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Monoclonal Antibodies Reveal Cell-Type-Specific Antigens in the 
Sexually Dimorphic Olfactory System of Manduca sexta. 
II. Expression of Antigens During Postembryonic Development 
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Two classes of monoclonal antibodies specific to the olfac- 
tory system of Manduca sexta have been isolated: the ol- 
factory-specific antibody (OSA), which specifically recog- 
nizes many or all olfactory receptor cells (ORCs) in both 
males and females, and the male olfactory-specific antibody 
(MOSA), which stains male-specific receptor cells (princi- 
pally or exclusively sex-pheromone receptors present only 
in antennae of males; Hishinuma et al., 1988). In the inves- 
tigation reported here, we examined the expression of the 
antigens during postembryonic development in order to cor- 
relate the presence of particular antigens with the status of 
differentiation of the ORCs or with their acquisition of par- 
ticular functions. 

As assessed immunocytochemically, the OSA recognizes 
certain epithelial cells in the antenna1 imaginal disk of the 
fifth-instar larva. Later, during the first 70 hr of adult devel- 
opment, when differentiative cell divisions are occurring in 
the antenna1 epithelium to generate ORCs and the other cells 
that make up olfactory sensilla, no cells are stained. Im- 
mediately after this period of mitoses, the OSA immuno- 
reactivity reappears exclusively in the ORCs, which begin to 
elaborate axons as an early event in their differentiation. On 
immunoblots, the OSA recognizes specific sets of molecules 
(distinguished on the basis of their apparent molecular 
weights): 53,000 and 59,000 Da antigens in the disk epithelial 
cells in the last-instar larva; 53,000, 59,000, and 88,000 Da 
antigens in the ORCs from 15 to 80% of metamorphic adult 
development; and 42,000,59,000, and 88,000 Da antigens in 
the ORCs from 80 to 100% of adult development. 

The MOSA also recognizes a subset of the epithelial cells 
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in the antenna1 disks in male and female larvae. After dis- 
appearing at the pupal molt, MOSA staining is not detected 
again in the epithelium of the developing male antenna until 
late in metamorphosis, when electroantennogram responses 
to female sex pheromones are first detectable. This corre- 
lation suggests that the MOSA antigen is expressed during 
the final maturation of the male-specific receptor cells and 
may be involved in some way in the olfactory functions of 
those cells, particularly in the detection of the female sex 
pheromones. 

The development of adult olfactory receptor cells (ORCs) in the 
antennae of Manduca sexta has been studied in detail (Sanes 
and Hildebrand, 1976b). 3H-Thymidine birthdating indicates 
that precursor cells in the epithelium of the antenna1 imaginal 
disk start to divide about 25 hr after the larval-pupal molt, at 
the initiation of adult development, to give rise to olfactory 
sensilla comprising several different types of cells. For example, 
each male-specific sensillum trichodeum consists of 5 different 
types of cells: trichogen, tormogen, and “t2” cells (which form 
the cuticular sensory hair and its socket and receptor lymph), a 
glia-like cell, and a pair of sex-pheromone-specific ORCs. In- 
corporation of labeled thymidine into these cells is complete by 
60 hr after the larval-pupal molt, and very soon thereafter the 
ORCs begin to elaborate axons as an early event in their dif- 
ferentiation (Sanes and Hildebrand, 1976b). Later, during adult 
development, shortly before emergence of the adult moth, the 
ORCs associated with these male-specific antenna1 sensilla be- 
come responsive to the female sex pheromones (Schweitzer et 
al., 1976). 

