-Graziadei et al., 1980). Be- 
cause by morphological criteria the terminal regions do appear to 
contain supporting cells, which also have microvilli, this argues 
that the surface immunoreactivity observed throughout the rest of 
the neuroepithelium is attributable to the presence of Gao and 
Gcxi proteins in the microvilli of VNO neurons. 

Our in ~itu hybridization studies showed that Gao RNAs are 
also highly expressed in olfactory neurons in the nose. However, 
in contrast to what was observed in the VNO, and in agreement 
with previous studies (Shinohara et al., 1992a), we observed no 
immunoreactivity at the surface of the OE with anti-Gao anti- 
bodies (Fig. 5). Strong Gao immunoreactivity was observed only 
in bundles of sensory axons underlying the OE; neuronal cell 
bodies in the OE were only weakly immunoreactive. Thus, al- 
though neurons in the OE express Gao, Gcvo is not enriched in 
the cilia of these neurons. Anti-Gcri antibodies also failed to react 
with the surface of the OE. However, weak immunoreactivity was 

a 2 
r5 5 E 
B 

Berghard and Buck l Sensory Transduction In the Vomeronasal Organ 

Gai 
-.,yJ 

F/gum 5. GM- and Gal-subunit immunoreactivity in the VNO and OE. Coro- 
nal sections that included both VNO and OE were immunoperoxidae-stained 
with antibodies specific for either Gao or Gcvi proteins. Both antibodies react 
with axon bundles underlying the VNO and the OE neuroepithelia. However, 
intense immunoreactivity is observed at the neurcepithelial surface only in the 
VNO. This is consistent with a role for Gao and Gai in sensory transduction in 
the WO, but not the OE. No browm reaction product was observed when the 
primaly antibodies were omitted from the staining procedure (data not shown). 
Scale bar, 100 pm. 

observed in axon bundles. These results are consistent with 
G-proteins containing Gao and Gai subunits being involved in 
sensory transduction in the VNO, but not in the OE. 

Emergence of the mutually exclusive Gao and GcyiP 
expression patterns during development 
We next examined the developmental appearance of distinct 
subsets of GLXO- and Gai2-expressing neurons in the VNO. To do 
this, we performed in situ hybridization experiments with tissue 

sections obtained from postnatal day (P) 1, P3, P6, P9, and P13 
mice using Gao and Gai2 probes and an OMP probe (Fig. 6). 

Previous studies indicate that the development of the VNO 
neuroepithelium lags behind that of the OE (Cuschieri and Ban- 
nister, 1975). During embryogenesis, mitosis is observed through- 
out the VNO neuroepithelium. However, in the adult, dividing 
cells are restricted to the dorsal and ventral termini of the neu- 
roepithelium (Barber and Raisman, 1978). From these termini, 
cells derived from dividing progenitors migrate along the length of 
the neuroepithelium, showing no apparent preference for a basal 
or apical location. By immunohistochemistry, rare OMP+ neu- 
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(Sullivan et al., 1995). The intensity of OMP hybridization in- 
creased during the first week after birth. However, even at P13 the 
dorsal and ventral termini of the VNO neuroepithelium, which 
contain neuronal progenitors and, possibly, immature VNO neu- 
rons (Garrosa and Coca, 1991), did not show significant hybrid- 
ization to the OMP probe. 

At Pl and P3, high expression of Gao was evident throughout 
the VNO neuroepithelium, except in the apical layer of support- 
ing cells. Gao+ cells were present in dorsal and ventral regions 
that showed low OMP expression, which suggests that neurons 
express high levels of Gao before they become mature enough to 
express OMP. Consistent with this idea, Gc~o expression is detect- 
able throughout the VNO neuroepithelium at El8 when only a 
few scattered OMP’ cells are observed (data not shown). At P6 
and P9, the more apical region of the neuroepithelium showed a 
lower expression of GUO than the more basal region, which 
suggests the gradual emergence of the adult Gao expression 
pattern in which only neurons in the lower part of the epithelium 
express high levels of G~o. At P13 the Gao expression pattern 
was indistinguishable from that of the adult. 