As part of our continuing studies of the functional organi- 
zation and development of the antenna1 olfactory system and 
of the molecular basis of neuronal diversity underlying the odor- 
specificity of the ORCs, we have produced monoclonal anti- 
bodies (Mabs) using standard hybridoma techniques (Kohler 
and Milstein, 1976) from spleen cells of mice immunized with 
extracts of antenna1 lobes (ALs)- the primary olfactory centers 
in the brain-from male Manducasexta (Hishinumaet al., 1988). 
One of these Mabs, the olfactory-specific antibody (OSA), rec- 
ognizes membrane-associated glycoproteins that are expressed 
exclusively in many or all ORCs in both males and females. 
Immunoblot analysis showed that the OSA recognizes proteins 
with apparent M,s of 42,000, 59,000, and 66,000 Da, and have 
suggested that the 59,000 Da protein is processed to the 66,000 
Da protein during axonal transport. A second Mab, the male 
olfactory-specific antibody (MOSA), recognizes a cytoplasmic 
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Figure 1. Immunostaining with the OSA during antenna1 development. A, Cross section of the proximal third of the antenna1 imaginal disk of 
the fifth-instar larva. Cells of the inner cell layer (ZCL) of the disk epithelium, as well as part of the peripodial membrane (PM), are stained. B-D, 
Longitudinal sections (with the lumenal side of epithelium to the left and the apical side to the right, underlying the pupal cuticle (PC’), which is 
visible in B and C but not D) of developing antennae at 3 hr (B), 78 hr (C), and stage 7 (D) after the larval-pupal molt. At 3 hr after the molt to 
the pupa (B), no cells in the antenna are stained by the OSA. At 78 hr after the molt (c), clusters of ORCs in each presumptive annulus of the 
antenna1 flagellum are stained. Early in their differentiation, the ORCs send out axons, which form fascicles (Ax) and are also stained by the OSA. 
D, Immunostained ORC cell bodies (CB) and dendrites (Dn) are evident at stage 7, but no other types of cells are recognized by the OSA. Bars: 
100 pm (A); 20 pm (B, C); 10 pm (0). 

antigen in certain ORCs present in the antennae of males, but 
not females. These male-specific ORCs are principally or ex- 
clusively specialized for the detection of the female sex phero- 
mones (J. Hildebrand and K.-E. Kaissling, unpublished obser- 
vations). 

In this study, we examined the expression of the antigens 
during postembryonic development. The presence of OSA im- 
munoreactivity reflects differentiation of the ORCs, and each 
of the electrophoretically distinct species of the OSA antigen is 
expressed at a characteristic stage of adult development. The 
MOSA antigen is first detectable at the late developmental stage, 
when antenna1 responses to the female sex pheromones are first 
detectable by electroantennography. 

Materials and Methods 
Munducu sex& (Lepidoptera: Sphingidae) were reared and staged by 
methods that have been described previously (Sanes and Hildebrand, 
1976a; Tolbert et al., 1983). Staging oflarvae during the last (fifth) instar 
was as described nreviouslv (Vince and Gilbert. 1977). Production of 
Mabs, immunoc~ochemis&, and immunoblots analysis has been de- 
scribed (Hishinuma et al., 1988). For immunoblots, tissue extract from 
10 antenna1 imaginal disks or half of the antenna was loaded in each 
lane of a 1OI polyacrylamide slab gel. Before stage 10 (about 60% of 
metamorphic adult development), when the adult cuticle has not yet 

tanned, the whole antenna was used. After stage 12, the antenna was 
cut open with iridectomy scissors, and pieces of the epithelium under- 
lying the cuticle were isolated with fine forceps. The tissue was imme- 
diately homogenized in SDS sample buffer without a reducing agent 
(2% SDS, 5% glycerol, 0.001% bromphenol blue, 0.08 M Tris-HCl, pH 
6.8) in the presence of protease inhibitors (1 mM EDTA, 0.3 mM phen- 
ylmethylsulfonyl fluoride, 0.1 mM benzethonium HCl, 1 mM benza- 
midine, 5 rcg/ml soybean trypsin inhibitor, 100 &ml bacitracin, 2 & 
ml leupeptin; all from Sigma) (Shorr et al., 1981) by means of an all- 
glass homogenizer on ice: The homogenate was boiled for 5 min and 
then centrifuged at 2000 mm (IEC HN-SII centrifuae) for 5 min. After 
separation b; PAGE (Laemmli, 1970), the protein bands were electri- 
cally transferred onto nitrocellulose sheets (Schleicher and Schuell) ac- 
cording to Towbin et al. (1979). The nitrocellulose sheets were pretreated 
with 3% bovine serum albumin (Sigma) in Tris-saline (10 mM Tris, 150 
mM NaCl, pH 7.5) with 0.05% Tween-20 (Sigma), and then incubated 
in the culture supematant media (full strength) and subsequently in 
HRP-conjugated anti-mouse IgG (diluted 1: 100; Boehringer Mann- 
heim). The immunoreactive bands were visualized by treatment with 
4-chloro-1-naphthol (Sigma) in the presence of H,O,. 

Results 
Antigens recognized by the OSA reflect dzyerentiation of the 
ORCs 
The antenna1 imaginal disk in a fifth-instar larva is a 24ayered, 
invaginated bulb. At the proximal tip, the 2 cell layers are con- 
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Figure 2. Immunoblot analysis of the 
OSA antigens (apparent M,s 66,000, 
59,000, 53,000 and 42,000 Da during 
metamorphic adult development. Five 
different gels (A-E) are compared. A, 
OSA antigens extracted from the disk 
epithelium, as compared to those ex- 
tracted from the developing antenna at 
stage 10. Lane 1, stage 10 antenna; lane 
2, fifth-instar antenna1 disks. B-E, 
Comparison of OSA antigens in ex- 
tracts of stage 18 (pharate-adult) ALs 
(lane 3) with antigens in extracts of de- 
veloping antennae at stages 2 (lane 4), 
4 (lane 7), 5 (lane 5), 6 (lane 8), 7 (lane 
6) 8 (lane 9), 10 (lanes 10, 1 I, 13), 12 
(lanes 12,14), 16 (lane 1.5), and 18 (lane 
16). Molecular-weight standards were 
pepsin (34,700), egg albumin (45,000), 
bovine serum albumin (66,000), phos- 
phorylase (97,400), and /3-galactosidase 
(116,000). 

116- 

66- 

34.7- 
lane 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

stage 10 D 18 2 5 74 6 8 10 1012 10 12 16 18 

tinuous, and at the distal tip, the outer cell layer (the peripodial 
membrane; Eassa, 1953) is continuous with the epidermis of 
the larval head (Sanes and Hildebrand, 1976a). Most of the 
epithelial cells residing in the proximal two-thirds of the inner 
cell layer of the disk and the proximal one-third ofthe peripodial 
membrane are stained by the OSA in both males and females 
(Fig. 1A). Reconstruction of serial sections of 9 imaginal disks 
showed that the immunoreactive cells are evenly distributed in 
this region. The intensity of the OSA staining decreases grad- 
ually during the last 3 d (prepupal period) before the larval- 
pupal molt. The OSA immunoreactivity could not be detected 
in the everted antenna1 disk 3 hr after the larval-pupal molt 
(Fig. 1B). 

OSA immunoreactivity in the antenna1 epithelium was de- 
tected by light microscopy about 70 hr after the larval-pupal 
molt, which corresponds to late stage 3 (of the 18 stages of adult 
development) (Table 1). We tested 22 animals (both males and 
females) between 60 and 85 hr after the larval-pupal molt. The 
OSA reveals 2 clusters of nascent ORCs in each annulus of the 
developing antenna 70 hr following the larval-pupal molt and 

Table 1. Reappearance of OSA immunoreactivity in the ORCs in 
developing antennae 

Hours after Number of animals 

pupal molt” OSA-negative OSA-positive 

60-64 2 0 
65-69 4 0 
70-74 2 3 
75-79 1 4 
80-85 0 6 

a Twenty-four hours correspond to one stage up to stage 10. 

before the interannular membranes are discernible (Fig. 1C). 
The clusters of OSA-positive ORCs in each annulus are aligned 
in 2 longitudinal rows along the length of the antenna. Staining 
with OSA confirms that the ORCs in each cluster send out axons 
in fascicles, which merge with the 2 main branches of the an- 
tennal nerve in the lumen of the antenna (Fig. lc). Axonal 
outgrowth is one of the earliest events in the maturation of the 
ORCs (Wigglesworth, 1953; Sanes and Hildebrand, 1976b). Cell 
clusters lacking fascicles of axons are not stained by the OSA. 
At stage 7 of adult development, OSA-immunoreactive receptor 
cell bodies are found at the base of the antenna1 epithelium, and 
their immunoreactive dendrites traverse the epithelium (Fig. 
1D). 