A different developmental pattern was observed for Gai2 ex- 
pression. VNO neurons did not show Gai2 hybridization exceed- 
ing that of surrounding cells at El8 (data not shown). At Pl, 
regions that showed Gai2 expression appeared to be OMP+ and 
were located in the more apical region of the epithelium, as in the 
adult. This preferential localization of the Gai2 signal to the 
upper neuronal layer became even more evident at later time 
points because of the gradual increase in intensity of Gai2 hy- 
bridization from P3 through P9. 

Thus, at Pl we found GCXO hybridization throughout the VNO 
sensory epithelium even in parts that did not show OMP expres- 
sion. However, Gai2 expression was confined to more apical 
regions that were also positive for OMP. Between Pl and P13, this 
pattern was changed by the gradual increase in intensity of Gai2 
hybridization in the apical part of the epithelium and the gradual 
decrease in Gao hybridization in the very same region, resulting, 
by P13, in the adult pattern of two distinct layers of neurons. one 
expressing Gao and the other expressing Gai2. 

DISCUSSION 
Sensory transduction in the VNO may involve Gao 
and GcYiP 
Our previous finding that mouse VNO neurons do not express 
three presumed components of the OE sensory transduction 
cascade (Gaolf, AC III, and the CNG channel subunit oCNC1) 
indicated that sensory transduction in the VNO differs from that 
in the OE (Berghard et al., in press). However, we also found that 
VNO neurons do express the second CNG channel subunit, 
oCNC2. This suggested that VNO transduction, like that in the 
OE, might involve a Gas-like protein that stimulates CAMP in- 
creases. However, studies in snake and turtle implicated IP, in 
VNO sensory transduction and suggested the involvement of 
another G-protein, possibly G~o, Gai, or a member of the Gaq 
class (Luo et al., 1994; Taniguchi et al., 1994). 

Our results argue against the direct involvement of any member 
of the Gas or Gaq class of G-proteins in VNO sensory transduc- 
tion. Although we cloned cDNAs encoding Gas and members of 
the Gaq class from VNO cDNA, none was highly expressed in 
VNO neurons. Moreover, given the cloning strategy used, it is 
unlikely that there is a Gas-like or Gaq-like molecule highly 
expressed in VNO neurons that was not identified. 

Of seven different Ga cDNAs that we cloned from VNO RNA, 

P6 

P9 

f$re 6. The emergence of distinct GCKO and Grui2 expression patterns in 
the VNO during development. Consecutive coronal sections through the 
VNO obtained from PI, P3, P6, P9, and PI3 mice were analyzed, in turn, 
for the expression of G’olo, c’oriz, and OMP by in situ hybridization. The 
photographs were processed using Adobe Photoshop version 3.0. A red 
line demarcates the basal extent of the neuroepithelium and its dorsal and 
ventral termini. The pattern of OMP hybridization indicates the locations 
of mature neurons and reveals that the proportion of mature neurons in 
the VNO neuroepithelium increases from Pl to P13. At Pl, intense Gcvo 
hybridization is evident throughout the neuroepithelium except in the 
apical layer of supporting cells adjacent to the epithelial surface. From P6 
to P13, the Gao’ population gradually becomes restricted to a more basal 
region that occupies -50% of the neuroepithelium. Cells expressing high 
levels of Gai2, which appear to be far fewer in number than Gao’ cells at 
the earlier ages, are concentrated in more apical regions throughout the 
developmental period examined. By P13, the adult pattern of distinct, 
spatially localized subsets of Gcro+ and Gai2+ cells is evident. Exposure 
was for 6 d. Scale bar, 100 pm. 

rons can be detected in the VNO as early as embryonic day 15 
(E15) in the rat, but do not become frequent until P4-P5 (Farb- 
man and Margolis, 1980; Monti-Graziadei et al., 1980). From 
their earliest appearance, OMP+ cells show a scattered distribu- 
tion from the basal to apical extent of the sensory epithelium. The 
terminal zones, where the neuronal precursors reside (at least in 
adults), do not show OMP immunoreactivity even in the adult. 