PAGE (under nonreducing conditions) of extracts of antenna1 
tissue (including cell bodies and segments ofaxons and dendrites 
of ORCs) from stage 18 pharate adults, followed by immuno- 
blotting on nitrocellulose sheets, revealed OSA-immunoreactive 
bands of apparent M,s 42,000, 59,000, and 66,000 Da (Hish- 
inuma et al., 1988). This analysis was extended to earlier stages 
in the postembryonic development of the antenna to examine 
whether any of the antigens expressed in pharate adults are also 
expressed in the epithelium of the imaginal disk, and whether 
the expression of any of the antigens is stage-specific. We used 
10 antenna1 imaginal disks or halves of antennae in each lane 
in PAGE. Each sample was duplicated in 2 lanes, one for im- 
munoblotting and the other for amido black staining, to verify 
that all samples included comparable amounts of protein. 

The protein bands immunoreactive with the OSA during post- 
embryonic development are summarized in Table 2. We ho- 
mogenized the tissue in SDS sample buffer in the presence of a 
mixture of protease inhibitors immediately after dissection. The 
results were qualitatively identical on numerous repetitions. Be- 
cause the intensity of immunoreactive bands was not quantified, 
we confined our discussion to the major bands. The OSA rec- 
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Figure 3. Immunostaining with the MOSA during antenna1 development. A, Cross section of the center of the antenna1 imaginal disk of a fifth- 
instar larva, showing staining of cells in the inner cell layer (ZCL) of the disk epithelium. B-D, Longitudinal sections of developing antennae at 3 
hr after the larval-pupal molt (B), stage 4 (C), and stage 7 (0). At 3 hr after the pupal molt, the MOSA stains disperse cells in the lumen of the 
antenna outside the epithelium. Some of these cells form clusters (arrows in B). Some reaction product is also associated with the limiting membrane 
between the epithelium and the lumen (arrowheads). At stage 4, clusters of 20-30 MOSA-immunoreactive cells are found in the lumen adjacent 
to the epithelium (arrows in C). Again, reaction product is also associated with the limiting membrane (arrowheads). At stage 7, only a few of the 
clustered cells are immunoreactive (example at urrow in D). Bars: 50 pm (A); 20 pm (B-D). 

ognizes 2 protein bands (53,000 and 59,000 Da) in the imaginal 
disk (Fig. U). In animals at 37 hr after the larval-pupal molt, 
no bands were detected (Fig. 2B), which paralleled the immu- 
nocytochemical findings. In developing adults at stages 3-10, 3 
major bands (53,000, 59,000, and 66,000 Da) are recognized 
by the OSA (Fig. 2, B, C). Samples from the imaginal disks and 
the pupal antenna at stage 10 of adult development were applied 
in adjacent lanes, and the 53,000 and 59,000 Da bands migrated 
to identical positions in both lanes (Fig. U). Another major 
change in the immunoreactive bands occurs between stages 10 
and 12. The 53,000 Da band becomes faint, and a 42,000 Da 
band begins to be expressed to produce the adult pattern (42,000 
59,000, and 66,000 Da) (Fig. 20). Thus, the 59,000 Da antigen 
in pharate adults is apparently also expressed in the imaginal 

disks. Comparison of relative intensities of the 59,000 and 66,000 
Da bands from stages 12-18 shows that the 66,000 Da band 
becomes increasingly faint in the antenna1 epithelium (Fig. 2E). 

The antigen recognized by the MOSA reflects functional 
maturation of the male-specific ORCs 
The MOSA stains certain epithelial cells in the antenna1 imag- 
inal disks of both males and females (Fig. 3A). The immuno- 
reactive cells are detected in the proximal two-thirds of the inner 
epithelial cell layer and in the proximal one-third of the peri- 
podial membrane. The distribution of the stained cells is not 
uniform, but rather is more prominent in the proximal one- 
third of the inner cell layer than elsewhere. Staining intensity 
decreases during the prepupal period. At 3 hr after the larval- 

Table 2. Apparent molecular weights of the OSA-immunoreactive bands during metamorphic adult 
development 

Developmental stage 

Fifth-in&u imaginal disk 
Developing adult, stages 3-10 
Developing adult, stages 12-l 8 

L1 Minor bands are in parentheses. 