In our studies, OMP hybridization was readily detectable in the 
mouse VNO neuroepithelium at Pl, but was less intense in more 
dorsal and ventral regions of the neuroepithelium than in the 
central region. Of note, we found no indication that OMP+ cells 
would appear first in the apical or basal regions of the VNO 
neuroepithelium. This is consistent with our previous observation 
that at E16, 3 d bcforc birth, the few OMPf cells evident in the 
VNO are distributed throughout the width of the epithelium 
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only two were highly expressed in VNO neurons: G~o and Gai2. 
Furthermore, we found that Gcvo and Gcui2 are highly expressed 
in two separate neuronal subsets that have different locations 
within the VNO neuroepithelium. Neurons expressing high levels 
of Gcui2 RNA are localized to the apical part of the epithelium, 
whereas those expressing high levels of Gao RNA are found in a 
more basal location. These findings are in agreement with a recent 
immunohistochemical study that examined the expression of Gao 
and Gcui2 (but not other G-proteins) in the opossum VNO (Hal- 
pern et al., 1995). That study suggested that Gao and Goli2 are 
present on the cilia, cell bodies, and axons of separate populations 
of VNO neurons. Our immunohistochemical studies in the mouse 
indicate further that Gao and Gai are particularly enriched in 
VNO microvilli, the presumed site of VNO sensory transduction. 
The high expression of Gao and Gai2 but, of importance, not of 
other Ga subunits, in mouse VNO neurons, and the enrichment 
of these proteins in microvilli, together support the idea that VNO 
sensory transduction proceeds via G-protein coupled mechanisms 
and suggest that the major G-proteins involved are those contain- 
ing Gcvo and Gcui2. 

The Gcvo’ and Gai2 ’ subsets of VNO neurons conceivably 
could represent different stages of neuronal differentiation. How- 
ever, [-‘Hlthymidine studies of cell turnover in the adult VNO give 
no reason to expect a difference in the relative ages of neurons 
located in G~xo+ versus Gcui2+ regions of the neuroepithelium 
(Barber and Raisman, lY78). Our studies show that during the 
first week of life GcYi2’ cells are confined to the upper part of the 
neuroepithelium, as in the adult, but that GCYO+ cells are observed 
throughout the neurocpithelium. There are two possible explana- 
tions for this: “immature” Gcri2+ cells coexpress Gruo, but mature 
Gcui2’ cells do not or, alternatively, cells expressing only Gao ’ or 
Gcri2’ arc interspersed in the upper part of the epithelium during 
the first week of life. It has been proposed that Gao is important 
during axonal growth (Strittmatter et al., l9Y0, 1994). I f  so, Gai2+ 
neurons may express GLV~ while they are extending axons, but 
cease to express it once they have formed synapses. 

In embryonic rats, 2-deoxyglucose uptake indicative of neu- 
ronal activity has been observed in the accessory olfactory bulb, 
where the axons of VNO neurons synapse (Pedcrsen et al., 
1983). This has prompted suggestions that the VNO is func- 
tional irt utero. In our studies in the mouse VNO, the adult 
pattern of Gao and Gcui2 expression was not attained until -2 
weeks after birth. Similarly, the expression of oCNC2, the CNG 
channel subunit, is not evident in VNO neurons until -1 week 
after birth, and the morphological maturation of VNO neuro- 
nal microvilli is not complete until -2 weeks of age (Garrosa 
and Coca, 199 I). In contrast, odorant receptors and at least 
several sensory transduction components are expressed in OE 
neurons before birth (Sullivan et al., 1995). Together, these 
observations suggest that the sensory transducing capability of 
the VNO may not mature until several weeks of age, which is 
before sexual maturity. Although some pheromonal effects 
appear to require sensory input from both the VNO and the 
OE (Keverne, 1983) our data are consistent with a specialized 
role of the VNO in the sensing of pheromones important to 
reproductive behavior and physiology. 

A possible role for AC II in VNO sensory transduction 
Our studies identify AC II as another likely component of the 
VNO sensory transduction cascade. Although we cloned several 
ditferent ACs and GCs from VNO RNA, only one of these, AC II, 
is highly expressed in VNO neurons. AC II is expressed in both 

Gcro+ and Gai2+ neurons, which indicates that it may be involved 
in sensory transduction in both neuronal subsets. 