Bands in immunoblots” (molecular weight x 1000) 

59 53 
(72) 66 59 53 (45) (42) 

66 59 (53) 42 
(39) 
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Figure 4. Immunostaining of male-specific sensilla trichodea (A, B), cross sections of antennae (C, D), and frontal sections of ALs (E, fl from 
males at stages 16 (A, C, E) and 17 (B, D, F). Dendrites of the male-specific pheromone-receptor cells are stained by the MOSA at stage 17 
(arrowheads in B), but only faintly at stage 16 (arrowheads in A). Similarly, receptor somata are stained by the MOSA at stage 17 (arrows in D), 
but not detectably at stage 16 (C), and the MGC is stained at stage 17 Q, but not at stage 16 (E). Bars: 20 pm (A. B); 100 pm (C-F). 
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pupal molt, no cells in the antenna1 epithelium are stained by 
the MOSA (data not shown). The MOSA stains another type of 
cell, different from the ORCs, in the early phases of postem- 
bryonic development in both males and females. These cells are 
spheroidal and never grow processes. At 3 hr after the larval- 
pupal molt, they are scattered in the lumen of the developing 
antenna inside the antenna1 epithelium (Fig. 3B). Some of these 
cells form clusters of several cells. During the next few days they 
apparently multiply, becoming clusters of 20-30 cells by stage 
4 (Fig. 3C). Every cell in each cluster is immunoreactive at stage 
4; thereafter, the cells lose immunoreactivity to the MOSA. At 
stage 7, the clusters are still identifiable in the phase-contrast 
microscope, but clusters that contain immunoreactive cells are 
very rare, and only a few cells in such clusters are immuno- 
reactive (Fig. 30). After the clusters comprise only nonimmu- 
noreactive cells, they eventually disappear by stage 16 of adult 
development. 

The MOSA immunoreactivity appears in a subpopulation of 
the ORCs in the antenna1 epithelium of males, but not females, 
at the same time (stage 17) when electroantennograms first show 
responses to the female sex pheromones. Since our preliminary 
results indicated that MOSA immunoreactivity reappears at 
about stage 17 in male ORC cell bodies, we extended our im- 
munocytochemical analysis to search for temporospatial gra- 
dients of expression. Frozen sections from the base, center, and 
tip of the antenna1 flagellum and from the ALs of the same 
animal between stages 16 and 17 of adult development were 
immunostained by the MOSA. At stage 16, the MOSA im- 
munoreactivity is not detectable except for faint staining of 
dendrites in a few male-specific se&la trichodea (Fig. 4, A, C, 
E). In pupae at late stage 16, dendrites of most of the sensilla 
trichodea are stained, and the reaction product is identifiable in 
cell bodies as a few faint dots. At stage 17, dendrites and cell 
bodies are densely stained (Fig. 4, B, D). Only at this late stage 
of adult development does the male-specific macroglomerular 
complex (MGC) first exhibit staining by the MOSA. The MOSA 
immunoreactivity seems to accumulate first in dendrites and 
then in cell bodies and axons. We could detect no gradient of 
MOSA immunoreactivity along the length of the antenna1 fla- 
gellum. 

Discussion 
Precursors of the ORCs in the disk epithelium 
The OSA recognizes many, and apparently all, ORCs in both 
males and females, and the MOSA stains only male-specific 
antenna1 ORCs in pharate adult Manduca (Hishinuma et al., 
1988). Early in larval-pupal-adult metamorphosis, the OSA 
recognizes a subset of the epithelial cells of the antenna1 imaginal 
disk in fifth-instar larvae. The immunoblot analysis showed that 
one species ofantigens, of 59,000 Da apparent molecular weight, 
migrated to the same position in PAGE of extracts of both disk 
epithelial cells and the developing antennae of pupae and phar- 
ate adults. 

The OSA immunoreactivity is found in most of the epithelial 
cells in the proximal two-thirds of the inner cell layer of the 
disk epithelium and in the proximal one-third of the peripodial 
membrane. In the developing antennae, clusters of ORCs in 
each annulus of the flagellum form 2 longitudinal rows. If a 
subpopulation of the disk epithelial cells is committed (as are 
hair mother cells) to become the ORCs, then the OSA immu- 
nostaining might reveal 2 longitudinal bands in the imaginal 
disk. We reconstructed serial sections of antenna1 imaginal disks, 

but no such bands were detected. This finding supports the 
hypothesis that no particular cells are predetermined to form 
bristles or hairs (Lawrence, 1966) and suggests that a subgroup 
of the OSA-immunoreactive cells is selected to become hair 
mother cells by undetermined contemporaneous factors (Law- 
rence, 1966). In Drosophila, expression of position-specific an- 
tigens that reflect dorsoventral regional differences within wing 
imaginal disks correlates only with the position of disk cells, 
rather than with their ultimate differentiation (Wilcox et al., 
198 1; Brower et al., 1984). From his morphological study, Eassa 
(1953) suggested that a proximal part of the peripodial mem- 
brane contributes to the formation of the head capsule. Our 
finding that the OSA immunoreactivity resides in the proximal 
one-third of the peripodial membrane suggests that the OSA- 
immunoreactive epithelial cells are capable of giving rise to the 
ORCs even though they generate head capsule, or that they 
actually contribute to the formation of antenna1 ORCs, contrary 
to Eassa’s hypothesis. In the antenna1 imaginal disk of the fifth- 
instar larva, a gradient of differentiation similar to the postero- 
anterior movement of the “morphogenic furrow” in Drosophila 
eye disks (Melamed and Trujillo-Cenoz, 1975; Ready et al., 
1976; Zipursky et al., 1984) is not detected. The OSA immu- 
noreactivity in the disk epithelium is lost during the prepupal 
stage and is first detected again in the developing antenna 70 
hr after the larval-pupal molt. ‘H-Thymidine birthdating stud- 
ies indicate that DNA synthesis in the ORCs during differen- 
tiative divisions (S phase) is finished by 60 hr after the larval- 
pupal molt (Sanes and Hildebrand, 1976b). Therefore, around 
70 hr after the molt, the differentiative cell divisions ofthe ORCs 
are likely to be finished. Once they are postmitotic, the ORCs 
elaborate axons as one of the earliest events in the maturation 
of a sensillum (Wigglesworth, 1953; Sanes and Hildebrand, 
1976b). The reappearance of the OSA immunoreactivity in the 
ORCs bearing axons, but not in cells lacking axons, confirms 
that the OSA immunoreactivity reappears in the ORCs only 
after the differentiative cell divisions. 

The MOSA immunoreactivity in the disk epithelium is lost 
during the prepupal stage and is first detectable again in cells 
scattered in the antenna1 lumen immediately after the larva- 
pupal molt. During the subsequent few days, these cells appar- 
ently multiply to form clusters of 20-30 cells. They lose the 
MOSA immunoreactivity between stages 4 and 7 and then dis- 
appear by stage 16. The location of these cells in the antenna 
and their temporal existence suggest that they are developmental 
remnants. It remains to be determined, however, what rela- 
tionship the antigen expressed in the disk epithelial cells bears 
to that in the cells scattered in the antenna1 lumen or in the 
pheromone-receptor cells. 

Developmental regulation of the expression of the OSA 
antigens 

On immunoblots the OSA binds to specific sets of the electro- 
phoretic bands at various stages of metamorphic adult devel- 
opment. The immunoreactive bands of 53,000 and 59,000 Da 
apparent molecular weight are obtained from the disk epithe- 
lium; the 53,000, 59,000, and 66,000 Da bands, from the an- 
tennal epithelium at stages 3-10; and the 42,000, 59,000, and 
66,000 Da bands, from antenna1 epithelium at stages 12-18 
(pharate-adult). The change in the OSA-immunoreactive bands 
between stages 10 and 12 coincides with degeneration of the 
“t2” cells of Sanes and Hildebrand (1976b). Immunocytochem- 
ical testing of the epithelium at stage 7 demonstrates, however, 
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that those short-lived cells do not express the OSA antigens. By 
contrast with the t2 cells, which are found at the apical half of 
the sensilla (Sanes and Hildebrand, 1976b), OSA-immunoreac- 
tive cell bodies are found at the base of the antenna1 epithelium. 
Their immunoreactive dendrites traverse the antenna1 epithe- 
lium toward the sensory hairs. This situation also describes the 
ORC somata and dendrites at stage 7 (Sanes and Hildebrand, 
1976b). The changes in the OSA antigen species in immunoblots 
thus appear to occur in the antenna1 ORCs. 