Several functional properties distinguish AC II from AC III, 
which is expressed in OE neurons. (1) AC II, but not AC III, can 
be stimulated by G-protein Pr subunits in the presence of low 
levels of Gas (Tang and Gilman, 1991). (2) AC II, but not AC III, 
can be stimulated by protein kinase C (PKC), thereby blocking the 
inhibitory effects of Gcui2 on AC II (Chen and Iyengar, 1993; 
Yoshimura and Cooper, 1993). (3) AC III can be stimulated by 
Cal+, but AC II cannot (Feinstein et al., 1991). 

The ability of AC II to be stimulated by /3-y subunits suggests 
that By released from either Gao or Gai2 could generate in- 
creases in CAMP in VNO neurons. Because fir also can stimulate 
PLC (Sternweis, 1994) there may be a concomitant generation of 
IP,, giving rise to a situation reminiscent of that in OE neurons, in 
which odorants can induce increases in both CAMP and IP, 
(Boekhoff et al., lY90; Ronnett et al., 1903). Diacylglycerol, de- 
rived from the stimulation of PLC by /3-y subunits, also could 
activate PKC which might, in turn, block the inhibitory effects of 
GLui2 on AC II. 

The high expression of AC II in VNO neurons provides an 
important link to our previous observation that VNO neurons 
express the olfactory CNG channel subunit oCNC2. By analogy 
with sensory transduction in OE neurons, increases in CAMP in 
VNO neurons could open CNG channels, thereby causing 
changes in membrane potential necessary for the generation of 
action potentials in the sensory axon. 

Two transduction pathways in the VNO? 
Given the presence of AC II in all VNO neurons and the possi- 
bility that /3-y subunits could cause increases in both CAMP and 
IP,, why are there two neuronal subsets that express Gcvo or 
Gai2? The ability of Gai2, but not Gao, to inhibit ACs (Chen and 
Iyengar, 1993) suggests that sensory ligands might have opposite 
effects on CAMP levels in these two subsets. Alternatively, the 
concentration of 0~ required to stimulate AC II may be higher 
than the concentration of Gai2 required to inhibit this enzyme 
(Sternweis, 1994). I f  so, CAMP generation in Gcri2+ cells might 
require a higher concentration of ligand than in Gcro’ cells. Gc~o 
and Gai2 also might have differential effects that are caused by 
interactions with different ion channels (Hille, 1994) or different 
/3r subtypes (Kleuss et al., 1993). Yet another possibility is that 
the two G-proteins interact effectively with different types of 
receptors (Senogles et al., 1990) that are differentially expressed 
by Gcro+ and Gcui2+ cells. 

In mammalian OE neurons, different odorants or different 
concentrations of the same odorant differentially increase IP, 
versus CAMP (Boekhoff et al., 1990; Ronnett et al., lYY3). 
Whereas the CAMP increase opens CNG channels and lcads to 
depolarization, the role of IP, is not presently clear and, further- 
more, may differ among species (Ache, 1994). It is conceivable 
that future studies of sensory transduction in the mammalian 
VNO will reveal a similarly complex involvement of multiple 
signal transduction pathways involving CAMP and IP,. 

What is the functional significance of having two populations 
of VNO neurons with different transduction pathways? Immu- 
nohistochemical studies indicate that VNO axons that synapse 
in the anterior part of the accessory olfactory bulb (AOB) are 
Gai2+, whereas those in the posterior part are Gao+ (Shino- 
hara et al., 1992a). Although these axons need not dcrivc from 
cells expressing high levels of Gai2 and Gao. respectively 
(Menco et al., 1994) this is the most obvious possibility. I f  so, 
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it would suggest that an initial segregation of sensory informa- 

tion into two neuronal subsets in the VNO is maintained in the 

AOB. The two neural pathways conceivably could process 

different types of sensory information, such as signals relevant 

to reproduction versus parenting or signals from males versus 

females. Alternatively, the two pathways might process the 

same sensory stimuli, but with different response thresholds, or 

they might be differentially regulated by the hormonal status of 

the animal. 

Note added in proof’: Dulac and Axe1 recently reported the 

identification of a family of candidate G-protein-coupled phero- 

mone receptors expressed in rat VNO neurons (Cell 1995 X3:195- 

206). They noted that there are separate subsets of GcrO’ 

and Gai2 ’ VNO neurons in rat and that members of the receptor 

family thus far are expressed in the Gui2’ region of the 

neuroepithelium. 
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