It is not yet known how the differences among the OSA an- 
tigens arise and how their expression is regulated during post- 
embryonic development. Are they encoded by different genes, 
or are their differences generated by transcriptional, transla- 
tional, or posttranslational modifications? The major changes 
in the expression of these antigens coincide with the changes in 
ecdysone titer in hemolymph (Bollenbacher et al., 198 1). The 
titer ofecdysone decreases in the prepupal period when the OSA 
antigens become undetectable in the disk epithelium, increases 
very sharply at stage 3 when the antigens reappear in the ORCs 
in the antenna1 epithelium, and rapidly declines at stage 10 when 
the antigen species change. Ecdysone, which is one of the major 
steroid hormones in invertebrates (Riddiford and Truman, 1978; 
Granger and Bollenbacher, 198 l), transcriptionally regulates the 
expression of several genes in a Drosophifu cell line (Cherbas et 
al., 1977; Best-Belpomme et al., 1978; Savakis et al., 1980; 
Couderc et al., 1983; Savakis et al., 1984). If ecdysone is sim- 
ilarly involved in the regulation of the OSA antigens, one might 
hypothesize that the differential expression of each antigen rec- 
ognized by the OSA during postembryonic development is reg- 
ulated by ecdysone either via the expression of a family ofgenes, 
each of which encodes for one of the OSA antigens, or via 
induction of expression of a gene coding for an enzyme that 
modifies transcriptional or translational products. 

Toward the functions of the antigens 
In the preceding paper (Hishinuma et al., 1988), we showed that 
the OSA recognizes antigens associated with the cell membrane 
(and possibly on the cell surface), and that the OSA-positive 
axons form 2 bundles of fascicles in the antenna1 nerve (AN) 
distinct from a major mechanosensory bundle. Immediately 
after the ORCs become postmitotic, they send out axons that 
grow toward the ALs. In each annulus of the antenna1 flagellum, 
the olfactory axons aggregate into 2 nerves, one on each side, 
which then merge with the 2 branches of the AN that run in 
the lumen of the antenna (Sanes and Hildebrand, 1976a, b). On 
immunoblots, one of the membrane-associated glycoproteins 
(66,000 Da) is not detected in extracts of the disk epithelium, 
which has only relatively few axons associated with it (Sanes 
and Hildebrand, 1975), but is expressed in the axon-rich de- 
veloping antenna1 epithelium. Furthermore, the 66,000 Da pro- 
tein is greatly enriched in axons and axon terminals of the ORCs 
(Hishinuma et al., 1988). Because the OSA immunoreactivity 
is first detected in growing axons as well as in cell bodies, and 
may be a cell-surface component, and because no ORCs are 
stained before the outgrowth of axons, the 66,000 Da protein 
is a candidate for the role of mediating fasciculation of the 
olfactory axons. A similar antigen expressed on axonal surfaces 
has been described in the leech nervous system (Hockfield and 
McKay, 1983; McKay et al., 1983). Alternatively, because the 
66,000 Da protein is expressed in growing axons near their 
targets in the CNS, it is a candidate for a possible role in target 
recognition. 

The antigen recognized by the MOSA is expressed at the late 
stage of adult development, when antenna1 responses to the 
female sex pheromones are first detectable by electroantennog- 
raphy. Previous studies in our laboratory used E-2-hexenal (a 
common volatile constituent of plants) and the female sex pher- 
omones for electroantennogram studies of the functional mat- 
uration of the ORCs (Schweitzer et al., 1976). The antenna in 
both males and femlaes is similarly responsive to E-2-hexenal, 
but only the male antenna is responsive to the pheromones. 
E-2-Hexenal first elicited responses in the antenna at stage 15, 
but only at stage 17 were responses to the pheromones first 
detectable. Therefore, the expession of the MOSA antigen in 
the pheromone-receptor cells in the male antenna corresponds 
to the period when the cells become responsive to the phero- 
mones, but not to E-2-hexenal. The temporal coincidence be- 
tween the expression of the MOSA antigen and the initial de- 
tection of the responses to the pheromones is consistent with 
the notion that the MOSA antigen might be functionally related 
to detection of the pheromones. 

In summary, the cell-type-specific Mabs, the OSA, and the 
MOSA, which were first isolated on the basis of previous ana- 
tomical information about the sexually dimorphic olfactory sys- 
tem of Manduca, have proved to be useful molecular probes 
that reveal morphological and temporal phenomena not de- 
tected by conventional anatomical and physiological tech- 
niques. The temporal correlation between the expression of the 
antigens and events in the differentiation and maturation of the 
ORCs provokes interest in the regulation of the expression of 
the antigens and their functions. Studies under way focus on 
those issues. 
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